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Abstract The development of the inner ear is an
orchestrated process of morphogenesis with spatiotempo-
rally controlled generations of individual cell types. Recent
studies have revealed that the Sox gene family, a family of
evolutionarily conserved HMG-type transcriptional factors,
is differentially expressed in each cell type of the mam-
malian inner ear and plays critical roles in cell-fate deter-
mination during development. In this study, we examined
the expression pattern of Sox21 in the developing and adult
murine cochlea. Sox21 was expressed throughout the sen-
sory epithelium in the early otocyst stage but became
restricted to supporting cells during adulthood. Interest-
ingly, the expression in adults was restricted to the inner
phalangeal, inner border, and Deiters’ cells: all of these
cells are in direct contact with hair cells. Evaluations of the
auditory brainstem-response revealed that Sox21™' mice
suffered mild hearing impairments, with an increase in hair
cells that miss their appropriate planar cell pelarity. Taken
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together with the previously reported critical roles of
SoxB1 families in the morphogenesis of inner ear sensory
and neuronal cells, our results suggest that Sox21, a
counteracting partner of the SoxB1 family, controls fine-
tuned cell fate decisions. Also, the characteristic expression
pattern may be useful for labelling a particular subset of
supporting cells.

Keywords Inner ear - Cochlea - Development - Sex21 -
Hair cell - Supporting cell

Introduction

The development of the inner ear requires a complex
process of cellular morphogenesis. The first step is the
specification of the otic placode in a region of ectoderm
located adjacent to thombomere 5, followed by its invag-
ination to form the otocyst. Second, a subset of epithelial
cells within the otocyst undergoes specification and
develops inte a sensory patch, whereas another subset
delaminates and migrates to the medial and forms the
cochleovestibular ganglion. Next, individual cells within
the sensory patch start to differentiate into hair cells or
supporting cells. This series of processes is controlled
tightly and delicately by multiple molecular pathways in
both a cell-intrinsic and a non-cell autonomous manner.
Recently, an evolutionarily conserved transcriptional fac-
tor, Sox2, has been identified as one of the earliest markers
of developing inner ear prosensory domains and had been
shown to be a key player of multiple roles in cell-fate
determination processes [1]. Sox2 is indeed an ealy per-
missive factor in the prosensory domain formation required
for hair cell formation [1] and neurenal formation in the
developing mammalian inner ear [2].
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There are five Sox proteins that have been categorized
as Group B Sox, which share evolutionarily conserved
DNA binding domains (HMG domains) plus SoxB con-
sensus. In contrast to the Group B1 Sox (Sox1, 2 and 3),
which contain a typical activator domain at their C-ter-
minal, Sox 14 and Sox21 are classified as Growp B2
because they contain a functional repressor domain [3, 4].
Consistent with these structural biochemical characteris-
tics, Sox1/2/3 were reported to suppress neuronal differ-
entiation by maintaining the undifferentiated state of
neural precursor cells during developmental [5-10], while
Sox21 promotes neurogenesis in chicken embryonic spinal
cord by counteracting Sox1/2/3 [11]. In the inner ear, the
expression of Sox21 in the developing chicken has been
reported, but the precise time-dependent changes that
occur during development remain unknown. Here, we
examined the expression profile of Sox21 at several time
peints using knock-in mice harboring EGFP at the Sox21
locus [12]. We found that Sox21 was expressed throughout
the sensory epithelium in developing cochlea in mice.
During the process of morphogenesis, Sox21 showed a
unique expression pattern, and its expression was restricted
in supporting cells that were in direct contact with hair
cells: the inner phalangeal cells, the inner border cells, and
Deiters” cells in adults. Regarding hearing functions,
Sox21™" mice exhibited a mild hearing impairment
according to an auditory brainstem-response (ABR) anal-
ysis, together with an increase in hair cells that had lost
their appropriate planar cell polarity.

Experimental Procedures
Amimal

All animal care and treatment procedures were performed
in accordance with institutional guidelines approved by the
Experimental Animal Care Committee of the Keio Uni-
versity School of Medicine. Animals were housed in a
room with a 12-h light/dark cycle and were fed ad libitum.
Sox21'~mice were established as described previously
[12] and were maintained on a C57B16/J background.

Immunohistochemistry

Animals were perfused with 4% paraformaldehyde (PFA;
Nakalai Tesque), and the temporal bones were dissected,
fixed in 4% PFA at 4°C overnight, decalcified with
Decalcifying Solution. B (Wako) for 48-72 h if needed,
and sliced into 6 pm sections then embedded in Tissue-Tek
0.C.T. compound. The sections were preblocked for 1 h at
room temperature in 10% normal serum in PBS or in 0.1%
TritonX-100 (Sigma) in 10% normal serum in PBS (for
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anti—Myo7a and anti—NewoD antibodies), incubated
with primary antibodies at 4°C ovemight, and incubated
with Alexa Fluer-conjugated secondary antibodies for
60 min at room temperature. The nuclei were counter-
stained with Hoechst 33342. Following is the number of
Sox21*% mice used at each stage: E10.5;n = 3, E16.5;
n=3,PO;n=3,P%n=23Pld;n =2 Adult; n = 4.

Autibodies

The primary antibodies used in this study were as follows:
anti-Sox2 (goat IgG, Santa Cruz Biotechnology sc-17320,
1:100), anti-Sox21 (goat IgG, R&D AF3538, 1:100), anti-
Myc7a (rabbit IgG, PROTEUS BioScience 25-6790,
1:250), anti-GFP (rabbit IgG, Medical & Biological Lab-
oratory [MBL] 598, 1:500; goat IgG, ROCKLAND
600-101-215, 1:200), anti-NeuroD (goat IgG, santa Cruz
Biotechnology sc1084, 1:100). Immunoreactivity was
visualized using Alexa Fluor-conjugated secondary anti-
bodies (Molecular Probes, 1:500). F-Actin was stained
using rhodamine-phalloidin (Invitrogen R415, 1:40).

RT-PCR

The otic vesicle from E10.5 and the organ of Corti and the
spiral ganglion plus Kolliker's organ from E15, P1 and P9
were dissected from wild-type CS7BL/6Jcl mice under a
microscope. mRNA and ¢cDNA were prepared using an
RNeasy mini kit (Qiagen) and SuperScript I (Invitrogen)
according to the manufacturer’s protocol. The primers for
Sox21 and GAPDH were as follows, respectably: Sox21f,
§-CACACACGTGTACATATGTA-3; Sox2lr, 5-TCA
AAACGCAACAGGTTCCG-3; GAPDHfwd, 5-AACGG
GAAGCCCATCACC-3'; GAPDHrev, 5-CAGCCTTGGC
AGCACCAG-3.

‘Whole Mount Embryo

Whole embryos of Sox21E%F mice at E10.5 were fixed
in 4% PPA and observed under a fluorescent microscope.
Genotyping was confirmed retrospectively from the tail
tips of each embryo as described previously [12].

Surface Preparation and Scanning Electron Microscopy
(SEM)

The detailed histology of the adult organ of Corti was
examined using flat-mounted surface preparations using
previously reported materials and methods [13]. The pre-
pared specimens were stained with F-actin and/or EGFP in
Sox21FFFECR 56321 VESFP and wild-type mice (n = 7,
4 and 2, respectively). The ultrastructure of their surfaces
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was examined using SEM in Sox21EOFFESFF gqx01 HEGEF

and wild-type mice (n =2, 3, and 3, respectively)
according to a previously reported protocol [14].

Auditory Brainstemn Response (ABR)

To test the auditory function of Sox21 knock-out mice, the
ABR was measured in Sox21EFFESP and litter mate
wild-type mice (n = 4 and 3, respectively) according to
previously reported methods [15].

Results

We first performed RT-PCR for Sox2I in the developing
inner ear (Fig. 1A). Sox21 was detected at E10.5 in the otic
vesicle. At E15 and P1, Sox2I was detected in both the
organ of Corti and the Kolliker's organ. At P9, the
expression in the Kélliker's organ had decreased, and no
expression was detected. In contrast, the expression in the
organ of Corti was maintained.

We then further analyzed the expression pattem of EGFP
in Sex21™E¥¥ mice. To confirm that the EGFP expression
in the Sox217E%F Imock-in mice recapitulates the endog-
enous Sox21 protein expression, we double-stained for
EGFP and Sox21 on cochlear cross sections of Sox21EFF
mice using anti-Sox21 and anti-GFP antibody (Supple-
mentary Fig. S1). As shown in Fig. 1, all of the nuclei in
the EGFP-positive cells were labeled with anti-Sox21
antibody, while none of the nuclei in the EGFP-negative
cells were labeled. This result indicates that the EGFP
expression pattern in Sox21™E%T mice reflects the
endogenous protein expression of Sox21. In mouse embryos
at E10.5, strong fluorescence for Sox21l/EGFP was
observed widely in the CNS stem cell areas. Also, EGFP
was observed in the otocyst (Fig. 1B). Detailed expression
in the coronal sections of the E10.5 otocyst showed that the
Sox21/EGFP immunoreactivity was stronger on the ventral-
lateral side, while that of Sox2 was stronger on the ventral
and weaker on the dorsal side (Fig. 1C, D). The expressions
of Sox2 and Sox21/EGFP were overlapped strongly on the
ventral side of the otocyst, where the future cochlea was
formed. In the ventral to medial region of the otic vesicle,
Sox2-immunoreactivity was predominant, while Sox21/
EGFP-immunoreactivity was predominant on the ventral to
lateral side. At this stage, delaminated neuwrons from the
epithelium start to form the spiral ganglion. Immunostain-
ing showed that both EGFP and Sox2 expressions were
observed in the developing spiral ganglion cells and were
co-labeled with NeuroD, an early stage neuronal marker
[16] (Fig. 1D-1, 2 and E-2, 3 arrows). Note that the EGFP-
expression levels in the newrons were weaker than those in
the future sensory epithelium region.

Cells in the organ of Corti differentiate into hair cells
and supporting cells at E16.5. At E17, Sox2-expression is
limited to a demain that includes both the prosensory and
adjacent areas of the LER and GER [17-19]. At this stage,
EGFP-immunoreactivity was widely observed in half of the
cochlear duct from the apex to the base (Fig. 24-C). Most
of the Sox2-positive area was covered by a Sox21/EGFP-
positive domain, both in the hair cell layer and the sup-
porting cell layer of the sensory epithelium and GER,
except in the Hensen's cells which are located in the most
lateral rows of the future semsory epithelium and were
positive for Sox2. Interestingly, no expression was detected
in the spiral ganglion (Fig. 2A-3, B-3, arow).

The structure of the tunnel of Corti is formed during the
first two postnatal weeks in mice. At PO, Sox2-expression
has been reported in a subset of differentiated supporting
cells including Deiters’, pillar, inner phalangeal and Hen-
sen’s cells [1]. The Sox21/EGFP-immunoreactivity was
observed in Deiters’ cells, pillar cells and inner phalangeal
cells and Kélliker's organ (Fig. 2D, B), and the immunoc-
reactivity in hair cells, which had been observed up to
E16.5, had disappeared. No EGFP expression was observed
in Sox2-positive Hensen'’s cells (Fig. 2E-1, arrowhead).

At P9, the tannel of Corti had not yet been formed
completely, but the develeping pillar cells clearly showed
their structure. At this stage, the EGFP-immunoreactivity
was observed only in supporting cells, including Deiters’,
pillar, inner phalangeal, immer border and Hensen's cells,
but the immunoreactivity in Kélliker's organ had disap-
peared (Fig. 3A-C). The levels of EGFP-immunoreactivity
in the medial two rows of Deiters’ cells, inner border cells
and inner phalangeal cells were stronger, compared with
the most lateral row of Deiters’ cells and pillar cells. Note
that the expression of Sox21/EGFP in the Sox2-positive
Hensen's cells, which had not been observed at PO, had
clearly re-emerged at this stage (Fig. 3B-1 amrow). Inter-
estingly, some cells in the auditory nerve were positive for
Sox21/EGFP. These cells are likely oligodendrocytes or
astrocytes because the nerve fibers in the auditory nerve are
axons originating from spiral ganglion neurons, of which
the somas were negative for EGFP (Fig. 3A-2 arowhead).

At P14, the structure of the organ of Corti had been
almost completely formed. The Sox21/EGFP-immunor-
eactivity was observed in three rows of Deiters’ cells, inner
phalangeal cells, inner border cells and a part of Hensen'’s
cells at this stage (Fig. 3D). The expression in the pillar
cells, which were observed at P9, had disappeared, while
the expression in the most lateral row of Deiters’ cells was
observed. The gradient of immunoreactivity for Sox21/
EGFP in the Deiters’ cells, which was observed at P9, was
not detected at this stage.

In adults, the Sox2I/EGFP-immunoreactivity was
observed only in the Deiters’ cells, the inner border cells,
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Fig. 1 Expression of Sox21 in developing inner ear. A RT-PCR
analysis of Sox2l in wild-type mice. Sox21 was expressed in the otic
vesicle at E10.5 and was detected in both the organ of Corti and the
Kélliker's organ at E15 and P1, while at P9, the expression persisted
only in the organ of Corti and had diminished in the spiral imbs to an
undetectable level. Ov Otic vesicle, OC organ of Corti, SG spiral
ganglion, KO Kolliker’s organ. B Expression of Sox21/EGFP in
E10.5 Sox21™®%% knock-in mice. At E10.5, strong EGFP-immuno-
reactivity was broadly observed in the CNS stem cell areas as well as
the otocyst (B-1, B-2 arrows). C, D, E Sox21/EGFP-expression in

and the innmer phalangeal cells. In all the rows of
Deiters”  cells, Sox21/EGFP-immunoreactivity — was
observed (Fig. 4A, B). The immunoreactivity in Hensen’s
cells, which were observed at P% and P14, had disappeared.

We have already confirmed that the expression of Sox21
protein was completely abolished in homozygotes (.e.,
Sox21BOFPECTRy 497 Histological analyses using a scan-
ning electron microscope (SEM) showed that two of nine
homozygote mice exhibited an increase in hair cells
(Fig. 5). Interestingly, the polarity of the extra hair cells in
the affected mice was disorganized, while rest of the hair
cells in the same animal were nommal (Fig. 5a-c). Finally,
the hearing function of Sox21 knock-out mice was mea-
sured using ABR (Fig. 5d). The ABR threshold was
slightly but significantly higher in the knock-out mice,
compared with that in the wild-type mice, at both § and

a) Springer
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E10.5 inner ear. Sox21/EGFP (green) co-labeled with Sox2 (red, in
C and D) and NeuroD (red, in E) in E10.5 mouse developing inner
ear. In D-2, 3 the nuclel were counterstained with Hoechst (blue).
Within the sensory epithelium, stronger Sox21/EGFP-expression was
observed on the ventral lateral side, while for Sox2-expression, the
expression was stronger on the ventral plus dorsal side. Both Sox21/
EGFP and Sox2 expressions were observed in the delaminating spiral
ganglion neurcns (D-2, D-3 arrow), that were colabeled with NeuroD
(E-2, 3 arrow). (C OV otic vesicle, V fourth ventricle, Scale bar:
200 pm in C, 100 pm in D, 100 pm in E)

16 kHz (P < 0.03). Thresholds of individual mice are
documented in Supplementary Fig. S2.

Discussion

We showed that Sox21 was expressed in cochlear sensory
epithelium throughout development but was progressively
restricted to supporting cells in the mature organ of Corti:
Sox2l was expressed in a broad domain containing the
entirety of the future sensory epithelium at E10.5, and the
expression was restricted to the inner phalangeal cells and
the Deiters” cells as the inner ear matured. During this
process, Sox21 showed distinctive expression patterns, as
revealed by EGFP-immunoreactivity: temporally at P9, the
expression level of Sox21 was not equal but exhibited a
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Fig. 2 Sox21/EGFP expression in the developing inner ear.
A C Sox21/EGFP expression in E 16.5 mouse embryos. Sox21/
EGFP (green A-1, A-2, B-1, B-2, C-1, and C-2) and Scox? (red A-1,
A-3, B-1, B-3, C-1, and C-3) expression patterns in E16.5 mouse
developing inner ear. In each image, the nuclei were counterstained
with Hoechst (blue). Sox21/EGFP-expression was observed only
within the modiclar half of the cochlear duct (B-2 between arrows),
but no expression was observed in the spiral ganglion, while Sox2
expression was observed both in the future sensory epithelium and the
spiral ganglion (A-3, B-3 arrow). Note that, in the cochlea duct, the
Sox21/EGFP-expression domain was wider than the region of sensory

epithelium marked by Sox2 except in the Sox2-positive Hensen’s
cells (C-1, 2, 3; arrow, arrowhead). (Scale bar: 200 pmin A, 100 pm
in B, 50 pm in C). D E Sox2VEGFP-expression in the neonate mice.
Sox2l/EGFP (green D-1, D-2, E-1 and E-2) and Sox?2 (red D-1, D2,
E-1 and E-3). In each image, the nuclei were counterstained with
Hoechst (blue). By birth, the EGFP immunoreactivity had disap-
peared from the hair cells, but persisted in the supporting cells except
the Sox2-positive Hensen’s cells (E-1 arrow head). Sox21/EGFP-
expression was not observed in the spiral ganglion, where Sox2 was
observed. (D-3 arrow) (Scale bar: 200 pm in D, 100 pm in E)
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Fig. 3 Expression of Sox21/EGFP in the postnatal cochlea. A C
Sox21/EGRP-expression at P9. Sox21/EGFP (green A-1, A-2, B-1,
B-2, C-1 and C-2), Sox2 (red A-1, A-3, B-1 and B-3) and Myosin 7a
(red C-1 and C-3). In each image, the nuclei were counterstained with
Hoechst (blue). Sox21/EGRP expression was not observed in the
spiral ganglion, while Sox2 expression was consistently cbserved
(A-3 arrow). EGFP-expression was observed in the inner phalangeal
cells, medial two rows of Deiters’ cells, inner border cells, pillar cells
and Sox2-positive Hensen’s cell (B-1 arrow). Some cells in the
central portion of auditory nerve were positive for both Sox21/EGFP
and Sox2, most likely cligodendrocytes or astrocytes. (A-2 and A-3
arrowhead) (B) Sox21/EGFP expression was not observed in hair
cells (C) and the GER or spiral limbs (B-1 asterisk). The expression

gradient among the three rows of the Deiters’ cells, with
high expression in the modiolar two rows and low expres-
sion in the lateral row (Fig. 4C). The expression once again
became homogenous at P14. This phenomenon was
accompanied by the temporal expression of EGFP in the
Hensen’s cells between PS and P14, which did not become
positive until PO and after P28. These findings may indicate
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of Sox21/EGFP in Deiters’ cells, inner border cells and inner
phalangeal cells was strong, but was relatively weak in the most
lateral row of Deiters’ cells and the pillar cells. (B-2, C-2) (Scale bar:
200 pm in A, 100 pm in B, 50 pm in C). D Sox21/EGFP expression
in P14 organ of Corti. Sox21/EGFP (green D-1 and D-2) and Myosin
7a {red D-1 and D-3). In each image, the nuclei were counterstained
with Hoechst {blue). EGFP-expression was observed only in the inner
phalangeal cells, inner border cells, three rows of Deiters’ cells and
part of Hensen’s cell. D EGFP expression was observed in the most
lateral row of Deiters” cells. No apparent gradient of expression was
observed among the Deiters’ cells (D-2 arrow). In the pillar cells,
ECGFF expression was diminished and no longer observed, while it
was observed at P9. (Scale bar: 50 pm in D)

that the three rows of Deiters® cells are not the same with
respect to their characteristics as potential progenitor cells,
at least during the development process, leading us to
speculate that Sox21 might be involved in the delicate
spatiotemporal mataration of individual supporting cells.
The physiological function of Sox21 appears to depend
on the cellular context in a neuronal cell line [11, 20].
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Fig. 4 Sox21/EGFP expression in adult. A B Sox21/EGFP expres-
sion in adult organ of Cortl. Sox21/EGFP (green A-1, A-2, A-3 and
B), Myosin 7a (red A-3) and F-actin (red B). The nuclei were
counterstained with Hoechst (blwe). In the adult (4 weeks old)
cochlea, EGFP-immunoreactivity was observed only in supporting
cells that directly contacted with the hair cells: Deiter’ s cell, inner
border cells and imner phalangeal (A-1 arrows). Note that no
expression was observed in hair cells, pillar cells, Hensen’s cells
(A-1 asterisks). (Scale bar: 25 pm in A, 25 pm in B). € Schema of
Sox21/EGFP-expression pattern in the developing cochlea. Summary
of the distinctive expression patterns of Sox21 in the developing
organ of Corti. At PO, EGFP expression was observed in supporting

Notably, in the skin, we found that Sox21 is required for
the fine-tuned differentiation of hair shafts and is required
for the formation of the cuticle, which is essential for the
solid junction of hairs and follicles of the skin [12]. During
the development of the inner ear, previous reports have
revealed that Sox2 is required for the prosensory domain
formation of the cochlea: mouse mutants with no or
reduced expression of Sox2 in the developing inner ear
develop a severe inner ear malformation with no or a
reduced number of hair cells [17). Previous reports have
revealed that Sox21 is the only Group B2 Sox expressed in
the cochlea throughout development [3, 4]. Here, we found
that the distinctive spatiotemporal changes of Sox21
expression in the developing cochlea partially overlapped
with those of the Group B1 Sox family, including Sox2.
Although the role of Sox21 in the developing and adult
inner ear remains to be elucidated, Sox21 may counteract
Sox2 in developing prosensory cells to control the fine-
tuned formation of hair cells. In addition, Sox21 might also
be responsible for the differentiation of particular subsets
of supporting cells, such as Deiter’s and phalangeal cells,
as is also the case with hair shaft differentiation in the skin.
Further analyses of Sox21 mutant mice should help to
solve this question.

At E10.5, Sox21 was expressed in the developing spiral
ganglion, but no expression was observed after E16, in

EGFF  C
F-actin

cells except Sox2-positive Hensen's cells and the modioclar half of the
cochlear duct. No immunoreactivity was observed in the hair cells. At
P9, EGFP expression was observed only in supporting cells. The
immuncreactivity observed in the inner phalangeal cells, inner border
cells, medial two rows of Deiters” cells, and part of the Hensen’s cells
was strong, while the immunoreactivity observed in the most lateral
Deiters” cells and pillar cells was relatively weak At Pl4, the
expression was observed in inmer phalangeal cells, inner border cells,
three rows of Deiters” cells, and part of the Hensen’s cells. In adults,
the expression was observed only in the inner phalangeal cells, inner
border cells, and Deiters’ cells (Ad: Adult)

contrast to the expression of Sox2 observed throughout the
process of developing cochleovestibular neurons, as pre-
viously reported [19]. In addition, Sox2 was also known to
induce neuronal formation in the developing mammalian
cochlea [2]. Our findings suggest that, unlike developing
spinal cord [11], the differentiation of the cochleovestibular
ganglion might not be dependent on Sox21.

The phenotypes of homozygote Sox21 knock-in and
knock-out mice seem intriguing. The increase in hair cells
was severer for the outer hair cells and lesser for the inner
hair cells, similar to observations in Hes5 knock-out mice
[21]. Although the penetrance of the phenotype was
approximately 20%, the data suggests that sensory epi-
thelium formation might possibly be mediated by Notch-
related genes, such as Hes5. Further study to understand
the role of Sox21 in both hair cells and subsets of sup-
porting cells should be attempted, particularly the down-
stream target genes of Sox21.

Previous studies have shown that supernumerous hair
cells lead to severe hearing loss; for instance, in pRb
conditional knock-out mice, the hearing threshold was
severely affected by 40 dB as a result of the delayed cell
death, while each hair cell had a functional mechano-
transduction channel [22]. In contrast, in Sox21 knock-out
mice, the hearing impairment was as slight as 10 dB; an
increase in hair cells was observed, but the increase was
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Fig. 5 Phenotype of Sox215FFET® or 90x21 knock-out mice in
adults. a ¢ Extra hair cells in Sox21 ’ missing planar cellular
polarity. Scanned electron microscopy images of wild-type, Sox21+

and Sox21 / mice {1, b and ¢, respectively). In the knock-out mice,
supernumerary outer hair cells (OHCs) were observed from the basal
to apical turns. The first row of OHCs missed their polarities (arrows),
while the others scemed normal (c). d Slight but significant

not as severe as that in the pRB conditional knock-out mice
and the structure of the organ of Corti—one layer of hair
cells lying over a layer of supporting cells—was com-
pletely preserved. Our findings do not lead to the conclu-
sion that the hearing impairment was due to the increase in
hair cells because Sox21 expression was observed not only
in the supporting cells, but also in the auditory nerve, most
likely in oligodendrocytes or astrocytes. However, these
results suggest that not only a sufficient number, but also an
appropriate physiological structure for the hair cells is
required for the function of the organ of Corti. Regaining a
suitable number of hair cells at the correct position or on
the supporting cells may be important for a fanctional
outcome in regenerative medicine for patients with
hearing loss.

Unlike some supporting cell markers including GFAP
[23], S100A1 [24], Proxl [25], TC2 [26], p75"'% [27],
Jaggedl (28], GLAST [29] and Sox2 [18, 19], Sox21
expression persists into adulthood, especially in Deiters’
cells, inner border cells and phalangeal cells. Supporting
cells in the organ of Corti include several distinct sub-
populations that are morphologically different, yet only
three types of cells are in direct contact with the hair cells:
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impairment of hearing in Sox21 knock-out mice. An auditory
brainstem response (ABR) analysis was performed in Sox21 ¢ mice
and litter mate wild-type mice (7 = 4 and 3, respectively) at 8 and
16 kHz. The hearing threshold was significantly elevated in the
knock-out mice, compared with the wild-type mice, but only by
10 dB at both frequencies (*P < 0.05, Mann Whitney I/ test)

the inner phalangeal cells, the inner border cells, and
Deiters® cells. Our results clearly demonstrated that Sox21
expression was observed only in the supporting cells that
are in direct contact with the hair cells in adult cochlea.
This finding shows that Sox21 is a novel marker of sup-
porting cells neighboring hair cells. Moreover, the results
suggest that genetic modification using the Sox21 locus,
such as Cre knock-in, may be a useful tool for targeting
supporting cells that are in direct contact with hair cells,
including specific gene expression. Furthermore, gene
delivery or therapy using a Sox21 enhancer or promoter
may have feasible clinical applications, particalarly for
inducing hair cells at the proper positions, as discussed
previously.

In conclusion, we showed that Sox21 is expressed in
developing and adult cochlea. A broad expression of
Sox21, including the otocyst and delaminating neurons,
became restricted to supporting cells, and finally was only
expressed in cells in direct contact with hair cells. Since the
expression pattern was extremely distinctive, this pattern
may be useful for labeling a subset of supporting cells in
detailed analyses of the organ of Corti. Furthermore, our
findings in Sox21 knock-out mice indicate that Sox21 plays

151



Neurochem Res (2011) 36:1261-1269

1269

an important role in the development and in the physio-
logical function of the cochlea. Further analyses examining
the function of this intriguing repressor Sox B protein in
supporting and hair cell differentiation are awaited in the
near future.
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Abstract Fibrocytes of the spiral limbus are thought to
play a significant tole in maintaining ion homeostasis in the
cochlea. The present study measured physiological and
morphological changes in spiral limbus of mice in response
to noise exposute. 6-week-old male C3H/Hellcl mice were
exposed to octave-band noise (120dB SPL) for 2h and
evaluated at a series of times thereafter, up to 8 weeks. Per-
manent hearing loss resulted in the mice, as assessed by
auditory brainstem response (ABR) recordings. The fibro-
cytes loss was found in the spiral limbus of the apical turn,
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which has been proved to be induced by apoptosis. These
results suggest that noise exposure might result in apoptosis
of fibrocytes in spiral limbus, which suggest a mechanism
for noise-induced hearing loss.

Keywords Spiral limbus - Fibrocytes - Noise -
Hearing loss

Introduction

Histopathology associated with noise-induced hearing loss
has been studied extensively and most of the research gen-
erally focused on pathological alterations in the hair cells
and stereocilia [1-3]. The damage to other sensory struc-
tures, for example, afferent dendrites, and spiral ganglion
cells (SGCs) can also lead to hearing loss [4, 5].

The functions of hair cells depend on the ionic homeo-
stasis (especially K*) in the endolymph, which is main-
tained by the K* recycling in the inner ear. The lateral wall
and spiral limbus in the cochlea play an important role in
the K* recycling, which can transport the K* ions actively
by ion-exchange enzyme systems [6].

Hirose and colleagues [1, 7] characterized noise injury
extending beyond the sensory structures to non-sensory
structures (strial vascularis, spiral ligament and spiral
limbus). In mice and other models, the morphological,
enzymatic, and cytochemical features of the lateral wall,
especially the stria, changed markedly hours and days after
noise exposure [8-10].

Although the pathological change in the spiral limbus
has been reported previously [1, 11-13], the time course of
those morphological changes and the mechanism under
them have not been well studied. In the present study, we
tried to answer those questions.
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Materials and methods
Animals and experimental groups

Male C3H/Hellcl mice aged 6 weeks were used in the
present study. Previous study showed that C3H mouse
maintained excellent cochlear function throughout the first
year of his age [14]. Animals were randomly assigned to
serve as control or as noise-exposed subjects. The experi-
mental groups included the following nine groups of mice
(n =3 per group) that were assessed O, 6, 12, 24 h, 3 days,
1, 2, 4 and 8 weeks, respectively, after noise exposure. All
mice underwent auditory brainstem response (ABR)
threshold testing before being exposed to neise and imme-
diately prior to killing. All experiments were conducted in
accordance with the guidelines of the National Institutes of
Health and the Declaration of Helsinki, and guidelines set
by the Keio University Union on Laboratory Animal
Medicine.

Noise exposure

Mice from each experimental group were placed in a cus-
tom-made sound chamber fixed within individual compart-
ments of a metallic mesh cage which can hold four animals.
The sound chamber was fitted with a speaker driven by a
noise generator (AA-67N; RION Co., Ltd., Tokyo, Japan)
and two power amplifiers (SRP-P150; Sony, Tokyo, Japan,
and D-1405; Fostex, Chesterfield, MO). In all the experi-
mental groups, the animals were exposed to one octave-
band noise centered at 4 kHz, at 120 dB SPL for 2 h. Sound
levels were calibrated and measured with a sound level
meter (NL-20; RION Co., Ltd., Tokyo, Japan) placed at the
level of the animal’s head

Auditory brainstem response (ABR) recordings

Auditory brainstem responses were evoked as described
previously [15]. ABR recordings were performed with an
extracellular amplifier Digital Bioamp system (BAL-1;
Tucker-Davis Technologies, Alachua, FL), and waveform
storing and stimulus control were performed with Power-
Lab systems Scope software (PowerLab 2/20; ADInstru-
ments, Castle Hill, Australia). Sound stimuli were produced
with a coupler type speaker (ESlspc; Bioresearch Center,
Nagoya, Japan), which was inserted into the external audi-
tory canal of each mouse. Mice were anesthetized with
ketamine (80 mg/kg, i.p.) and xylazine (15 mg/kg, i.p.), and
then implanted with stainless steel needle electrodes, which
were placed at the vertex and ventrolateral to the left and
right ears. Tone burst stimuli (0.1 ms rise/fall time; 1 ms
flat segment) were used as test tones. Generally, the ABR
waveforms were recorded for 12.8 ms at a sampling rate of
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40,000 Hz using 50-5,000 Hz band-pass filter settings;
waveforms from 1,024 stimuli at a frequency of 9 Hz were
averaged. The ABR waveforms were recorded at 5 dB SPL
intervals. The stimulus threshold was defined as the lowest
sound level at which a recognizable waveform could still be
seen. Because the sound level of test tones generated from
the machine is limited, we set the stimulus threshold to
89.7, 91.7, and 83.2dB SPL at 4, 8, and 16 kHz, respec-
tively, when a mouse failed to respond due to profound
noise-induced hearing impairment. The left and right ears
of each mouse were used for ABR recording.

Histological preparations

After anesthetization with xylazine (15 mg/kg, ip.) and
ketamine (80 mg/kg), the animals were perfused transcar-
dially with cold 0.01 M phosphate-buffered saline (PBS;
pH 7.4), followed by 4% paraformaldehyde in 0.1 M PB.
The left cochleas were extracted (2 = 3, each time point),
and a hole was made in the apex to allow intra-labyrinthine
perfusion with the fixative. After ovemight post-fixation in
the same fixative at 4°C, cochleas were decalcified with
buffered 0.1 M ethylenediaminetetraacetate (EDTA, pH
7.5) for 1 week at 4°C. Cochleas were dehydrated through a
graded ethanol series and xylene, embedded in paraffin, and
then sectioned in the midmodiolar plane at 5.0 pm. Light
microscope: the slides containing cochlea sections were
stamed with hematoxylin and eosin (H&E) (Sakura Finetek
Japan, Tokyo, Japan) to view the structure. The specimens
were viewed with a laboratory microscope (DM 2500;
Leica, Houston, TX). In the present study, the cochlea was
divided into four half turns (lower basal, upper basal, lower
apical, and upper apical). The fibrocytes in the spiral limbus
of the lower apical turn were counted.

The cell density calculation was performed as described
previously [16]. The cell density of fibrocytes in the spiral
limbus, lateral wall and SGCs within the lower apical turn
was calculated after H&E staining (2 =15, each time
point). Area measurement and cell count were performed
using Imagel], a java-based image analysis program devel-
oped at the US National Institutes of Health.

Apoptosis detection

The TUNEL assay was performed with an apoptosis in situ
detection kit (Wako, Osaka, Japan) according to the manu-
facturer’s instructions (# =3, each group). Negative con-
trols were subjected to proteinase K digestion but not
terminal deoxynucleotidyl transferase (TdT) treatment.
Distilled water was substituted for TdT reagent in the nega-
tive controls.

The detection of anti-single-stranded DNA (ssDNA) was
done as follows: after deparaffinization, the sections were
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blocked with 10% normal goat serum (Sigma-Aldrich,
St. Louis, MO) diluted in 0.01 M PBS for 60 rin at room tem-
perature. Incubation with primary and secondary antibodies
was cartied out in PBS containing 1% normal goat seram
overnight at 4°C or for 1 h at room temperature. For nega-
tive controls, the primary antibody was omitted. Nuclear
staining was performed with 4'6-diamidino-2-phenylindole
dihydrochoride (DAPI, 1:1000; Sigma-Aldrich). The
working dilutions and sources of the antibodies used in this
study were as follows: rabbit ssDNA (1:200; Dako, Kyoto,
Japan), Alexa Fluor 488 goat anti-mouse IgG (1:500;
Molecular Probes, Eugene, OR,).

All tissue sections for one experiment were incubated for
exactly the same time in all steps, and all images were
collected using the same settings; thus, the differences in
the intensity of staining reflect differences in the amount of
bound antibody.

Statistical analysis

All statistical analyses were performed using one-way anal-
ysis of variance. SPSS 14.0 (SPSS for Windows; SPSS
Inc., Chicago, IL, USA) was used for comparisons between
experimental groups and control groups. P <0.01 was con-
sidered significant.

Results
ABR recordings

ABR thresholds were recorded from control and seven
groups of mice. Before noise exposure, each animal
showed normal cochlear function (Fig. 1). For the noise-
exposed groups, ABRs were recorded Oh, 24 h, 3 days, 1,
2,4, and 8 weeks, respectively, after noise exposure. Imme-
diately after acoustic trauma (Oh) in the noise-exposed
animals, the average threshold shift was 61.67, 88.33, and
79.17dB SPL at 4, 8, and 16 kHz. Twenty-four hours after
acoustic trauma, the threshold shift partially recovered and
remained at this level for 8 weeks (Fig. 1). The stable
threshold shift at 8 weeks after noise exposure suggested
that the hearing loss in this model represents a permanent
threshold shift (PTS).

Tissue processing for histology

To investigate the mechanism underlying noise-induced
hearing loss, we stained cochlea from the noise-exposed
mice with H&E stain and examined the cochlea for histopa-
thological changes.
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Fig. 1 Time course of threshold shifts following exposure to a one
octave-band noise (centered at4 kHz, 120 dB SPL) for 2 h. Threshold
shifts were measured by recording auditory brainstem evoked
responses (ABRs). ABR threshold increased immediately after noise
exposure but recovered partially after 24 h and remained at this dimin-
ished level until the final ABR recording session (8 weeks after noise
exposure), indicating that this type of acoustic trauma caused perma-
nent hearing loss

Twelve hours after acoustic trauma, degenerating fibro-
cytes were present in spiral limbus within the apical turn of
the cochlea; these cells displayed nuclear pyknosis and
cytoplasmic vacuolation (Fig. 2f). Twenty-four hours after
acoustic trauma, almost all fibrocytes in this region were
gone (Fig. 2g). No recovery of fibrocytes was observed,
even at 8 weeks (Fig. 2h).

By contrast, fibrocytes in the spiral limbus within the
basa] turn of the cochlea remained intact and displayed no
apparent degenerative changes (Fig. 2b). Interdental cells in
the spiral limbus were also unaffected by noise exposure;
we did not observe degenerative changes during the entire
observation period (Fig. 2).

In addition, under light microscopy, lateral wall, organ
of Corti, SGCs appeared structurally well preserved at all
time points following noise exposure (Fig. 2).

The number of fibrocytes in the spiral limbus and SGCs

Next, we quantified the cell number within the apical turn
of the cochlea at seven time points after noise exposure,
including the fibrocytes in the limbus, the SGCs, and the
cells in lateral wall (Fig. 3). Since the upper apical turns in
some preparations were destroyed as a result of the fixation
procedure (a hole was made in the apex to facilitate fixa-
tion), we counted fibrocytes in the lower apical turn and
SGCs. Five series of slides through mid-modiolus for each
cochlea were used for cell counting (1 = 3 cochleas).

For fibrocytes in the limbus, there was no significant
fibrocytes loss O and 6 h after noise exposure. Twelve
hours after exposure and thereafter, however, the num-
ber of fibrocytes in the spiral limbus decreased dramati-
cally compared to that in the control group (P < 0.01)
(Fig. 3a).
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Fig. 2 H&E-staining within the lower apical turn of a mouse cochlea.
a, ¢ Control ear. b, h 8 weeks after nosie exposure. d, e Zero and six
hours after exposure to 120 dB noise. No significant morphological
changes were observed in the spiral limbus. However, 12 h after noise
exposure, fibrocytes in the spiral lirbus showed signs of degeneration

For SGCs (Fig. 3b) and spiral ligament (Fig. 3¢), no sig-
nificant cell loss was detected even at 8 weeks after noise
exposure.

Apoptosis in the spiral limbus after noise exposure

To determine whether the noise-induced disappearance of
fibrocytes in the spiral limbus was due to apoptosis, we
analyzed cochleas from each group with ssDNA and
TUNEL methods. Single-stranded DNA- and TUNEL-
labeled cells were only found in the spiral limbus within the
apical turns 12 h (Fig. 4c, g, j) and 24 h (Fig. 4d, h, k) after
noise exposure. Thereafter, no apoptotic staining was pres-
ent, even though fibrocyte loss was apparent.

No ssDNA- (data not shown) or TUNEL-labeled cells
(Fig. 4) were found in the lateral wall, organ of corti, or spi-
ral ganglion at any time prior to or after noise exposure.

4| Springer

and were noticeably fewer in number (£). Twenty-four hours after noise
exposure, fibrocytes in the spiral limbus had disappeared completely
(g). We observed no regeneration of fibrocytes in the spiral limbus
8 weeks after noise exposure (h). Bar: 25 pm

Discussion

The loss of fibrocytes in the spiral limbus has been reported
previously with semsory structure damage [1, 11-13].
Ohlemiller etal. noted that the loss of fibrocytes only
happened in the apical turn just as our results. But no
research paid attention to the time course and mechanism of
the cell loss of fibrocytes in the spiral limbus. In our study,
we found that the number of fibrocytes in spiral limbus
within the apical turns of the cochlea began to decrease
12h after noise exposure, a time ssDNA and TUNEL
labeling was apparent in the fibrocytes of the spiral limbus.
This means that the loss of fibrocytes in the spiral limbus
within the apical turn was due to apoptosis. Since ssDNA
and TUNEL are the common methods for detecting late-
stage apoptosis, no TUNEL or ssDNA positive cells were
detected until 12 h, initiation and progression of apoptosis
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Fig. 3 The nurmbers of fibrocytes in the spiral limbus (a), SGCs (b)
and cells in spiral ligament (¢) within the lower apical turns of mouse
cochlea, ¥¥%P < 0,01

of the fibrocytes in the spiral limbus may contribute to hear-
ing loss at initial stage after noise exposure.

Noise exposure may lead to insufficiencies of cochlear
blood flow [17], leading to ischemia and damage to capillary
structure in the cochlea [18]. Ischemic damage leads to
increased nitric oxide production, which causes cochlear cell
damage [19]. Thus, noise-induced ischemia in cochlea might
be associated with apoptosis in spiral limbus fibrocytes.

Ischemic damage, alteration in K* concentration, and
acute energy failure induced by noise exposure may dam-
age and cause dysfunction of fibrocytes in the spiral limbus.
Twenty-four hours after noise exposure, a near complete
loss of spiral limbus fibrocytes in the cochlea was detected
only in the apical limbus, suggesting that noise-related
injury to the limbus begins apically [11]. Interestingly, this
may also occur in aging [20, 21], which is commonly asso-
ciated with hearing loss.

Fibrocytes in the spiral limbus play a role in the inner
route of the K* recycle in which the K* released from inner
hair cells flows along the inner sulcus cells, fibrocytes and
interdental cells back to the endolymph [6]. Loss of fibro-
cytes in the limbus induced by noise might disrupt K* recy-
cling. Abnormal K concentration in the endolymph and the
endocochlear potential (EP) has been reported to influence
the activation of the hair cell, and then decrease the hearing
level [7]. Minowa et al. [22] found that only the abnormal-
ity of the fibrocytes in the cochlea, with the normal appear-
ance of the organ of Corti, the spiral ganglion even at the
electron microscopy level, can lead to the sensorineural
deafness in the mouse model of DFN3 nonsyndromic deaf-
ness. These results support our speculation that the fibro-
cytes play a critical role in the auditory function.

Several previous studies have shown that fibrocytes
degenerate and ion transporter expression decreases in
the spiral ligament after acoustic trauma [7, 23, 24]. In the
present study, no significant changes have been found in

Fig. 4 TUNEL assay (a~h) and ssDNA staining (i-k) of the lower apical turn of the cochlea after noise exposure. a, £,i Control ear. b Six hours.
¢, g, ] Twelve hours. d, h, k Twenty-four hours. e Eight weeks. Bar: 25 pm
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the fibrocytes of spiral ligament. The genetic background
of the mice which we used may account for this difference.
The cochlear cells and structures in these mice may have
different susceptibilities to noise-induced damage. Indeed,
different strains of mice show marked variation in noise
susceptibility [25, 26]. Ohlemiller [11] showed, for equal
acoustic energy exposures, that CBA mice have a reduced
EP and show cellular changes in lateral walls, while B6
mice have a normal EP and show little of the pathology
seen in CBA mice.

Permanent changes in sensory structures after acoustic
injury include hair cell loss, stereocilia damage, and neuro-
nal loss [27], as well as loss of fibrocytes in the limbus and
lateral wall, and strial degeneration [11]. In the present
study, we did not observe damage in the organ of corti,
spiral ganglion, and lateral wall. Several previous studies
showed damage to the stereocilia only can lead to the hear-
ing loss, including the PTS and temporary threshold shift
(TTS) [27, 28]. Due to the type of histological material
used in this study, we could not confirm whether stereocilia
damage occurred or not. Although the loss of fibrocytes
was only detected in the apical turn, a profound hearing
loss was detected at 4, 8 and 16 kHz. Stereocilia damage
might attributed to the wide hearing loss in this study.
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