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Abstract—Hereditary@earing@oss@s@ne@f@he@nost@reva-
lent@nherited@uman@irth@efects,@ffecting@ne@n@000.GA
strikingly@igh@roportion@50%)@f@ongenital@®ilateral@on-
syndromic@ensorineural@eafness@ases@®ave®@een@nked@o
mutations@@he@JB2 coding@r@he@onnexin26.@®as®een
hypothesized@hat@ap@unctions@n@he@ochlea,@specially
connexin26,@rovide@n@ntercellular@assage®y@hich®& ™ 4re
transported@o@naintain@igh@evels@f@he@ndocochlear@o-
tential@ssentialdorGensoryChairCell@xcitation.@WeCprevi-
ously@eported@he@eneration@@fCa@nouse@modelCarrying
human@onnexin26@vith@75W@nutation@R75W+@nice).CThe
present@tudy@ttempted@o@valuate@ostnatal@evelopment
of@he@rgan@f@orti@n@he@75W+@nice. R75W+@nicedave
never©shown®auditory®©brainstem©response©waveforms
throughout©postnatal©development,Cindicating©the@distur-
bance@f@uditory@rgan@evelopment.@istological®@bserva-
tionsCatCpostnatalCdaysC(P)C5—14C@wvereCcharacterizedChbycl)
absence®f@unnel®f@orti,®luel’s@pace,®r@paces@urround-
ing@he@uterChairCzells,@i)Csignificantly@mall@humbers@of
microtubules@@nner@illar@ells,@ii)@hortening@f®eight®f
the®rgan®f@orti,@nd@)@crease®f&he@ross-sectional@rea
of@he@ells@f@he@rgan@f@orti.@hus,@orphological®bser-
vations@onfirmed@hat@@ominant-negative@Gjb2 mutation
showed@ncomplete@evelopment@f@he@ochlear@upporting
cells.@n@e®ther@and,@he@evelopment®f@he@ensory@air
cells,@t@east@rom@5Qo@12,@vas@ot@ffected. The@resent
study@uggests@hat@Gjb2 is@ndispensable@n@he@ostnatal
development®f@he®rgan®f@orti@nd@ormal@earing.@@008
IBRO.@ublished@y@&Isevier@td.QlI@ights@eserved.

Key@vords:@ereditary@earing@oss,@nouse,@rgan@f@Corti,
Gjb2.
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and@nutations@@he@onnexin26@Cx26)@ene@GJB2)@re
the@nost@ommon@eneticGause@f@ongenitalCbilateral
non-syndromic@sensorineural€hearingCloss.Clt€hasCbeen
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hypothesized@hat@ap@unctions@@e@ochlea,@specially
Cx26,@>rovide@n@ntercelIuIar@assage@y@vhich@(*%re
transported@o@naintain@igh@evels@f@he@ndocochlear
potential@EP),@vhich@@ssentialGor@ensory@air@ell@x-
citation.@owever,@he@athogenesis@f@eafness@emains
unresolved®@ecause@he@lectrophysiological@nd@istolog-
ical@xaminationCthatCanCbeCrarriedCutCinChumansCis
limited@nd@artly@ecause@s5jb2 deficient@nice@vere@m-
bryonic@thal@Gabriel@t@l.,@998). &/ e@reviously@eported
on€transgenic@mice@(Tg)Ccarrying€human@Cx26CwithCa
R75W@nutation@hat@vas@dentified@n@@eaf@amily@vith
autosomal@ominant@egative@heritance.@lthough@e@&P
remained@vithin@Gormal@ange,@he@uditory@rainstem
response@ABR)@evealed@hat@he@nice@t@ostnatal@ay@4
(P14)@howed@evere@@rofound@earing@ss.@he@unnel
of@ortivas@ot@etected@nd@e@®hapes@f@uter@air@ells
(OHCs)@vere®@eculiar@n@e@g@nice@t®14.@hese@esults
suggested@hat@he@Gjb2 mutation@rimarily@isturbsGho-
meostasis@f@ortilymph,@n@xtracellular@pace@urround-
ing@he@ensory@air@ells, @ue@o@mpaired@otassium@on
transport@y@upporting@ells,@econdarily@esulting@n@e-
generation@f@he@rgan@f@orti,@ather@han@ffecting@n-
dolymph@omeostasis@@nice@Kudo@t@l.,Q003).

Gap@unctions@re@elieved@®e@mportant@r@natura-
tion@nd@iifferentiation@f@eveloping@issues@Elias@t@l.,
2007).@evelopmental@xpression@f@Cx26@n@he@nouse
cochlea@tarted@@he@nner@nd@uter@ulcus@ells@n@he
18th@ay@f@estation.GAt@irth, @mmunolabeling@or@Cx26
was@bserved@ver@nhe@upporting@ells@f@he@nnerGair
cells@HCs)@nd@he@nesenchymal@omponents@f@he®@tria
vascularis@Frenz@nd@/an@e@Vater,&000).@n@ontrast,
Cx26@vas@ot@etected@@ne@upporting@ells@@e®@rgan
of@orti®efore®3.Mot@ntiI@8@&as@x26@nmunoreactivity
detected@@Imost@Il@upporting@ells@@he@rgan@f@orti
(ZhangCeteal.,€2005).CThus,CevaluationCfCtheCpostnatal
development@fCGjb2 Tg@mouseCrochleaClsCequiredCo
obtain@@etter@nd@ccurate@nderstanding@f@e@nolec-
ular mechanism mediated by Gjb2 mutation.

The present study was designed to evaluate the organ
of Corti in the R75W+ mice compared with that of non-Tg
mice from P5 to P14.

EXPERIMENTAL PROCEDURES
Animals and anesthesia

All mice used throughout this study were obtained from breeding
colony with R75W+ mice (Kudo et al., 2003) and maintained at
Institute for Animal Reproduction (lbaraki, Japan). R75W+ mice
were maintained on a mixed C57BL/6 background and inter-
crossed to generate R75W+ animals. The animals were geno-
typed using DNA obtained from tail clips and amplified with the
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Tissue PCR Kit (Sigma, St. Louis, MO, USA). All experiment pro-
tocols were approved by the Institutional Animal Care and Use
Committee at Juntendo University, and were conducted in ac-
cordance with the US National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals. We minimized
number of animals used and their suffering. Animals were
deeply anesthetized with an i.p. injection of ketamine (100 mg/
kg) and xylazine (10 mg/kg) in both ABR measurements and
histological examinations.

ABR

All electrophysiological examinations were performed within an
acoustically and electrically insulated and grounded test room.
Mice ranging in age from P10 to P14 were studied. For ABR mea-
surement, stainless-steel needle electrodes were placed at the ver-
tex and ventrolateral to the left and right ears. The ABR was mea-
sured using waveform storing and stimulus control of Scope software
of Power Laboratory system (model Powerl.ab4/25, AD Instruments,
Castle Hill, Australia), and electroencephalogram recording was
made with an extracellular amplifier AC PreAmplifier (model P-55,
Astro-Med, West Warwick, RI, USA). Acoustic stimuli were
delivered to the mice through a coupler type speaker (model:
ES1spc, Bio Research Center, Nagoya, Japan). The threshold
was determined for frequencies of 12, 24, 36, and 48 kHz from
a set of responses at varying intensities with 5 dB intervals and
electrical signals were averaged at 512 repetitions. If the hear-
ing threshold was over 95 dB, it was determined as 100 dB.

Light microscopy

The animals were deeply anesthetized and perfused intracardially
with 0.01 M phosphate-buffered saline (PBS; pH 7.2), followed by
4% paraformaldehyde (PFA; pH 7.4) in 0.1 M phosphate buffer
(PB; pH 7.4). The mice were decapitated and their cochleae
dissected out under a microscope and placed in the same fixative
at room temperature for overnight. Cochlear specimens were then
placed into 0.12 M EDTA (pH 7.0) in PBS for decalcification for a
week, dehydrated and embedded in paraffin. Serial sections
(6 um) were stained with hematoxylin and eosin (H-E) staining.

Transmission electron microscopy (TEM)

The animals were deeply anesthetized and perfused intracardially
with 0.01 M PBS, followed by 4% PFA and 2% glutaraldehyde
(GA) in 0.1 M PB. The cochleae were opened and flushed with
buffered 4% PFA and 2% GA and fixed for 2 h at room tempera-
ture. After washing, the specimens were post-fixed 1.5 h in 2%
0s0, in 0.1 M PB, then dehydrated through graded ethanols and
embedded in Epon. The samples were cut (1 um), stained with
uranyl acetate and lead citrate, and examined by electron micros-
copy (H-7100, Hitachi, Tokyo, Japan).

In order to observe microtubules of inner pillar cell (IPC), the
mice at the age of P12 were selected. Cochleae were perfused in
situ with 2.5% GA in 0.1 M PB (pH 7.4) containing 2% tannic acid
through the round window, dissected and immersed in the same
fixative for 2 h at room temperature. Post-fixation, dehydration and
embedding were performed as described above. Ultrathin sec-
tions, 60 nm thick, were cut in cross-section.

Immunohistochemistry

The cochleae were removed after cardiac perfusion with 4% PFA,
placed in the same fixative at room temperature for an hour,
decalcified with 0.12 M EDTA at 4 °C overnight, cryoprotected in
30% sucrose, embedded in OCT, and 10-um-thick-sections were
collected. Sections were washed in several changes of 0.01 M
PBS, blocked with 0.3% Triton X-100 in 0.01 M PBS for 30 min,
and then incubated overnight at 4 °C with primary antibody diluted
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in 0.01 M PBS+0.3% Triton X-100. The following day, the tissues
were rinsed with 0.01 M PBS, incubated for 6 h at 4 °C with a
fluorescent-conjugated secondary antibody, rinsed with 0.01 M
PBS, and then mounted in Vectashield containing DAPI (Vector
Laboratories, Burlingame, CA, USA). The following primary anti-
bodies were used: rabbit polyclonal antibodies to rabbit polyclonal
antibodies to fibroblast growth factor receptor 3 (FGFR3) (1:200;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit poly-
clonal antibodies to p27¥P' (1:200; Lab Vision, Fremont, CA,
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Fig. 1. Developmental change of the threshold levels of ABR of
non-Tg and R75W+ mice at 12 kHz (A), 24 kHz (B), 36 kHz (C) and
48 kHz (D). The onset of hearing in non-Tg mice appears at P11, and
ABR thresholds achieve adult level (dotted lines in A-D). ABR of
R75W+ mice at P11 shows severe to profound deafness at overall
sound pressure level (solid lines in A-D).
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USA) and MyosinVlla (1:500; Proteus Bio Sciences, CA, USA).
Secondary antibodies used were Alexa-Fluor donkey anti-rabbit
(1:500; Molecular Probes, Eugene, OR, USA). Images of sections
were captured on a Zeiss Axioplan2 microscope using an
AxioCam HRc CCD camera and Axio Vision Rel.4.2 software.

Quantification and statistical analysis

The number of microtubules of the IPC in 50 fields randomly
selected was counted at magnifications of X10,000, and was
compared between R75W+ and non-Tg mice. The results were
expressed as mean=S.D. Statistical significance was addressed
by Student’s t-test; P<0.05 was accepted as significant.

For measurement of the height and the cells area of the organ
of Corti, midmodiolar section (1 wm) were counterstained with
Toluidine Blue as described (Faddis et al., 1998). Digital light
micrograph images of the organ of Corti were captured using
following software. The height and the cell area of the organ of
Corti were measured by using NIS Elements-D (Nikon, Tokyo,
Japan). Two animals from each age group were analyzed.
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RESULTS

The different findings were observed by ABR measurements
in a group of R75W+ and non-Tg mice at the stage of
hearing development (Fig. 1). The onset of hearing in non-Tg
mice was recognized at P11 as previously described (Anniko,
1983), and ABR thresholds almost reached the adult level by
P14. In contrast, R75W+ mice have never showed ABR
waveforms throughout postnatal development, indicating the
disturbance of auditory organ development. The ABR thresh-
olds in R75W+ mice exceeded 95 dB, which is comparable
to profound deafness observed in human congenital deaf-
ness due to GJB2 mutations.

Histological examinations of the cochleae with H-E
staining revealed no obvious changes of Reissner's mem-
brane, stria vascularis, spiral ligament, and spiral ganglion
cells in the mutant mice (Fig. 2). On the other hand, a

Fig. 2. Light microscopic findings of the cochlea. H-E staining presents defective changes in the organ of Corti obtained from animals at P8 (A, B)
and P12 (E, F) of non-Tg mice and at P8 (C, D) and P12 (G, H) of R75W+ mice. Midmodiolar section was counterstained with H-E staining. No obvious
changes are observed in RM; SV, SL, or SG (A, B, E, F). At P8 before the onset of hearing, tunnel of Corti is detected in non-Tg mice (B), but not
in R75W+ mice (D). At P12, the DCs sit beneath the OHCs and Nuel's spaces are detected in non-Tg mice (F), but not in R75W+ mice (H).
Abbreviations used: RM, Reissner's membrane; SV, stria vascularis; SL, spiral ligament; SG, spiral ganglion cells; TC, tunnel of Corti. Scale

bar=100 um (A-D); 50 um (E-H).
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Fig. 3. Transmission electron micrographs of non-Tg (A, C, E, G) and R75W+ (B, D, F, H) mice. Future space of the tunnel of Corti (asterisk) starts
to be formed in non-Tg mice (A), but is not detected in R75W-+ mice (B) at P5. At P8, the open space between the IPCs and OPCs below their
connection at a tight junction exceeds that of non-Tg mice (arrowhead in C). The TC is insufficient to be created in R75W+ mice (D). At P10, Nuel's
space starts to be formed in non-Tg (asterisk in E) but not in R75W+ mice (asterisk in F). At P12, an adult-like configuration of the organ of Corti is
created in non-Tg mice (G). The cell cytoplasm of supporting cells is enlarged in R75W+ mice (H). OHCs in R75W+ mice are squeezed by the
surrounding DCs (F, H). Scale bar=10 um. Abbreviations used: TC, tunnel of Corti; IP, inner pillar cell; OP, outer pillar cell; HC, Hensen cells; CDs,
Claudius cells.
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remarkable change of the collapse was recognized in the
organ of Corti at least from P10 in the light microscopy
(data not shown).

Ultrastructural analysis was performed to evaluate the
fine structure of the organ of Corti in the late developmen-
tal stage. An analysis by TEM demonstrated further details
of histological alterations in the organ of Corti (Fig. 3). The
opening of tunnel of Corti between the IPC and outer pillar
cell (OPC) were seen at P5 in non-Tg mice (Fig. 3A). In
contrast, no spaces within IPC and OPC were apparent at
P5 onward in R75W-+ mice (Fig. 3B). No obvious structural
change was observed in the other cells of the organ of
Corti at P5. At P8 in both non-Tg and R75W+ mice, during
expansion of tunnel of Corti, the pillar cell bodies were
distinguished from the surrounding cells (Fig. 3C, 3D). At
P10 in non-Tg mice, extensive Nuel's space opening oc-
curred (Fig. 3E). In contrast, the future Nuel’s spaces were
occupied by bulky processes of Deiter’'s cells (DCs) in
R75W+ mice (Fig. 3F). At P12, non-Tg mice approached
a well-matured configuration (Fig. 3G). Supporting cells of
R75W+mice (Fig. 3H) tended to be grossly enlarged as
compared with non-Tg. In the R75W+ mice, the IHC from
P5 to P12 and the OHC from P5 to P8 had a relatively
normal shape. Numerous mitochondria were located along
the lateral membrane of the OHCs which was lined by a
thick layer of subsurface cisternae (data not shown). How-
ever, DCs surrounded and compressed the OHCs at
P10-12 (Fig. 3F, 3H).

non-Tg

Midmodiolar-section

Cross-section
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Both IPCs and OPCs showed a nearly mature appear-
ance, in which abundant microtubules were formed parallel
array in non-Tg mice (Fig. 4A) whereas microtubules of the
IPCs were poorly formed and hypoplasia occurred in
R75W+ mice (Fig. 4B). Actually, the average number of
microtubules of the cross-section of the IPCs at P12 in
R75W+ mice (4.4+3.3/100 um?) was significantly re-
duced (Fig. 4D) as compared with that of non-Tg mice
(26.9+25.6/100 pwm?) (Fig. 4C).

Quantitative data describing peak height and cell areas
of the organ of Corti also showed the differences between
non-Tg and R75W+ mice (Fig. 5). The height of the organ
of Corti in non-Tg mice showed an increase with the de-
velopment of the organ of Corti as described previously
(Souter et al.,, 1997). In contrast, the height remained
unchanged presumably due to collapse of tunnel of Corti in
R75W-+ mice (Fig. 5A). The cell area of the organ of Corti
showed no difference between non-Tg and R75W+ mice
at P5, both of which increased rapidly until P8. Although
the increase of cell area appeared slowly after the forma-
tion of tunnel of Corti and Nuel’'s space at P8 in non-Tg
mice, the area increased from P10 to P12 in R75W+ mice
(Fig. 5B). The increase of the cell area from P10-12
recognized in R75W+ mice is assumed to be brought
about by the enlarged supporting cells. Thus, the domi-
nant-negative mutant of Gjb2 disrupted postnatal develop-
ment of supporting cells.

R75W+

Fig. 4. The microtubules of the midmodiolar- (A, B) and cross-sections (C, D) of the IPC at P12. Thé microtubules are rich in the IPC in non-Tg mice
(arrows in A). The microtubules of the IPC are poorly formed and hypoplasia in R75W+ mice (arrows in B). Round-shaped microtubules with
cross-sections are abundant in non-Tg mice (arrows in C). (D) The number of microtubules is reduced and the tangled microtubules (arrows in D) are

prominent in R75W+ mice. Scale bar=500 nm (A, B); 1 um (C, D).
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Fig. 5. The height of (A) and cell area (B) of the organ of Corti in individual mice of non-Tg (n=2) and R75W+ (n=2). R75W+ mice show the reduction
of the height of the organ of Corti from P10 as compared with non-Tg mice (A). At P12, the profile area of the organ of Corti of R75W+ mice is greater

than that of non-Tg mice (B).

Since it is possible that the Gjb2 gene affects the
known genes to determine or differentiate regarding hair or
supporting cells, the protein expression of FGFR3 and
p27XP1 for supporting cell markers, and MyosinVila for a
hair cell marker were examined at P12. Similar results
regarding the immunolabeling of the cochlear section for
the tested antibodies were obtained in both R75W+ and
non-Tg mice (Fig. 6):

DISCUSSION

The present study demonstrated that ABR have never
been recognized in the postnatal stage of R75W+ mice
from P5 to P14. On the other hand, non-Tg mice showed
the onset of ABR at P11, which approached near maturity
until P14. These findings may be explained by the suppo-
sition that the cochlear function does not reach maturation
in a dominant-negative mutation of Gjb2. '
The characteristic changes of ultrastructures observed
in the developing non-sensory cells of the organ of Corti
include: i) absence of tunnel of Corti; Nuel’'s space, or
spaces surrounding the OHCs; ii) significant small num-
bers of microtubules in IPCs; iii) shortening of height of the
organ of Corti; and iv) increase of the midmodiolar-sec-
tional area of the cells of the organ of Corti. Thus, mor-
phological observations confirmed that a dominant-nega-
tive Gjb2 mutation showed incomplete development of the
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cochlear supporting cells. On the other hand, the develop-
ment of the sensory hair cells at least from P5 to P12 was
not affected, which is not surprising since the sensory hair
cells do not express Cx26 throughout development. In fact,
MyosinVila, a major gene identified in hair cells was ex-
pressed in the developing hair cells of R75W+ mice.

Our dominant-negative Gjb2 mutant mice showed a
phenotype apparently different from that of a target disrup-
tion -of Gjb2 (Cohen-Salmon et al., 2002), in which the
inner ear normally developed up to P14 followed by the
degeneration of the cochlear epithelial networks and sen-
sory hair cells. Furthermore, our preliminary study (lkeda
et al., 2004) in a creation of a conditional knockout of Gjb2
using the promoter different from that of Cohen-Salmon
et al. (2002) showed comparable findings to the present
dominant-negative Gjb2 mutant. Both animal models of
Gjb2-based hereditary deafness developed by us strongly
indicate that Gjb2 is indispensable throughout the postna-
tal development of the organ of Corti, especially from P5 to
maturation.

The development of pillar cells and the formation of a
normal tunnel of Corti are required for normal hearing
(Colvin et al., 1996). The factors that regulate pillar cells
development are Fgfr3 (Mueller et al.,, 2002). The mice
homozygous for a targeted disruption of Fgfr3 had striking
inner ear defects and were deaf. In the organ of Corti of
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FGFR3
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R75W+

Fig. 6. Immunohistochemical analysis of the inner ear. Expressions of the FGFR3 are specifically localized in pillar cells in both non-Tg (A) and
R75W+ (B). Expressions of the p27X®" are labeled in nucleus of supporting cells in both non-Tg (C) and R75W+ (D). The inner and OHCs are labeled
with MyosinVlla in both non-Tg (E) and R75W+ (F). Scale bar=100 pum.

Fafr3 deficient mice, differentiated pillar cells and the tun-
nel space were completely absent and ABR showed no
response at 100 dB SPL (Colvin at al., 1996), which is
interesting as it is similar to the observations of our
R75W+ mice. It is possible that the cochlear Gjb2 regu-
lates differentiation genes of the supporting cells at the
transcriptional or translational level. However, the expres-
sion of Fgfr3 and p27X"P" proteins in the R75W+ mouse
cochlea was equivalent to those of non-Tg mouse, which
seems to negate the involvement of Fgfr3 and p27<P"
genes to the disrupted differentiation of pillar cells and
other supporting cells. It is possible to cause the effect
similar to Fgfr3 disruption by mediating its upstream and
downstream pathways. Further studies are required to
obtain a better understanding of the relevance of the Fgfr3
pathway. The mutant mice of thyroid hormonal receptors
were reported to have delayed postnatal development of
the organ of Corti (Rusch et al., 2001). The phenotype
of thyroid hormonal receptor mutants is similar to our phe-
notype with respect to the unopened tunnel of Corti, but not
to the formation of tectorial membrane or the development
of EP. Although the typical distribution of prestin along the
OHC lateral membrane was found to depend on the thyroid
hormone receptor TRB (Winter et al., 2006), prestin was
normally expressed in our Tg mice (our unpublished ob-
servations). These findings suggest that thyroid hormone
is not related to the phenotype of the Gjb2 dominant-
negative mutation.

The results presented here demonstrate a significant
reduction of the number of microtubules in the pillar cells in
R75W+ mice, which presumably causes absence of the
tunnel and incomplete height of the organ of Corti. The
microtubules in the pillar cells appear to be unique to
mammalian cochlea with respect to the aspect of a strong
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and rigid cytoskeleton for maintenance of cell shape and
effective transduction of vibratory stimuli on the sensory
epithelium (Saito and Hama, 1982; Slepecky et al., 1995).
The disturbed formation of microtubules in DCs, which
were not evaluated in the present study, is expected to
take a place similar to pillar cells and may lead to failure to
form Nuel's space as well as a lack of DC cup surrounding
the hair cells and the nerve ending.

Morphometric analysis of cross-sectional areas of the
cells of the organ of Corti suggests the reduction of cell
volume whereas extracellular spaces such as tunnel of
Corti, Nuel's space, and spaces surrounding OHCs were
apparently diminished under the TEM observation. Inhibi-
tory effects of channels, transporters, and fluid secretion
are suspected to be mediated by cell-signal molecules
through the gap junctions (Beltramello et al., 2005; Lang et
al., 2007; Piazza et al., 2007; Zhang et al., 2005; Zhao et
al., 2005). K-Cl cotransporters encoded by Kcc3 and Kcc4
are selectively expressed in DCs from late postnatal de-
velopment and are thought to regulate the cell volume and
the ionic environment of cortilymph (Boettger et al., 2002,
2003). The mouse cochlea deleting Kcc3 or Kcc4 resem-
ble the phenotype of our R75W+ mice, implying that the
increase of sectional-area of the cells of the organ of Corti
may involve dysfunction of K-Cl cotransport in the DCs of
R75W+ mice. The progressive degeneration of hair cells
observed in the adult R75W+ mice (Kudo et al., 2003) may
be brought about by the changes in the ionic composition
of the cortilymph surrounding the basolateral surface of the
hair cells (Ben-Yosef et al., 2003).

Gap junction proteins in the cochlear supporting cells
are hypothesized to allow rapid removal of K* away from
the base of hair cells, resulting in recycling back to the
endolymph (Kikuchi et al., 1995). In addition to the K™
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Fig. 7. Hypothesized schematic diagram of proposed intercellular signaling pathways between supporting cells and hair cells in the cochlea. ATP
released from supporting cells via connexin hemichannels activates purinergic receptors on the hair cells or supporting cells in an autocrine and
paracrine manner. Defective Cx26 is postulated to disrupt depolarization in the IHC and OHC, which may influence the glutamate release and the
production of neurotrophic factors, respectively. Moreover, the failure of polymerization of the microtubules in the pxllar cells may result from the

disturbance of ATP release and/or intercellular signal transduction.

recycling theory, Ca?* and anions such as' inositol 1,4,
5-trisphosphate, ATP, and cAMP are mediated by gap
junction proteins to act as cell-signaling and nutrient and
energy molecules (Beltramello et al., 2005; Piazza et al.,
2007; Zhang et al., 2005; Zhao et al., 2005). More cur-
rently, Tritsch et al. (2007) found that, in the postnatal
immature cochlea, a transient structure known as Koélliker
organ releases ATP through-the hemichannels of its gap
junctions, which binds to P2X receptors on the IHCs to
cause depolarization and Ca?* influx, mimicking the effect
of sound. The resulting release of glutamate activates
" receptors on the afferent fibers, which is essential for the
development of the auditory pathway. ATP is known to act
as trophic factor, mitogen and potent neuromodulator
(Fields and Burnstock, 2006; Nedergaard et al., 2003).
Since supporting cells express ATP receptors (Dulon et al.,
1993), the same scenario is likely to occur in an adapted
form with the organ of Corti. The supporting cells may have
an influence on maturation, cell volume and cell shape at
least through the polymerization of microtubules by acti-
vated by ATP in an autocrine and paracrine manner (Zhao
et al., 2005). We propose the hypothesis of an underlying
mechanism to explain the prelingual deafness caused by
Gjb2 mutation (Fig. 7). Defective gap junction impairs the
release of ATP and other factors related to cell-signaling
and nutrient and energy molecules, resulting in the distur-
bance of normal postnatal development of the organ of
Corti. Postnatal maturation of the various cochlear cells in
the organ of Corti rapidly and synchronously progressed at
P5 to P12 and may be regulated by intercellular signal
transduction mediated by ions and biomodulators via the
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gap junction network derived from Cx26. Furthermore, a
similar-hypothesis may involve the postnatal development
of the stria vascularis and spiral ligament because of the
presence of purinergic receptors (lkeda et al., 1995; Liu et
al.,, 1995; Ogawa and Schacht, 1995) and the source of
ATP (White et al., 1995; Suzuki et al., 1997).

CONCLUSION

In conclusion, the present findings strongly support that
Gjb2 is indispensable in the postnatal development of the
organ of Corti and normal hearing.
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Brief Report

Noninvasive In Vivo Delivery of Transgene via
Adeno-Associated Virus into Supporting Cells of the
Neonatal Mouse Cochlea

TAKASHI IZUKA,! SHO KANZAKI,? HIDEKI MOCHIZUKI,?> AYAKO INOSHITA,! YUYA NARUL!
MASAYUKI FURUKAWA,! TAKESHI KUSUNOKIL,' MAKOTO SAJL* KAORU OGAWA?
and KATSUHISA IKEDA!

ABSTRACT

There are a number of genetic diseases that affect the cochlea early in life, which require normal gene trans-
fer in the early developmental stage to prevent deafness. The delivery of adenovirus (AdV) and adeno-asso-
ciated virus (AAV) was investigated to elucidate the efficiency and cellular specificity of transgene expression
in the neonatal mouse cochlea. The extent of AdV transfection is comparable to that obtained with adult mice.
AAV-directed gene transfer after injection into the scala media through a cochleostomy showed transgene ex-
pression in the supporting cells, inner hair cells (IHCs), and lateral wall with resulting hearing loss. On the
other hand, gene expression was observed in Deiters cells, IHCs, and lateral wall without hearing loss after
the application of AAYV into the scala tympani through the round window. These findings indicate that in-
jection of AAYV into the scala tympani of the neonatal mouse cochlea therefore has the potential to efficiently
and noninvasively introduce transgenes to the cochlear supporting cells, and this modality is thus considered

to be a promising strategy to prevent hereditary prelingual deafness.

INTRODUCTION

EVERAL TYPES OF HEREDITARY DEAFNESS in humans have

been matched with homologous mouse models (Eisen and
Ryugo, 2007). Mice present an ideal model for inner ear gene
therapy because their genome is being rapidly sequenced and
their generation time is relatively short. To achieve effective
gene therapy in hereditary deafness, it may be required to trans-
fer corrective genes into the defective cochlear cells of neona-
tal mice. However, the small size of the neonatal mouse inner
ear poses a particular challenge for performing surgical proce-
dures.

Transgene expression has been successfully demonstrated in
the mammalian inner ear, using various viral vectors including
adenoviral (AdV) vectors (Raphael et al., 1996), adeno-associ-
ated viral (AAV) vectors (Lalwani et al.,1996), herpes simplex

viral vectors (Derby ef al., 1999), lentiviral vectors (Han et al.,
1999), and Sendai viral vectors (Kanzaki et al., 2007). In this
study, we tested AAV vectors and AdV vectors because AAVs
are free of genotoxicity and present no evidence -of patho-
genicity in humans, and AdVs have high transfection efficiency
in many tissues and cell-types. In previous studies, the three
main routes of delivery of viral vectors into the cochlea of the
adult mouse, namely, the scala media approach, the semicircu-
lar canal approach, and the round window (RW) approach, have
been reported (Kawamoto et al., 2001; Suzuki et al., 2003). The
semicircular canal method was not used in this study because
of its poor transduction of genes. '

The present study assessed how to inject a gene into the
neonatal mouse cochlea on postnatal day 0 (PO); the results in-
dicate that this modality is a promising therapeutic strategy to
prevent prelingual deafness.
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MATERIALS AND METHODS

Animals

Twenty healthy C57BL/6 mouse pups, irrespective of gen-
der, were used on PO (within 24 hr of birth). All experimental
protocols were approved by the Institutional Animal Care and
Use Committee at Juntendo University (Tokyo, Japan), and
were conducted in accordance with the U.S. National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

Adenoviral and adeno-associated viral vectors

A replication-deficient adenoviral vector (human AdV,
serotype 5) was used to encode the green fluorescent protein
(GFP) driven by the cytomegalovirus (CMV) promoter. The
virus was designated Ad5.CMV-GFP (3 X 10!! plaque-form-
ing units [PFU]/ml). The E1 and E3 regions were deleted. Vec-
tors were purchased from Primmune KK (Osaka, Japan). Viral
suspensions in 10 mM Tris-HCI (pH 7.5), 1 mM MgCl,, and
10% glycerol were kept at —80°C until thawed for use.

The plasmid DNA pAAV-MCS (CMV promoter; Stratagene,
La Jolla, CA) carrying the GFP gene was constructed as re-
ported previously (Yamada et al., 2004). The plasmid DNA
PAAV-GFP was cotransfected with plasmids pHelper and
Pack2/1 into HEK-293 cells, using the standard calcium phos-
phate method (Sambrook and Russell, 2001). After 48 hr, cells
were harvested and crude recombinant AAV (rAAV) vector
(serotype 1) solutions were obtained by repeated freeze—thaw
cycles. After ammonium sulfate precipitation, the viral parti-
cles were dissolved in phosphate-buffered saline (PBS) and ap-
plied to an OptiSeal centrifugation tube (Beckman Coulter,
Fullerton, CA). After overlaying OptiPrep solution (Axis-
Shield PoC, Oslo, Norway), the tube was processed with a Gra-
dient Master (BioComp Instruments, Fredericton, NB, Canada)
to prepare a gradient layer of OptiPrep. The tube was then ul-
tracentrifuged at 13,000 rpm for 18.5 hr. The fractions con-
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taining high-titer rAAV vectors were collected and used for in-
jection into animals. The number of rAAV genome copies was
semiquantified by polymerase chain reaction (PCR) within the
CMV promoter region using primers 5'-GACGTCAATAAT-
GACGTATG-3' and 5'-GGTAATAGCGATGACTAATACG-
3’. The final titer was 1.4 X 1013 viral particles (VP)/ml.

Surgical procedures

Glass capillaries (Drummond Scientific, Broomall, PA) were
drawn with a PB-7 pipette puller (Narishige, Tokyo, Japan) to
achieve an approximately 10-um outer tip diameter. A poly-
ethylene tube (outer diameter, 1.7 mm; Atom Medical, Saitama,
Japan) was connected to the glass micropipette.

For injection into the scala media via a cochleostomy,
C57BL/6 mice were anesthetized with ketamine (100 mg/kg)
and xylazine (4 mg/kg) by intraperitoneal injection. A left
postauricular incision was made and the otic bulla was exposed,
and opened to expose the cochlea. A cochleostomy was made
at the cochlear lateral wall of a basal turn just beneath the stape-
dial artery with the glass micropipette, using a micromanipula-
tor. The bony lateral wall of the cochlea on PO is so soft that it
can be easily penetrated by the glass micropipette. The injec-
tion volume of the viral vector was regulated at approximately
0.02 pl/min for 10 min, using a syringe connected to the poly-
ethylene tube. To allow the vector to spread throughout and sta-
bilize in the inner ear, the glass micropipette was left in place
for 1 min after the injection. The hole was plugged and the
opening in the tympanic bulla was sealed with connective tis-
sue. The total surgical period was approximately 20 min.

For injection into the scala tympani after anesthesia, the otic
bulla was opened to expose the RW. Next, the glass mi-
cropipette was inserted into the RW (Fig. 1), and the vectors
were injected in the same manner as in the scala media ap-
proach. Because the hole in the RW membrane was extremely
small, leakage of perilymph was found to be nominal after re-

FIG. 1.

Surgical procedure for microinjection into the neonatal mouse cochlea. The otic bulla was exposed after a left postau-

ricular incision. The otic bulla is transparent. After opening the otic bulla, a round window (arrowhead) and the stapedial artery
(solid arrow) are seen. Viral vectors were injected into the scala tympani with a glass micropipette (open arrow) inserted into the
RW membrane. A, tympanic bulla; B, stapedial artery; C, facial nerve; D, round window; E, glass micropipette.
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moving the micropipette. It took approximately 20 min to com-
plete the surgical procedure. After the surgery, the mice were
kept in another cage until they awoke from anesthesia.

Measurements of auditory brainstem response

To determine the surgical effects on auditory function, the
auditory brainstem response (ABR) were assessed 14 days post-
operatively. Hearing thresholds were determined in both ears:
the injected side (left) and the contralateral noninjected control
side (right). ABR measurements were performed as previously
reported (Kanzaki et al., 2007) Thresholds were determined
for frequencies of 4, 8, '12 16, and 20 kHz from a set of re-
sponses at various intensities with 5-dB intervals and electrical
signals were averaged at 512 repetitions..If the hearing thresh-
old was over 95 dB, then it was determined to be 100 dB.

Sample preparation, histology, and
immunohistochemical analysis

On day 14 after injection, the mice were deeply anesthetized
and perfused intracardially with PBS, followed by 4% parafor-
maldehyde in phosphate buffer. The cochleae were excised and
then tissue specimens were fixed in 4% paraformaldehyde for
2 hr and decalcified in 0.12 M EDTA for 7 days at room tem-
perature. For frozen sections, specimens were cryoprotected in
30% sucrose in PBS overnight at 4°C, and then were embed-
ded, frozen, and sectioned at 10 um. For immunofluorescence,
sections  were inchbatéd with - 50% Block - Ace (AbD
Serotec/MorphoSys, Martinsried, Germany) in PBS-0.3% Tri-
ton X-100 for 60 min and then they were incubated overnight
at 4°C with goat polyclonal anti-GFP antibodies (diluted 1:200
in PBS; Santa Cruz Biotechnology, Santa Cruz, CA). The next
day, tissue specimens were rinsed with PB'S; incubated for 60
min with rabbit anti-goat IgG antibodies conjugated with Alexa
Fluor 488 (diluted 1:500; Invitrogen Molecular Probes, Eugene,
OR), and rinsed with PBS. Subsequently, all' specimens were
incubated with thodamine phalloidin (diluted 1:100; Invitrogen
Molecular Probes) for 30 min and then were mounted in VEC-
TASHIELD antifade mounting medium with 4’,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories, Burlingame, CA).

Images of sections were captured. with ‘a Zeiss Axioplan 2
microscope (Carl Zeiss, Oberkochen, Germany), using an Ax-
ioCam HRc charge-coupled device (CCD) camera and the Ax-
ioVision release 4.5 software program.

Data analysis

The KaléidaGraph statistical ‘software program (Synergy
Software, Reading, PA) was used for the statistical analysis of
the ABR data.

IIZUKA ET AL.

RESULTS

All of the animals recovered uneventfully from surgery and
survived-until ABR measurements were performed. No signs
of vestibular disturbance, such as circling behavior or head tilt-
ing, were observed.

After the injection of AdV vectors into the scala medla (n=
3), GFP-positive cells ‘were present mainly in the supporting
cells (Fig: 2A), mesothelial cells of the scala tympani and scala
vestibuli, and cells of Reissner’s membrane. Injection of AdV
through the RW (n' = 5) induced the expression of GFP only
in the mesothelial cells lining the perilymphatic spaces (Fig.
2B). No GFP-positive cells were found in either the organ of
Corti or the lateral wall. GFP expression was identified in var-
ious cochlear cells (Fig. 2C), predominantly in both the inner
hair cells and the supporting cells of the organ of Corti after
AAY injection into the scala media (n = 6), and the loss of hair
cells, as noted in a previous report (Ishimoto et al.; 2002), was
not observed in these mice (Fig. 2D). Application of AAV to
the scala tympani across the RW (n = 6) showed that GFP-pos-
itive cells were found mainly in the supporting cells (Fig. 2E),
and loss of hair cells was not (Fig. 2F). These results are sum-
marized in Table 1. An examination of the contralateral (right)
ears of AAV injected mice revealed a normal appearance with
no pathological hair cell loss, and no GFP- posmve cells were
seen (Fig. 2G and H).

Before killing the mice on P14, ABR thresholds were as-
sessed in both ears, on both the injected side and contralateral
side. In the groups injected with AAV (Fig. 3A) or AdV vec-
tors (Fig. 3B) by the scala tympani approach through the RW,
the ‘ABR thresholds did not differ significantly from:those of
contralateral noninjected control sides at any frequency tested.
On the other hand, a significant threshold shift at each frequency
was seen in the group injected with either AAV (Fig. 3C) or
AdV vectors (Fig. 3D) by the scala media approach via
cochleostomy, in comparison with those ‘on the contralateral
control sides. ‘

DISCUSSION

To our knowledge this is the first report demonstrating suc-
cessful gene delivery to the neonatal mouse cochlea in vivo. It
is ideal to transfer a normal gene noninvasively to a hereditary
deafness mouse model at an early time after birth, before dif-
ferentiation of the cochlear sensory structures. The procedure
of gene delivery to the animal models must yield efficient gene
transduction without hearing loss.

Excellent gene expression without hearing loss was ob-
tained by selecting both the appropriate application route (the

o,

oo

FIG. 2. Sagittal cryosections of the mouse cochlea. GFP-expressing cells (green) are seen by fluorescence microscopy in cochlear
sagittal cryosections of P14 mice that had been injected on P0O. Rhodamine phalloidin antibody was used as a marker for hair
cells (red). (A) Cochlear section after exposure to AdV by scala media injection. Transduced Deiters cells and outer pillar cells
(arrows) expressed GFEP: (B) After exposure to AdV by scala tympani injection. Only mesothelial cells of the perilymph ex-
pressed GFP. GFP were absent in the organ of Corti. (C and D) Cochlear section after exposure to AAV by scala media injec-
tion. (C) Transduced supporting cells (Deiters cells, Hensen cells, and Claudius cells; arrowheads) expressed GFP. (D) No loss
of hair cells was observed with the nuclear label DAPI (blue). (E and F) After exposure to AAV by scala tympani injection,
transduced Deiters cells (arrows) expressed GFP (E), and loss of hair cells was not observed (F). (G and H) Cochlear section of
contralateral (right) ears after exposure to AAV by both scala media injection (G) and scala tympani injection (H) revealed a
normal appearance with no pathological hair cell loss, and no GFP-positive cells were seen. Scale bar in (A) (for A-H): 100 pwm.
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TaBLE 1. EXPRESSION OF TRANSGENE IN MoUSE CoCHLEAR CELLS

Inner  Outer Inner  Outer
Injection Total hair  hair  Pillar Deiters Hensen Claudious sulcus sulcus Stria Spiral Spiral  Reissner’s  Spiral Mesothelial
Vector place number cells  cells  cells cells cells cells cells  cells  vascularis ganglion ligament membrane limbus cells
AAV RW n=6 6 — — 5 4 3 2 2 4 2 6 1 2 5
Cochleostomy n=26 6 1 1 5 5 5 4 5 5 —_ 6 3 6 5
AdV  RW n=35 — — — — — — e — — e e 2 1 5
Cochleostomy n =3 1 — 2 3 e — s -— e e 1 2 — 3

Abbreviations: AAV, adeno-associated virus; AdV, adenovirus; RW, round window.
“AAV or AdV was applied to the cochlea via the RW or cochleostomoy approach. Transgene expression the various cells of the inner ear was detected by the presence of green fluo-

rescent protein.
bA dash (—) indicates no fluorescence in cells of the infected mouse cochlea.
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RW approach) and viral vector (AAV) for the neonatal mouse
cochlea. The extent of AdV transfection was extremely lim-
ited in the mesenchymal cells, comparable to that obtained
with adult mice; gene expression after AAV transfection by
the RW approach was seen mainly in the cochlear support-
ing cells.

AAV serotype 1 was chosen on the basis of previously pub-
lished reports indicating that AAV serotype 2 was unable to
transduce hair cells or supporting cells of the cochlea either in
vivo or in vitro (Kho et al., 2000; Jero et al., 2001a; Luebke et
al., 2001). There have been no reports demonstrating gene ex-
pression in supporting cells without hearing loss after injection
into either the neonatal or adult mouse cochlea (Lalwani et al.,
1996, 1998; Jero et al., 2001a; Luebke et al., 2001; Duan et al.,
2002; Liu et al., 2005, 2007).

When administering AdV in a cochlear organ culture, trans-
gene expression was seen in most hair cells on PO and in sup-
porting cells on P3 to P5 (Kanzaki et al., 2002). This study also
demonstrates that AdV-mediated transgene expression was seen
in both hair cells and supporting cells. On the other hand, trans-
duction of PO explants with AAV serotype 1 thus results in ex-
pression in the inner and outer hair cells, Hensen cells, and in-
terdental cells (Stone et al., 2005). In the present study, gene
expression was also found mainly in supporting cells and inner
hair cells on PO in vivo, but not in supporting cells of the adult
mouse as reported in previous studies. The difference in gene
expression between adult and neonate may be explained in that
supporting cells of the adult mouse do not have sialic acid on
their surface as receptors for viral entry whereas those of the
neonatal mouse do.

There are a number of genetic diseases that affect the cochlea

early in life. G/B2, encoding gap junctional protein connexin26
(Cx26), which is expressed in supporting cells of the organ of
Corti, is responsible for approximately half of all hereditary
deafness cases (Kelsell et al., 1997; Chang et al., 2003). Ani-
mal models of both a conditional knockout of Gjb2 (Cohen-
Salmon et al., 2002) and a dominant-negative Gjb2 mutation
(Kudo et al., 2003) suggest that a critical but unknown func-
tion of the supporting cells is disturbed primarily by defective
Cx26. Cx26 in the organ of Corti is extensively expressed in
the mouse cochlea from birth (Frenz and Water, 2000; Zhang
et al., 2005). Furthermore, a dominant-negative Gjb2 mutant
mouse showed incomplete development of the cochlear sup-
porting cells in our preliminary data. Thus, it is possible that
the Gjb2 mutation could be successfully treated by gene deliv-
ery to introduce the normal gene to the supporting cells of the
neonatal cochlea.

In conclusion, this study has demonstrated excellent gene
expression in supporting cells of the neonatal mouse cochlea,
with good preservation of auditory function. It is therefore
considered to be possible to repair hearing loss by applying
the present method to the animal model of the Gjb2 muta-
tion, thereby suggesting the potential future effectiveness of
such a modality for the development of gene-based therapies
for humans.
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Mesenchymal Stem Cell Transplantation Accelerates
Hearing Recovery through the Repair of Injured

Cochlear Fibrocytes

Kazusaku Kamiya,* Yoshiaki Fujinami,”
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Hiroko Kouike,* Rie Komatsuzaki,*
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Hearing and Balance Research,® National Institute of Sensory
Organs, and the Department of Plastic Surgery,” National Tokyo
Medical Center, Tokyo, Japan

Cochlear fibrocytes play important roles in normal
hearing as well as in several types of sensorineural
hearing loss attributable to inner ear homeostasis dis-
orders. Recently, we developed a novel rat model of
acute sensorineural hearing loss attributable to fibro-
cyte dysfunction induced by a mitochondrial toxin. In
this model, we demonstrate active regeneration of the
cochlear fibrocytes after severe focal apoptosis with-
out any changes in the organ of Corti. To rescue the
residual hearing loss, we transplanted mesenchymal
stem cells into the lateral semicircular canal; a num-
ber of these stem cells were then detected in the
injured area in the lateral wall. Rats with transplanted
mesenchymal stem cells in the lateral wall demon-
strated a significantly higher hearing recovery ratio
than controls. The mesenchymal stem cells in the
lateral wall also showed connexin 26 and connexin
30 immunostaining reminiscent of gap junctions be-
tween neighboring cells. These results indicate that re-
organization of the cochlear fibrocytes leads to hearing
recovery after acute sensorineural hearing loss in this
model and suggest that mesenchymal stem cell trans-
plantation into the inner ear may be a promising ther-
apy for patients with sensorineural hearing loss attrib-
utable to degeneration of cochlear fibrocytes. (4m J
Patbol 2007, 171:214-226; DOI: 10.2353/ajpath.2007.060948)

Mammalian cochlear fibrocytes of the mesenchymal non-
sensory regions play important roles in the cochlear

214

physiology of hearing, including the transport of potas-
sium ions to generate an endocochlear potential in the
endolymph that is essential for the transduction of sound
by hair cells.’=® It has been postulated that a potassium
recycling pathway toward the stria vascularis via fibro-
cytes in the cochlear lateral wall is critical for proper
hearing, although the exact mechanism has not been
definitively determined.? One candidate model for this ion
transport system consists of an extracellular flow of po-
tassium ions through the scala tympani and scala ves-
tibuli and a transcellular flow through the organ of Corti,
supporting cells, and cells of the lateral wall.** The fibro-
cytes within the cochlear lateral wall are divided into type
| to V based on their structural features, immunostaining
patterns, and general location.® Type Ii, type IV, and type
V fibrocytes resorb potassium ions from the surrounding
perilymph and from outer sulcus cells via the Na,K-
ATPase. The potassium ions are then transported to type
| fibrocytes, strial basal cells, and intermediate cells
through gap junctions and are secreted into the intrastrial
space through potassium channels. The secreted potas-
sium ions are incorporated into marginal cells by the
Na,K-ATPase and the Na-K-Cl co-transporter, and are
finally secreted into the endolymph through potassium
channels.

Degeneration and alteration of the cochlear fibrocytes
have been reported to cause hearing loss without any
other changes in the cochlea in the Pit-Oct-Unc (POU)-
domain transcription factor Brain-4 (Brn-4)-deficient
mouse® and the otospiralin-deficient mouse.® Brn-4 is the
gene responsible for human DFN3, an X chromosome-
linked nonsyndromic hearing loss. Mice deficient in Brn-4
exhibit reduced endocochlear potential and hearing loss
and show severe ultrastructural alterations, including cel-
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lular atrophy and a reduction in the number of mitochon-
dria, exclusively in spiral ligament fibrocytes.®” In the
otospiralin-deficient mouse, degeneration of type Il and
IV fibrocytes is the main pathological change, and hair
cells and the stria vascularis appear normal.® Further-
more, in mouse and gerbil models of age-related hearing
loss, 19 degeneration of the cochlear fibrocytes pre-
cede the degeneration of other types of cells within the
cochlea, with notable pathological changes seen espe-
cially intype II, IV, and V fibrocytes. In humans, mutations
in the connexin 26 (Cx26) and connexin 30 (Cx30) genes,
which encode gap junction proteins and are expressed in
cochlear fibrocytes and nonsensory epithelial cells, are
well known to be responsible for hereditary sensorineural
deafness.’™ 2 These instances of deafness related to
genetic, structural, and functional alterations in the co-
chlear fibrocytes highlight the functional importance of
these fibrocytes in maintaining normal hearing.

Recently, we developed an animal model of acute
sensorineural hearing loss attributable to acute cochlear
energy failure by administering the mitochondrial toxin
3-nitropropionic acid (3NP) into the rat round window
niche.’™® 3NP is an irreversible inhibitor of succinate
dehydrogenase, a complex Il enzyme of the mitochon-
drial electron transport chain.'®'® Systemic administra-
tion of 3NP has been used to produce selective striatal
degeneration in the brain of several mammals.'”'® Our
model with 3NP administration into the rat cochlea
showed acute sensorineural hearing loss and revealed
an initial pathological change in the fibrocytes of the
lateral wall and spiral limbus without any significant dam-
age to the organ of Corti or spiral ganglion. Furthermore,
depending on the dose of 3NP used, these hearing loss
model rats exhibited either a permanent threshold shift or
a temporary threshold shift. In the present study, we used
doses of 3NP that induce temporary threshold shift to
explore the mechanism of hearing recovery after injury to
the cochlear fibrocytes and examined a novel therapeutic
approach to repair the injured area using mesenchymal
stem cell (MSC) transplantation.

MSCs are multipotent cells that can be isolated from
adult bone marrow and can be induced to differentiate
into a variety of tissues in vitro and in vivo."® Human MSCs
transplanted into fetal sheep intraperitoneally undergo
site-specific differentiation into chondrocytes, adipo-
cytes, myocytes, cardiomyocytes, bone marrow stromal
cells, and thymic stroma.2° Furthermore, when MSCs
were transplanted into postnatal animals, they could en-
graft and differentiate into several tissue-specific cell
types in response to environmental cues provided by
different organs.?' These transplantability features of
MSCs suggested the possibility that they could restore
hearing loss in 3NP-treated rats to the normal range.
Recently, experimental bone marrow transplantation into
irradiated mice suggested that a part of spiral ligament
that consists of cochlear fibrocytes was derived from
bone marrow cells or hematopoietic stem cells.?? This
indicates that bone marrow-derived stem cells such as
MSCs may have a capacity to repair the injury of cochlear
fiorocytes. In this study, we demonstrate that MSC trans-
plantation significantly improves hearing recovery, and
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present evidence suggesting invasion of transplanted
MSCs into the injured region of the cochlear lateral wall
and repair of the interrupted gap junction network.

Materials and Methods

Rat Model of Acute Sensorineural Hearing Loss
Attributable to Cochlear Fibrocyte-Specific Injury

Experimental procedures reported in this study were ap-
proved by the Institutional Animal Care and Use Commit-
tee of the National Tokyo Medical Center. Sprague-Daw-
ley rats (Clea Japan, Tokyo, Japan) weighing between
180 and 210 g (8 to 10 weeks old) were used. Before
surgery, the animals were anesthetized with pentobarbi-
tal (30 to 40 mg/kg, i.p.; Dainippon Pharmaceutical,
Osaka, Japan), and after local administration of 1% lido-
caine (AstraZeneca PLC, London, UK), an incision was
made posterior to the left pinna near the external meatus.
The left otic bulla was opened to approach the round
window niche. The distal end of a section of PE 10 tubing
(Becton-Dickinson, Franklin Lakes, NJ) was drawn to a
fine tip in a flame and gently inserted into the round
window niche. 3NP (Sigma, St. Louis, MO) was dissolved
in saline at 300 mmol/L and the pH adjusted to 7.4 with
NaOH. Saline alone was used as a control. The solution
was administered for 2 minutes at a rate of 1.5 pl/minute
with a syringe pump. After treatment, a small piece of
gelatin was placed on the niche to keep the solution in the
niche regardless of head movement, and the wound was
closed. The right cochlea was surgically destroyed to
avoid cross-hearing during auditory brainstem response
(ABR) recording.

Auditory Brainstem Response

ABR recording was performed as previously described®
before surgery and at 2 hours and 1, 2, 3, 7, 14, 21, 28,
35, and 42 days after surgery (or until 14 days in the MSC
transplantation experiment). Six to 12 rats in each group
were used for the recordings. ABR was recorded using
Scope waveform storing and stimulus control software
and the PowerlLab data acquisition and analysis system
(PowerLab2/20; AD Instruments, Castle Hill, Australia).
Electroencephalogram recording was performed using a
digital Bioamp extracellular amplifier system- (BAL-1;
Tucker-Davis Technologies, Alachua, FL). Sound stimuli
were produced by a coupler type speaker (ES1spc; Bio
Research Center, Nagoya, Japan) inserted into the ear
canal. Pure tone bursts of 8, 20, and 40 kHz (0.2-ms
rise/fall time and 1-ms flat segment) were generated, and
the amplitude was specified by a real-time processor and
programmable attenuator (RP2.1 and PAS5; Tucker-Davis
Technologies). Sound level calibration and frequency
confirmation were performed using a 1/4 inch free-field
mic (7016; ACO Pacific, Belmont, CA), microphone amp
(MA3; Tucker-Davis Technologies), a digital oscilloscope
(DS-8822P; lwatsu Electronic, Tokyo, Japan), and a
sound level meter (NL32; Rion, Tokyo, Japan). The max-
imum output level was 87, 86, and 96 dB at 8, 20, and 40
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kHz, respectively. For recording, the animals were anes-
thetized with pentobarbital before stainless steel needle
electrodes were placed ventrolateral to the ears. Wave-
forms of 512 stimuli at a frequency of 9 Hz were aver-
aged, and the visual detection threshold was determined
by increasing or decreasing the sound pressure level in
5-dB steps. The effects of 3NP and/or MSC transplanta-
tion on the ABR threshold and recovery ratio of ABR
threshold (peak threshold — threshold at 14 days or 42
days/peak threshold X 100) were statistically analyzed at
each frequency using an unpaired Student's t-test. The
significance level for all statistical procedures was set at
P < 0.05.

Bromodeoxyuridine (BrdU) Injection

To detect cell proliferation in the rat inner ear, BrdU
(Sigma) was injected (30 mg/kg i.p. per single injection)
as previously described.?® Injections were started just
after 3NP administration and continued every 12 hours for
3 or 6 days.

MSC Preparation

We previously established bone marrow MSCs and dem-
onstrate their potential to differentiate into several cell
types.2* The cells were prepared from 6- to 8-week-old
male F344 rats (Clea) as described. In brief, surgical
treatment was performed after intraperitoneal injection of
pentobarbital (30 to 40 mg/kg, i.p.). After surgery, the rats
were sacrificed by ether inhalation followed by disloca-
tion of the neck. Rat femurs and tibiae were collected and
the long bones meticulously dissected to remove all ad-
herent soft tissue. Both ends of the bones were cut away
from the diaphyses with bone scissors. The bone marrow
plugs were hydrostatically expelled from the bones by
inserting 18-gauge needles fastened to 10-ml syringes
filled with complete medium [Dulbecco’s modified Ea-
gle’s medium (Sigma), 10% fetal bovine serum (Sigma),
and 100 U/ml penicillin-streptomycin (Sigma)] into the
distal ends of the femora and the proximal ends of the
tibiae. Cells were plated on plastic culture dishes. The
nonadherent cell population was removed after 24 hours,
and the adherent layer was washed once with fresh me-
dia. The cells were then continuously cultured for 1 to 4
weeks in complete medium. Medium was completely
replaced every 3 days. When the cells were nearly con-
fluent, the adherent cells were released from the dishes
with  0.25% trypsin-ethylenediaminetetraacetic acid
(Sigma), split 1:3, and seeded onto fresh plates. Cells
from passages 10 to 15 were stored with Cell Banker
reagent (Juji Field, Tokyo, Japan) in liquid nitrogen. The
frozen cell suspensions were thawed at 1 week before
the transplantation and cultured in complete medium at
37°C in a humidified atmosphere of 5% CO,. The poten-
tial of these cells as MSCs were previously demonstrated
as described.?* The surface marker expression of these
cells was analyzed by flow cytometry (Epics Altra with
HyPerSort cell sorting system; Beckman Coulter, Fuller-
ton, CA). At ~80 to 90% confluence, MSCs were disso-

ciated by treatment with 1X Accutase (Chemicon Inter-
national, Temecula, CA) for 15 minutes at 37°C followed
by phosphate-buffered saline (PBS) washout, centrifuga-
tion at 1200 rpm for 10 minutes, and resuspension in
Hanks' balanced salt solution (HBSS)* medium [HBSS™
medium (Invitrogen Japan, Tokyo, Japan) with 2% fetal
bovine serum and 10 mmol/L 2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid (HEPES) buffer (Invitro-
gen Japan)]. MSCs were incubated with antibodies
against CD45, CD31, CD29, CD44H, CD54, CD73, and
CD90 (BD PharMingen, San Diego, CA) for 30 minutes on
ice and spun down. At the end of the staining, MSCs were
resuspended in ice-cold HBSS™ medium containing 2
wng/ml propidium iodide for discrimination of dead cells.
To detect the MSCs after injection, cultured MSCs were
incubated with 5 umol/L BrdU for 2 days before trans-
plantation as previously described.?®

MSC Transplantation

Before transplantation, cultured MSCs were released
from the dishes with 0.25% trypsin-ethylenediaminetet-
raacetic acid and washed by centrifugation with Dulbec-
co’s phosphate-buffered saline (D-PBS; Invitrogen Ja-
pan) and resuspended to prepare MSC suspension (1 X
10° cells in 20 wl of D-PBS) for the following transplanta-
tion. Three days after 3NP administration, the rats were
anesthetized with pentobarbital (30 to 40 mg/kg, i.p.) and
by local administration of 1% lidocaine. Incisions were
made as described for 3NP administration, the surfaces
of the posterior and lateral semicircular canals were ex-
posed, and a small hole was made in-each canal. A small
tube (Eicom, Kyoto, Japan) was inserted into the lateral
semicircular canal toward the ampulla. Through this tube,
the perilymph was perfused with an MSC suspension
(1 % 10° cells in 20 ul of D-PBS) for 10 minutes at a rate
of 2 wl/minute using a syringe pump with drainage from
the hole made on the posterior semicircular canal. The
tube was then removed, the holes on the semicircular
canals were sealed with a muscle and fibrin adhesive
(Beriplast P Combi-set; CSL Behring, King of Prussia,
PA), and the wound on the neck was closed. An equal
volume of vehicle (D-PBS) was also injected into the
semicircular canal of 3NP-treated rats as control.

Tissue Preparation

The rats were sacrificed at 3 days (three rats for 3NP and
three rats for saline control) and 42 days (five rats for 3NP
and three rats for saline control) after 3NP treatment and
11 days after MSC transplantation (12 rats for 3NP with
MSC transplantation, seven rats for MSC transplantation
only, and five rats for 3NP followed by vehicle injection).
They were deeply anesthetized with pentobarbital and
transcardially perfused with 0.01 mol/L phosphate buffer,
pH 7.4, containing 8.6% sucrose followed by a fixative
consisting of freshly depolymerized 4% paraformalde-
hyde in 0.1 mol/L phosphate buffer (pH 7.4). After de-
capitation, the left temporal bones were removed and
immediately placed in the same fixative. Small openings

169



