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ABSTRACT

In the present study, glial cell responses to spiral
ganglion neuron (SGN) degeneration were evaluated
using a murine model of auditory neuropathy.
QOuabain, a well-known Na,K-ATPase inhibitor, has
been shown to induce SGN degeneration while
sparing hair cell function. In addition to selectively
removing type I SGNs, ouabain leads to hyperplasia
and hypertrophy of glia-like cells in the injured
auditory nerves. As the transcription factor Sox2 is
predominantly expressed in proliferating and undif-
ferentiated neural precursors during neurogenesis,
we sought to examine Sox2 expression patterns
following SGN injury by ouabain. Real-time RT-PCR
and Western blot analyses of cochlea indicated a
significant increase in Sox2 expression by 3 days post-
treatment with ouabain. Cells incorporating bromo-
deoxyuridine (BrdU) and expressing Sox2 were
counted in the auditory nerves of control and
ouabain-treated ears. The glial phenotype of Sox2"
cells was identified by two neural glial markers: S100
and Sox10. The number of Sox2" glial cells signifi-
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cantly increased at 3 days post-treatment and reached
its maximum level at 7 days post-treatment. Similarly,
the number of BrdU" cells increased at 3 and 7 days
post-treatment in the injured nerves. Quantitative
analysis with dual-immunostaining procedures indi-
cated that about 70% of BrdU" cells in the injured
nerves were Sox2" glial cells. These results demon-
strate that up-regulation of Sox2 expression is asso-
ciated with increased cell proliferation in the auditory
nerve after injury.

Keywords: primary auditory nerve, glia,
proliferation, BrdU, ouabain, neural degeneration

INTRODUCTION

Spiral ganglion neurons (SGNs) are the primary
afferent neurons that comprise the auditory nerve
and carry auditory information from the sensory cells
of the inner ear to the central nervous system. There
are two subpopulations of SGNs: type I and type IIL
Type I neurons have peripheral processes that synapse
inner hair cells, are myelinated, and represent about
95% of the afferent auditory neurons. The remaining
type II neurons are unmyelinated and innervate the
outer hair cells. Both type I and type II neurons are
biopolar neurons whose cell bodies lie within the
Rosenthal’s canal and whose central projections form
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the auditory nerve proper within the internal auditory
canal. Closely associated with the peripheral and
central processes of these neurons are various glial
cells, including Schwann cells, satellite cells, and
oligodendrocytes. The peripheral portion of the
auditory nerve is surrounded by myelinating Schwann
cells (for type I SGNs) and non-myelinating Schwann
cells (for type II SGNs), while the central portion of
the nerve is enveloped by myelin synthesized by
Schwann cells in the proximal part and by oligoden-
drocytes in the distal part. Note that throughout the
paper, the term “auditory nerve” without modification
refers to the nervous tissue of the eighth nerve
extending from synapses with hair cells to the main
eighth nerve trunk within the internal auditory canal.

Similar to the glial cells found in other peripheral
nerves, SGN-associated glial cells play an important
role in supporting normal growth of the auditory
nerve. In fact, these glial cells form myelin, maintain
homeostasis, and may play a role in many pathological
conditions (Romand et al. 1980; Romand and
Romand 1990; Hansen et al. 2001; Morris et al. 2006;
Hurley et al. 2007; Whitlon et al. 2009; Wang et al.
2010). A previous in vitro study suggests that Schwann
cells provide neurotrophic support to the auditory
nerve through a reciprocal signaling mechanism
(Hansen et al. 2001). In the absence of ErbB2, an
essential protein for the development of Schwann
cells, there is an associated abnormal innervation of
the organ of Corti during inner ear development
(Morris et al. 2006). Additionally, a deficiency of
fibroblast growth factor receptor signaling in glial
cells contributes to the degeneration of SGNs and
leads to age-related hearing loss (Wang et al. 2009).
Changes of Schwann cell myelinating status and
down-regulation of myelin protein zero (P0) expres-
sion have also been demonstrated in deafened rat
cochleas (Hurley et al. 2007). A spontaneous associ-
ation of proliferative glial cells with the growth of
auditory neurites in a mixed culture of mouse neo-
natal spiral ganglia suggests a potential role of glial
cell activation in promoting the self-repairing pro-
cesses of auditory nerves (Whitlon et al. 2009).
However, little is known about how glial cells of
the adult auditory nerve respond to acute cochlear
injury and SGN death in vivo. From our prior
studies, we found that the application of ouabain
to the round window of gerbils yielded reproducible
damage to type I SGNs (Schmiedt et al. 2002; Lang
et al. 2005). Additionally, we observed hyperplasia
of glia-like cells accompanying the up-regulation of
basic fibroblast growth factor (FGF2), increased
synthesis of glial fibrillary acidic protein (GFAP),
and increased matrix metalloproteinase-9 expres-
sion as seen in ouabain-injured auditory nerves
(Lang et al. 2006a; Jyothi et al. 2010). These
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findings suggest active roles for glial cells following
injury to the auditory nerve.

Activation of glial cells (reactive gliosis) is the
hallmark of a lesion to the adult nervous system and
has been recognized as such for more than a century.
The appropriate reaction of glial cells in response to
injury is critical for sealing the damaged site, promot-
ing tissue integrity, restricting inflammation, and
preventing further neuronal death (Sofroniew 2005;
Silver and Miller 2004). Despite the tendency for
gliosis to occur in the setting of neuronal injury,
mammalian peripheral nervous tissue has been shown
to be capable of regenerating their axons after injury.
During this repair process, mature, quiescent
Schwann cells revert to more undifferentiated states
and become more mitotic. Evidence of such activity
has been demonstrated in both adult dorsal root
ganglion and sciatic nerve (Clemence et al. 1989;
Shinder et al. 1999; Le et al. 2005; Zhang et al. 2008).
Investigations of retinal regeneration have also
revealed that Miiller glia dedifferentiated and prolif-
erated after retinal damage (Fischer and Reh 2001;
Karl et al. 2008). However, it is still largely unknown
how cochlear glial cells respond to SGN degeneration
in the adult cochlea. The goals of this study were to
identify specific aspects of glial cell responses to SGN
death in vivo and to better understand the roles of
glial cells in the injured cochlea and in the self-repair
of the adult auditory nerve.

The transcription factor Sox2, a “founder member”
of the Sox gene family, is related to the sex-determining
gene SRY encoding a high mobility group DNA-binding
motif (Avilion et al. 2003). Sox2 is predominantly
expressed in proliferating and undifferentiated neural
precursors during development and adult neurogenesis
in the brain and eye (Ferri et al. 2004; Komitova and
Eriksson 2004; Pevny and Nicolis 2010). Sox2 is also
required for the determination and formation of the
prosensory domains as well as the differentiation of
sensory cells and neurons in the developing inner ear
(Kiernan et al. 2005; Hume et al. 2007; Dabdoub et al.
2008; Mak et al. 2009; Puligilla et al. 2010). In the adult
inner ear, immunocytochemical evidence suggests that
Sox?2 is involved in the maintenance of supporting cells
and a subset of vestibular hair cells (Oesterle et al.
2008), yet little is known about the role of Sox2 in
normal and injured adult auditory nerves. The current
study examined the expression pattern of Sox2 in the
auditory nerve following treatment with ouabain, a
known Na,K-ATPase inhibitor. Shortly after SGN degen-
eration, up-regulation of Sox2 expression appears to be
associated with increased glial cell proliferation in the
injured auditory nerve (3 and 7 days post-treatment).
These results suggest that Sox2 plays an important role
in regulating the activation of glial cells after injury in
the adult auditory nerve.
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MATERIALS AND METHODS
Animals

Adult CBA/CaJ mice were bred in-house in a low-
noise environment at the Animal Research Facility of
the Medical University of South Carolina with original
breeding pairs purchased from The Jackson Laboratory
(Bar Harbor, ME). All mice received food and water ad
libitum and were maintained on a 12-h light/dark cycle.
Mice of both genders aged 8—12 weeks weighing 1625 g
were used in the study. The results showed no significant
difference in the morphological characteristics of the
inner ear between mice aged 8 weeks and those aged
12 weeks. Throughout the paper, the term “young adult
mice” applies to all of the 8 to 12-week-old mice. All
aspects of the animal research were conducted in
accordance with the guidelines of the Institutional
Animal Care and Use Committee of the Medical
University of South Carolina. Prior to data acquisition,
mice were examined for signs of external ear canal and
middle ear obstruction. Mice with any symptoms of ear
infection were excluded from the study. The mice were
administered daily intraperitoneal doses of bromodeox-
yuridine (BrdU, 100 mg/kg, Sigma) for 5 days, including
the day preceding ouabain treatment, the day of ouabain
treatment, and the 3 days following ouabain treatment.
BrdU incorporation analysis was processed at 3, 7, 14,
and 30 days after ouabain treatment (details in the
“Morphological and Immunohistochemical Analysis”
below).

Physiological Procedures

Mice were anesthetized by an intraperitoneal injec-
tion of xylazine (20 mg/kg) and ketamine (100 mg/kg)
and placed in a head holder in a sound isolation room.
Young adult CBA/CaJ mice before and after ouabain
treatment were used for physiological measurements.
Auditory brainstem responses (ABRs) were recorded via
customized needle electrodes inserted at the vertex (+)
and test side mastoid (—), with a ground in the control
side leg. The acoustic stimuli were generated using
Tucker Davis Technologies equipment III (Tucker-
Davis Technologies, Gainesville, FL, USA) and a SigGen
software package. The calibration was completed using
a Knowles microphone in a probe tube clipped to the
pinna. The signals were delivered into the mouse ear
canal through a 10-mm-long (3- to 5-mm diameter)
plastic tube. ABR thresholds, defined as the lowest
sound levels at which the response peaks are clearly
present as read by the eye from stacked wave forms,
were obtained. ABRs were evoked at half octave
frequencies from 4 to 45 kHz with 5-ms duration tone
pips with cos” rise/fall times of 0.5 ms delivered at 31/s.
Sound levels were reduced in 5-dB steps from 90 to
10 dB SPL below thresholds. For ABR amplitudes vs.
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level functions (input/out, I/O function), the wave I
peaks were identified by visual inspection at each
sound level with the peak-to-peak wave I amplitude
computed. At each sound level, 300-500 responses
were averaged using an “artifact reject” whereby
response waves were discarded when peak-to-peak
amplitude exceeded 50 mV. Physiological results
were analyzed for individual frequencies and then
averaged for each of these frequencies from 4.0 to
40 kHz.

Surgical Procedures

Surgical techniques employed to expose the round
window of the mouse were modified slightly from a
previous description (Lang et al. 2005). Mice were
anesthetized as described above. Body temperature
was maintained between 36°C and 38°C using a
heating pad. The bulla was exposed through a post-
auricular approach and a small perforation was
created to expose the round window niche. About
5—10 pl ouabain solution (1 mM in normal saline) was
applied to the round window, filling the niche
completely, using a 26-gauge needle and tuberculin
syringe under direct microscopic guidance. The total
time of ouabain exposure was 60 min, though every
10 min the ouabain was wicked away and a fresh
solution applied. The right ear was the operative ear
in most cases, while the left ear served as a control. In
addition, four mice received binaural surgery and
were allowed to recover for 30 days.

Morphological and Immunohistochemical
Analysis

CBA/CaJ young adult mice were used for the following
procedures including morphological and immunohis-
tochemical analysis. Ouabain-treated mice showing no
ABR threshold shift or a threshold shift <20 dB SPL
were excluded from further study. For morphological
observation, the anesthetized animals (1, 3, 7, 14, and
30 days post-treatment) were perfused via cardiac
catheter first with 10 ml of normal saline containing
0.1% sodium nitrite and then 15 ml of a mixture of 4%
paraformaldehyde and 2% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4. After removing the stapes and
opening the oval and round windows, 0.5 ml of fixative
was perfused gently into the scala vestibuli through the
oval window. The inner ears were dissected free and
immersed in fixative overnight at 4°C. Decalcification
was completed by immersion in about 50 ml of 120 mM
solution of ethylenediaminetetraacetic acid (EDTA),
pH 7.2, with gentle stirring at room temperature for 2—
3 days with daily changes of the EDTA solution. The
tissues were postfixed with a 1% osmium tetroxide for
1 h, dehydrated, and embedded in Epon LX 112 resin.
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Semi-thin sections approximately 1 pm thick were cut
and stained with toluidine blue. Ultra-thin sections were
stained with uranyl acetate and lead citrate and
examined by electron microscopy as previously
described (Lang et al. 2006b).

Micrographs of the semi-thin sections were taken at
x63 magnification on a Zeiss Axio Observer D1 with a
digital AxioCam camera. Individual images were
opened in Adobe Photoshop CS2, then copied and
pasted into a new canvas with sufficient size to
reconstruct the cochlea. At high screen magnification,
each individual layer was adjusted to a more precise
location and locked together using the Photomerge
feature of Adobe Photoshop CS2 software.

For immunohistochemistry, the inner ears were
prepared following the procedure described above
but substituting 4% paraformaldehyde as fixative,
decalcified with EDTA, cryprotected in 30% sucrose
in PBS, and embedded in Tissue-Tek OCT compound
(Electron Microscopy Science, FI. Washington, PA).
The procedures for observation on surface prepara-
tions of the basilar membrane have been described
previously (Lang et al. 2006b). The basilar membrane
was carefully dissected from the fixed cochlea, pre-
treated with a mixture of dimethylsulfoxide, 30%
H50y, and methanol (1:1:4 by volume) according to
the method previously described (Sekerkova et al.
2005). For BrdU staining, additional pretreatment for
frozen tissue sections was included as follows: the
sections were denatured with 2 N HCI in 0.05%
Tween-20 in PBS, pH 7.4 for 30 min at 37°C, and
neutralized in 0.1 M sodium borate, pH 8.5, for
10 min.

Frozen sections or surface preparations of cochlear
tissue were incubated overnight at 4°C with a primary
antibody diluted in PBS. The primary antibodies used
in this study were mouse anti-BrdU (1:1,000, B2531,
Sigma, Atlanta, GA), goat anti-choline acetyltransfer-
ase (ChAT, 1:100, AB144P, Chemicon, Temecula, CA),
mouse anti-neurofilament 200 (1:200, clone Nb2,
NO0142, Sigma), rabbit anti-peripherin (1:150,
AB1530, Chemicon), mouse anti-peripherin (1:200,
AB1527, Chemicon), mouse anti-S1003 (1:350, S2532,
Sigma), goat anti-Sox2 (1:200, sc17320, Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-Sox2
(1:500, AB5603, Chemicon), and goat anti-Sox10
(1:100, sc17342, Santa Cruz, CA).

For double staining protocols, the primary anti-
bodies selected were generated in different species
(e.g., one mouse monoclonal antibody with one
rabbit or goat polyclonal antibody). Note that the
antibodies generated in either host gave the same
immunolabeling patterns. Biotinylated secondary anti-
body binding was detected with FITC-conjugated
avidin D (1:150, Vector, Burlingame, CA). Detection of
the secondary antigens utilized Texas red-conjugated
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avidin D (1:150, Vector) for visualization. Nuclei were
counterstained with bisbenzimide or propidium iodide
(PI) in specimens stained with only one primary
antibody. Staining of control sections for all primary
antibodies included omission of the primary anti-
body or substitution with similar dilutions of non-
immune serum of the appropriate species. No
regionally specific staining was detected in any of
these control experiments.

The mouse monoclonal anti-BrdU was produced
by clone BU33 and raised against BrdU incorporated
into DNA, or coupled to a protein carrier. It
recognized proliferative cells in the nuclei of frozen
and paraffin-embedded tissue sections of animals
treated with an in vivo administration of BrdU
(manufacturer’s technical information). In this study,
we verified that the antibody does not reveal staining
in ouabain-treated auditory nerves without BrdU
administration.

ChAT is abundantly expressed in cholinergic
neurons in the central nervous system. The goat
anti-ChAT was generated against mouse and human
ChAT and expected to cross-react with avian, guinea
pig, monkey, rat, and opossum. A 70-kDa band and a
74-kDa band were revealed on Western blots using
rat forebrain and hypothalamus as well as human
placenta lysates (manufacturer’s technical informa-
tion). The antibody has been used to identify choliner-
gic efferent fibers in the mammalian inner ear in several
previous studies (Sobkowicz and Emmerling 1989;
Huang et al. 2007). The staining patterns of ChAT"
cholinergic efferent fibers in the auditory nerve were
identical to another cholinergic marker, vesicular
acetylcholine transporter (Darrow et al. 2007).

The goat polyclonal antibody to Sox2 was raised
against a peptide corresponding to C-terminus aa
227-293 of human origin (manufacturer’s technical
information). Using this antibody, previous studies
have shown that Sox2 is expressed in the nuclei of
the multipotent progenitor cells in mouse eye
(Poché et al. 2008) and in the specific neural
progenitor cells in the postnatal hippocampal sub-
ventricular zone (Navarro-Quiroga et al. 2006). The
rabbit polyclonal antibody to Sox2 was generated
against a synthetic peptide from human Sox2 (Acc#
P448431, manufacturer’s technical information).
Both antibodies reveal similar staining patterns in
the mouse inner ear. Previous immunocytochemistry
studies demonstrated that Sox2 is highly expressed in all
prosensory and sensory epithelia of developing mouse
inner ear (Dabdoub et al. 2008; Mak et al. 2009), the
nuclei of the supporting cells in both auditory and
vestibular organs of adult mouse ear (Oesterle et al.
2008), and in the nuclei of Schwann cells in the
developing chicken cochleovestibular ganglion (Neves
etal. 2007).
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The goat polyclonal antibody to Sox10 was raised
against the N-terminal sequences of human Sox10
(1-50 amino acid, manufacturer’s technical informa-
tion). Western blot analysis in 293T whole cell lysates
revealed a single band at 38 kDa (manufacturer’s
technical information). Here, this antibody stained a
pattern of cellular morphology and distribution in the
mouse auditory nerve identical to that reported
previously (Puligilla et al. 2010).

The mouse monoclonal antibody to neurofilament
200 (phosphorylated and non-phosphorylated, clone
Nb52) reacts with the neurofilament of molecular
weight 200 kDa in rat spinal cord extracts (manufac-
turer’s technical information). When tested by immu-
noblotting on pig neurofilament polypeptides, the
antibody reacts with an epitope in the tail domain of
neurofilament 200, also referred to as the H-subunit,
which is present on both the phosphorylated and non-
phosphorylated forms of this polypeptide. The stain-
ing patterns with neurofilament 200 in the mouse
auditory nerve here were similar to those in previous
reports (Adamson et al. 2002a, b; Wise et al. 2005;
Lang et al. 2006b, 2008).

Peripherin is a 56- to 58-kDa class III intermediate
filament protein expressed extensively in the periph-
eral nervous system. Both the mouse monoclonal and
the rabbit polyclonal anti-peripherin antibodies were
raised against the electrophoretically pure trp-E-
peripherin fusion protein purified from bacterial
inclusion bodies containing all but the four N-
terminal amino acids of rat peripherin (manufac-
turer’s technical information). Rabbit anti-peripherin
reacts cleanly with an ~57-kDa band from rat brain
homogenates and does not recognize vimentin, GFAP,
a-internexin, or any of the neurofilament subunits
(manufacturer’s technical information). Both anti-
bodies are used as markers for type II SGNs in the
rodent inner ear and reveal similar staining patterns
(Reid et al. 2004; Lang et al. 2005).

The mouse monoclonal antibody anti-S1003 was
generated against purified bovine brain S100B
(Sigma; catalog no. 52532, lot no. 069K4809). This
antibody recognizes an epitope located on the p-
chain, but not on the a-chain of S-100 (manufac-
turer’s technical information). It is reactive in dot
blots with denatured-reduced preparations of S100B
and in immunohistochemical staining with brain
tissues (manufacturer’s technical information;
Komitova et al. 2005).

The procedures for observation of cochlear hair
cells on surface preparations of the basilar membrane
have been described previously (Ding et al. 2001).
The basilar membrane was stained with FITC-labeled
phalloidin (1 pg/ml in PBS for 20 min) to label
filamentous actin and with PI (1 pg/ml in PBS for
10 min) to label nuclei. Hair cells were identified by
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the presence of the actin-rich hair bundles, the actin
belt that rings the apical surface of the cell, and an
intact nucleus.

Quantitative analysis of NF200-, peripherin-, BrdU-,
and Sox2-expressing cells was performed using cochleas
from four to six young adult mice of each group. Cell
count data were collected from five to six 15-pm mid-
modiolar frozen sections per cochlea. The sample
regions were selected depending on the countable
areas of the sections and ranged from 10,800 to
24,800 qu in Rosenthal’s canal and from 1,050 to
6,140 um? in the osseous spiral lamina. For cell counts
in the osseous spiral lamina regions, measured
boundaries were made from the distal site near the
habenular opening to a proximal site near the spiral
ganglia between the scala tympani and scala vestibuli
margins. The values of the sampling area and numbers
of NF200-, peripherin-, BrdU-, and Sox2-expressing
cells as well as Hoechst-stained (bisbenzimide") nuclei
were determined and collected using the Automatic
Measurement Feature of AxioVison 4.8 software (Carl
Zeiss Inc., Jena, Germany). The sections used for
counting were at least 30 um apart (e.g., cell counting
was performed on one in every three serial sections).
Confirmation of double-labeling Sox2 with BrdU was
performed by focusing through the full height of the
section (Fig. 12D).

The sections were examined either with a Zeiss
Axio Observer or a Zeiss LSM5 Pascal confocal
microscope (Carl Zeiss Inc.). The captured images
were processed using Image Pro Plus software (Media
Cybernetics, MD), AxioVison 4.8 (Carl Zeiss Inc.) and
Zeiss LSM Image Browser version 2.0.70 (Carl Zeiss
Inc.). Adobe Photoshop CS2 was employed to adjust
brightness, contrast, and sharpness of images with
identical setting for all panels. Alterations were not
performed on images used for quantitative purposes.

Correction for Cell Profile Counts

Because of the heterogeneity of proliferative cells in
the auditory nerve, simple profile-based counts can
result in a substantial counting bias. With this cell
size variation in mind, Abercromie correction factors
were applied to cell counts for BrdU-stained nuclei
(Guillery 2002). The correction factor was deter-
mined by dividing the section thickness (15 um) by
the sum of the section thickness and the average
diameter (height) of the neuronal nucleus: 7/7T + H,
where T is section thickness and H is the average
nuclear height. The average cell diameter was deter-
mined separately for each group by measuring the
diameter of 20 cells in mid-modiolar sections of
Rosenthal’s canal randomly selected from the basal,
middle, and apical turns. The calculated correction
factors for BrdU" cells in apical, middle, and basal
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turns were 0.69, 0.70, and 0.67 for controls, 0.67,
0.68, and 0.65 for 3 days post-treatment, 0.68, 0.69,
and 0.68 for 7 days post-treatment, 0.69, 0.68, and
0.68 for 14 days post-treatment, and 0.68, 0.70, and
0.67 for 30 days post-treatment. The average cell
counts were multiplied by the appropriate correc-
tion factor to determine the density of BrdU" cells
in each group.

Protein Isolation and Western Blot Analysis

Ouabain-treated mice were used only if their ABR
threshold shifts were more than 20 dB. Inner ear
tissues were carefully dissected from the temporal
bones of control, 3 days post- and 7 days post-
treatment mouse ears (three experiments per group
and two isolated auditory nerve fractions per experi-
ment). After removing the cochlear lateral wall and
the organ of Corti, the auditory nerve was separated
from the vestibular branch of the VIII nerve at
inferior aspect of the internal acoustic meatus.
The isolated auditory nerve included spiral ganglia
within Rosenthal’s canal, peripheral elements of
nerve fibers within the osseous spiral lamina and
modiolus, and the central portion of the nerve
fibers within the modiolus. The isolated specimens
were extracted in cold lysis buffer (Cell Signaling,
Danvers, MA). Protein lysates were boiled for 5 min,
subjected to 6-18% gradient SDS-PAGE (30 png
protein/lane in protein loading buffer), and elec-
tro-transferred onto an Immune-Blot PVDF mem-
brane (Bio-RaD, Hercules, CA). Membranes were
blocked with BSA/TBST [5% BSA/Tris-buffered
(50 mM HCI-Tris, pH 7.5), 150 mM NacCl, 0.02%
Tween-20] for 2 h then incubated with primary
antibodies for 3 h. The blots were washed three
times (10 min each) with TBST. To detect the
antigen complexes, membranes were incubated with
alkaline phosphatase-conjugated secondary antibody
(1:6,000, Promega, Madison, WI) for 2 h, rinsed
several times with TBST, then incubated with BCIP/
NBT (5-bromo-4-chloro-3-indolyl phosphate disodium
salt) /nitrotetrazolium blue chloride, Sigma).

RNA Isolation and Real-Time RT-PCR Processing

Following treatment with ouabain, mice were allowed
to recover for 1, 3, 7, 14, or 30 days (three to five
experiments per group and two isolated auditory
nerves per experiment). Both control (left ear) and
treatment (right ear) cochleas were harvested using
micro-instruments cleaned with RNAse Zap (Qiagen
Inc., USA). Microdissection was performed in 3 ml of
RNAlater solution (Qiagen Inc., USA). The procedure
for microdissection of the auditory nerve was the same
as described above. The isolated nerve specimens were
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stored in RNAse-free microcentrifuge tubes containing
300 pl of RNAlater solution and kept at 4°C. Total RNA
of spiral ganglia was subsequently isolated using the
protocol from the RNeasy® Micro Handbook (Qiagen
Inc., Germantown, MD).

The total RNA from the treatment and control
specimens were subjected to RT-PCR according to
protocol from the QuantiTect@ Reverse Transcription
Handbook (Qiagen, Germantown, MD). The genomic
DNAs in RNA samples isolated from treatment and
control cochleas were eliminated by incubating with
gDNA Wipeout Buffer for 2 min at 42°C. The
subsequent reactions utilized Quantiscript Reverse
Transcriptase, RT buffer, and RT Primer Mix
(Qiagen, Germantown, MD). A reaction volume of
20 pl was used followed by a reverse transcription
step of 15 min at 42°C and a reverse transcription
inactivation step for 3 min at 95°C. Quantitative
PCR analysis was performed using the SYBR® Green
Master Mix Kit (Applied Biosystems, Foster City, CA)
and RNase-free 96-well PCR plates. Forward and reverse
primers (Qiagen Sciences, Inc, Germantown, MD) for
genes for the following proteins were used in the
quantitative PCR experiments: 18S (QT01036875,
Qiagen Sciences, Inc.), Sox2 (QT00249347, Qiagen,
Germantown, MD), and Hes5 (10,336,022, Invitrogen,
Carlsbad, CA). In order to assess the precision of the
quantitative PCR results, three reactions were per-
formed for each cDNA sample and primer set. Positive
and negative controls were also run in triplicate. The
thermal cycling parameters were as follows: incubation
at 50°C for 2 min, followed by activation at 95°C for
10 min, followed by 40 cycles of 95°C for 15 s
(denaturation) and 60°C for 1 min (anneal). Each
sample showed a particular threshold cycle (Ct) value in
amplification, which is representative of the relative
abundance of the gene in the sample RNA. The Ctvalue
of each sample in the examined gene is normalized with
the value of the endogenous control gene, 18S. The
relative fold change in gene expression was obtained by
comparing Ct data of ouabain-treated ears to that of
controls.

Data Analysis

Unless otherwise specified, all data in the figures
are presented as mean + SEM. Data for the ABR
thresholds, ABR I/O functions, the density of NF
200", peripheral®, bisbenzimide*, Sox2*, BrdU", and
Sox2"/BrdU", as well as the fold changes of Sox2
and Hesb mRNA, were analyzed by one- and two-
way ANOVA or two-tailed, unpaired ¢ test (SPSS,
Chicago, IL). A value of p < 0.05 was considered to
be statistically significant. Control samples were the
untreated ear from the same animal unless other-
wise indicated.
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RESULTS

Hearing Loss and Type | SGN Degeneration
after Ouabain Exposure

Ouabain applied to the round window of young adult
CBA/Ca] mice induced a severe hearing loss and
rapid degeneration of SGNs within a few days (Figs. 1
and 2). ABR wave I thresholds were markedly elevated
across all frequencies 1-3 days post-treatment
(Fig. 1A-D). ABR responses were absent at most
frequencies in mice 7 days or more days after ouabain
exposure (Fig. 1A, D). To avoid crossover hearing
from the left ear, four mice received bilateral surgery.
One month after ouabain exposure, no ABR
responses were indicated in any of the eight treated
cochleas (Fig. 1D).

ABR wave I amplitude I/O functions have been
used as an efficient assay for assessing the gross activity
of mouse primary auditory nerve (Jyothi et al. 2010).
Figure 1B, C shows that the maximum amplitudes and
slopes of the I/O function curves in 1 day post-
exposed ears were reduced significantly at 8 and
16 kHz compared to control ears (ANOVA, p<0.05).
These results indicate a quick and significant loss of
peripheral auditory nerve activity after ouabain
exposure in CBA mice, as reported previously in
gerbils (Schmiedt et al. 2002; Lang et al. 2005;
Corrales et al. 2006). In this study, 144 mice were
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l1ouv 90 . ,. r\/ \Jr\‘\p e VLUTACa e e

80 ./\-"'\' urv’\/}, W\J\/\.’xﬁm

70 /‘/\}f\““\ e N s

50 M\UW R ma

3 —TN—

20 ————

157

treated with ouabain. About 9% (n=13 mice) of
ouabain-treated mice showed no ABR threshold
shifts or had an ABR shifts that were <20 dB SPL
by 3 days after ouabain treatment in subsequent
tests. These mice were excluded from further
morphological, immunohistochemical, and gene
and protein expression analysis.

There are two subpopulations of afferent neurons
in the spiral ganglia of mouse cochleas, each with
their own morphological and electrophysiological
characteristics (Jagger and Housley 2003; Reid et al.
2004; Weisz et al. 2009). The first are large type I
neurons (Fig. 2A, B) with peripheral process synaps-
ing on inner hair cells. Type I neurons are myelinated
and represent approximately 90-95% of all spiral
ganglion neurons. The remaining small type II
neurons are unmyelinated and innervate the outer
hair cells. Ultrastructural examination revealed apop-
totic bodies in most type I spiral ganglion cells in the
basal turns 1 day after ouabain treatment (Fig. 2C, D).
The apoptotic-like cell death of the type I SGNs was
mainly present at 1 and 3 days post-treatment. In
contrast, the apoptotic-like degeneration was never
seen in type II neurons in any of the ouabain-treated
mice.

NF 200 is a well-characterized neural marker for
both type I and type II SGNs (Fig. 2G; Berglund and
Ryugo 1991; Adamson et al. 2002a, b; Wise et al.
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FIG. 1. Hearing loss in ouabain-treated young adult CBA/Ca)
mice. A ABRs to clicks were recorded at 1, 3, and 7 days after
ouabain exposure. B, C ABR amplitude input/output functions at
8 and 16 kHz before and 1 day after ouabain exposure. Note
the reduced amplitudes at high stimulus levels when compared
with the control and the absence of responses at low levels

Stimulus level (dBSPL)

Frequency (kHz)

(n=10). D Mean ABR thresholds before and after treatment. One
day after ouabain treatment, ABR thresholds were markedly
increased at all tested frequencies (n=28). ABR thresholds
continued to increase at 3 days (n=18) and 7 days (n=13). No
ABR responses were detected at most tested frequencies 30 days
(n=8) after treatment.
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3 Days

FIG. 2. Type | SGN degeneration after ouabain treatment. A, B
SGNs in the middle turn of a young adult CBA/CaJ mouse. The
perikarya of type | () neurons are surrounded by myelinating
Schwann cells (s). C, D Apoptotic-like degeneration (arrowheads)
appear in the auditory nerve from the basal turn of a mouse 1 day
after ouabain treatment. E, F Schwann cells enclose portions of
degenerated SGN cytoplasm or the debris of a vanished SGN

2005). To quantify the degree of survival of SGNs, the
density of SGNs was counted in control, 1, 3, 7, 14,
and 30-day post-treated cochleas. As shown in
Figure 2G-K, there was a significant decline in SGN
density in all three turns after ouabain treatment
compared to those of controls (ANOVA, p<0.01). The
surviving SGNs in the apical, middle, and basal turns
were about 28%, 23%, and 33% of the controls for
1 day post-treatment ears; 13%, 12%, and 17% for
3 days post-treatment; 14%, 14%, and 11% for 7 days
post-treatment ears; 14%, 11%, and 14% for 14 days

—7 Days
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(asterisk). G SGNs stained positive for NF 200 (red) in the basal turn
of normal mouse ear. H, 1 Many NF 200* cells are missing in the
basal turns of the mice 1 and 3 days post-treatment. J] Only a few
neurons survived in the basal turn of a mouse 7 days post-treatment.
K Mean density of NF 200 SGNs in the apical, middle, and basal
turns from control, 1-, 3-, 7-, 14-, and 30-day post-treated ears. Scale
bars, 2 um in A, B, D-F; 5 um in C; 15 um in J (applies to G-J).

post-treatment ears; and 5.7%, 7.8%, and 7.6% for
30 days post-treatment ears.

Survival of Type Il SGNs, Cholinergic Efferent
Fibers, and Sensory Hair Cells

Ultrastructural examination revealed that most type II
SGNs were relatively intact in ouabain-treated ears
(Fig. 3A—C). Minor pathological changes were seen in
these neurons, including small vacuole formation in
the cytoplasm and delamination of perikaryon from
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FIG. 3. Type Il SGNs survived after ouabain treatment. A A
relatively normal-looking type Il neuron is present in the apical turn
of a mouse 1 day post-treatment. A “homeless” myelinating Schwann
cell appears on the right side, indicating a missing type | SGN. B A
type Il SGN has separated from its non-myelinating Schwann cell
sheath (asterisk) in the apical turn of another mouse (1 day post-
treatment). C Another type Il SGN enclosed by a non-myelinating

the process of a non-myelinating Schwann cell
(Fig. 3B). Peripherin, an intermediate filament pro-
tein, is a commonly used marker for type II SGNs
(Hafidi 1998; Reid et al. 2004). To further examine
whether ouabain-induced neural degeneration
occurred only in type I neurons, peripherin-expressing
cells were counted in control and ouabain-treated mice
(Fig. 3E-H). No significant decrease of the peripherin”
cells was seen in any of the ouabain-treated groups
(ANOVA, p>0.05).

Confocal images of surface preparations of cochleas
stained with NF-200 and ChAT allow visualization of the
afferentand efferent auditory fibers (Fig. 4A—H). Thirty
days after ouabain treatment, most radial afferent NF

Basal Turn
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Density of Type Il SGNs after Injury g o)

1 Day
3 Days
7 Days

Schwann cell (s) is present in the middle turn of a mouse 7 days post-
treatment. E-G Peripherin* type Il SGNs (green, arrows) in the apical
turns of control, 3-, and 30-day post-treated ears. Nuclei were
counterstained with bisbenzimide (blue). H Mean density of
peripherin® type Il SGNs in the apical, middle, and basal turns of
control, 1-, 3-, 7-, 14-, and 30-day post-treated ears. Scale bars, 2 um
in C (applies to A-C); 15 um in G (applies to E-G).

200" fibers (beneath inner hair cells) had disap-
peared, but those NF 2007/ChAT afferent fibers
below outer hair cells (type II fibers) still can be seen
clearly in the apical turn (Fig. 4A) and occasionally
seen in the middle and basal turns (Fig. 4D, H). The
ChAT" efferent fibers innervating OHCs were present
in the treated ears (Fig. 4F, H). There were numerous
ChAT" clusters in the IHC region (*), yet it seems
unlikely that these ChAT" clusters were true efferent
terminal endings as all of their targeted afferent fibers
were in fact absent (Fig. 4H). In addition, surface
preparations stained with phalloidin showed that
actin-positive stereocilia bundles on IHCs and OHCs
were relatively normal (Fig. 5A—-C).
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NF 200 Apex

NF 2

Hyperplasia of Glia-Like Cells in Injured Auditory
Nerve

Following loss of type I SGNs, an activation of glia-like
cells was seen in the injured spiral ganglia, most

LANG ET AL.: Sox2-Expressing Glia in the Injured Auditory Nerve

FIG. 4. Cochlear afferent and efferent
innervation patterns after ouabain treat-
ment. A, B Loss of NF 200* afferent fibers
innervating IHCs (arrowheads) in the
apical turn of a mouse at 30 days post-
treatment. Surface preparation from the
apical turns of a mouse 30 days after
treatment shows the absence of NF200*
afferent fibers innervating inner hair cells
(IHC, arrowheads). Also shown is a con-
trol ear (insert in B). The absence of radial
afferent fibers allows a clear view of inner
spiral bundle including both efferent and
afferent fibers projecting into the outer
hair cell (OHQ) region. Numerous exter-
nal spiral fibers are seen tracking spirally
into the OHC region, including long, thin
type Il afferent fibers (arrows). C, E, G NF
200" afferent fibers innervating IHCs
(arrowheads) in the middle turn of another
control mouse. Surface preparation
stained with NF 200 (green) and choline
acetyltransferase (ChAT, red). The dashed
lines indicate the location of the habenula
perforata where nerve processes of type |
SGNs lose their myelin sheath prior to
entering the organ of Corti. White arrows
indicate the long, thin type Il afferent
fibers. D, F, H Loss of NF 200%/ChAT
afferent fibers innervating IHCs in the
middle turn of another mouse at 30 days
post-treatment. Radial NF200* fibers
under IHCs disappear (arrowheads),
whereas small thin NF 200%/ChAT ™ affer-
ent fibers are still occasionally seen in the
OHC region (white arrow). The inserts are
the enlarged images of areas marked by a
white arrow. The staining patterns of
ChAT* efferent fiber in the treated ear
innervating OHCs are similar to those
seen in a control ear. Numerous ChAT*
clusters are seen beneath IHC areas
(asterisk). Scale bar, 15 um in A and B;
20 um in H (applies to C-H).

notably in the 3- and 7-day post-treatment groups
(Fig. 6). Figure 6D was reconstructed from about 20
digital images (x63 magnification) that captured
portions of Rosenthal’s canal, the osseous spiral
lamina, and the apical, middle, and upper basal
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FIG. 5. Cochlear sensory hair cells after ouabain treatment. A-C
Surface preparations from the apical, middle, and basal turns stained
with phalloidin in a mouse at 30 days post-treatment. Almost all
IHCs and OHCs were intact. Scale bar, 20 um in C (applies to A-C).

portions of the organ of Corti. This high-resolution
imaging procedure allowed us to characterize pre-
cisely the pathological changes in the ouabain-treated
auditory nerves. Hyperplasia of glia-like cells appeared
in Rosenthal’s canal and the osseous spiral lamina in
the treated ears (Fig. 6B-D). In addition, enlarged
microvasculature was frequently seen within Rosenthal’s
canal and the osseous spiral lamina of the treated ears
(Fig. 6D).

Ultrastructural examination of the ouabain-treated
ears revealed a spatial and temporal heterogeneity of
glia-like cells in the injured auditory nerve (Fig. 7).
Within the Rosenthal’s canal, the diameters of these
cells ranged from 6 to 8 um (Fig. 7A—C). The nuclei
of the glia-like cells at 3 and 7 days posttreatment
were enriched with light electron-dense euchromatin,
suggesting active transcription in these cells. In the
osseous spiral lamina, these glia-like cells were mostly
elongated and spindle-shaped (Fig. 7D). By 30 days
post-treatment, the nuclei of the glia-like cells within
Rosenthal’s canal mostly appeared to have prominent
heterochromatin and less euchromatin (Fig.7G).
The presence of microvasculature was noted in
Rosenthal’s canal along with surrounding fibroblast-
like cells with irregularshaped nuclei (Fig. 7D). In
addition, macrophages and/or microglia were infre-
quently seen in the ouabain-treated ears (Fig. 7E).
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Total cell counts in control and treated ears were
performed on frozen sections using bisbenzimide
(Hoescht 33342) nuclear staining. Figure 7H shows
that the total cell density in 1, 3, and 7 days post-
treatment nerves are equal to that of controls,
suggesting an influx of new cells to replace the lost
SGNs. However, the number of glia-like cells was
reduced by 14 days posttreatment (Fig. 7G). By
30 days post-treatment, the density of total cells within
Rosenthal’s canal was about one half of the density
at 1, 3, and 7 days post-treatment. The observed
reduction in glial cell numbers after 14 days suggests
that glial degeneration was occurring.

Sox2* Expression in Normal and Injured
Auditory Nerve

Sox2 expression in normal and ouabain-treated
auditory nerves was examined and quantified by RT-
PCR and Western blot assays (Fig. 8). As shown in
Fig. 8A, the levels of Sox2 mRNA expression at 1, 3,
and 7 days post-treatment were significantly greater
than that of controls (ANOVA, $<0.01). The Sox2
mRNA levels at 3 days after treatment were sevenfold
greater than that of controls. We also noted a trend
toward increased Sox2 mRNA expression at 14 days
post-treatment compared to controls, but this differ-
ence was not statistically significant (ANOVA, p>0.05).
Hesb acts as both upstream and downstream target of
Sox2 (Bani-Yaghoub et al. 2006; Hartman et al. 2009;
Takanaga et al. 2009) and was significantly increased
3 days post-treatment (ANOVA, p<0.05; Fig. 8B),
reconfirming the result of up-regulation of Sox2
expression in ouabain-treated auditory nerves. A
trend toward increased Hesb mRNA levels at 7 days
post-treatment was also observed (ANOVA, p>0.05).
Similarly, Western blots revealed that Sox2 expression
(34 kDa) increased about two to threefold at 3 and
7 days post-treatment compared to that of controls
(Fig. 8C). In contrast, the expression of NF 200 and {-
tubulin was reduced after ouabain treatment, corre-
lating with the significant loss of spiral ganglion
neurons.

Additional studies examined the cellular localiza-
tion of Sox2 expression using immunofluorescent
staining. Figure 9A-C shows the nuclear staining
pattern of Sox2 in a normal auditory nerve. The
morphological characteristics of these Sox2" cells
suggest that they are non-neuronal cells within the
auditory nerve (Fig. 9A-F). Dual-staining Sox2 with
the neural marker NF 200 revealed that the intensive
Sox2 expression was present in the nuclei of the small
non-neuronal (NF 2007) cells in both control and
ouabain-treated ears (Fig. 9D-F).

Following ouabain treatment, the number of Sox2*
cells within Rosenthal’s canal significantly increased at
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FIG 6. Hyperplasia and hypertrophy of glia-like cells in injured
auditory nerve. Semi-thin radial sections were stained with toluidine
blue. A Section taken from a control ear shows profiles of type | (/) and
type Il (I) SGNs as well as Schwann cells (arrowheads). B three days
after ouabain treatment, most spiral ganglion cells were apoptotic or
lost. C Sevendays after treatment, most of the spiral ganglion cell bodies
were absent and numerous spindle-shaped cells, interpreted as glia-like
cells, were present within the Rosenthal’s canal. D Hyperplasia and

3 days post-treatment and reached its maximum level
at 7 days post-treatment (Fig. 9F, G; ANOVA, p<0.05).
The density (cells/ mm?) of Sox2" cells in the apical,
middle, and basal turns was 3,203, 3,385, and 3,027 for
controls and 7,438, 8,427, and 5,542 for the 7 days
post-treatment ears, respectively. The number of
Sox2" cells was reduced by 14 days post-treatment
and similar to the control level by 30 days post-

LANG ET AL.: Sox2-Expressing Glia in the Injured Auditory Nerve

hypertrophy of glia-like cells within the osseous spiral lamina (osl)
and Rosenthal’s canal in the apical, middle, and upper basal turns of
another mouse at 3 days post-treatment. White arrowheads indicate a
few surviving SGNs and black arrows indicate several areas of
microvasculature. E Normal profiles of glial cells and SGNs (white
arrowheads) within the osl and Rosenthal’s canal in a lower apical turn
taken from a control ear. TM tectorial membrane, OC organ of Corti.
Scale bars, 7 um in C (applies to A-C); 45 um in D.

treatment. In the osseous spiral lamina, little or no
staining of Sox2" cells was present in control ears
(Fig. 10A—C). However, Sox2" cells appeared in
ouabain-treated ears, beginning at 1 day and reaching
its maximum level at 7 days after ouabain treatment
(Fig. 10D-G). Again, little or no staining of Sox2"
cells was present by 30 days post-treatment (Fig. 10G).
PI nuclear staining revealed that Sox2" cells in the
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FIG. 7. Ultrastructure of glia-like cells in injured auditory nerve. A-F
Mice 7 days post-treatment. G A mouse 30 days post-treatment. A—-C
Glia-like cells in Rosenthal’s canal of ouabain-treated mice show
profiles of nuclei with prominent euchromatin and less dense here-
rochromatin. E euchromatin, H heterochromatin. D A normal-looking
glia-like cell within the osseous spiral lamina. E A microglia-like cell
within Rosenthal’s canal with numerous vesicles and cellular debris

osseous spiral lamina have elongated and spindle-
shaped nuclei similar to those of the glia-like cells
seen in the ultrastructural examination of injured
auditory nerves (Figs. 7D and 10D-F).

To further confirm the glial phenotype of Sox2"
cells, dual immunostaining with two separate glial
markers was employed for control (data not shown)
and 7 days post-treatment mice (Fig. 11). Figure 11A—
C shows that most of Sox2" cells stain positively for
S100, a commonly used Schwann cell marker for
mouse and rat auditory nerve (Hansen et al. 2001;
Hurley et al. 2007; Whitlon et al. 2009). Dual
immunostaining of Sox2 and Sox10 showed that the
majority of Sox2" cells were co-labeled with Sox10 in
ouabain-treated nerves (Fig. 11D—F). The Sox10 anti-
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suggesting an active phagocytosis. F Glia-like cells with microvascula-
ture within Rosenthal’s canal (asterisk). Arrowhead indicates a survived
SGN process. G At 30 days following ouabain exposure, most glia-like
cells disappear, leaving only a few surviving cells with enriched, dense
heterochromatin in the nuclei. H Mean density of the total cells within
Rosenthal’s canal in the apical, middle, and basal turns of control, 1-, 3-,
7-, 14-, and 30-day post-treated ears. Scale bars, 2 um in A-G.

body revealed a nuclear staining pattern in glial cell
nuclei similar to the previous observations in mouse
inner ear (Whitlon et al. 2009; Puligilla et al. 2010).

Increased BrdU™ Cells in Injured Auditory
Nerve

The use of BrdU incorporation assays revealed that
very few cells were mitotic in normal auditory nerves
(Fig. 12A, E). These results agree with previous
observations on the proliferative activity of normal
adult inner ear (Ruben 1967; Roberson and Rubel
1994; Yamashita et al. 1999; Lang et al. 2003).
According to morphological characteristics, the
BrdU" cells in the control ears are most likely the
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non-neuronal cells such as glial cells, fibroblasts, and
vascular endothelial cells. Following ouabain expo-
sure, the number of BrdU" cells was significantly
increased 3 days after treatment and reached a peak
level at 7 days post-treatment (ANOVA, p<0.05;
Fig. 12B, C). At 14 and 30 days post-treatment, the
number of BrdU" cells was reduced (Fig. 12E).

BrdU*/Sox2™ Cells in Injured Auditory Nerve

To determine the extent of proliferation in Sox2" cells,
dual staining for BrdU with Sox2 was performed and
quantitatively analyzed in the control and ouabain-
treated ears (Fig. 12A-C, F, G). Following ouabain
exposure, the number of BrdU" cells was significantly
increased at 7 days post-treatment (ANOVA, p<0.05;
Fig. 12B—-E). We observed a bimodal BrdU*/Sox2" cell
distribution (Fig. 12F), though relatively low densities of
BrdU"/Sox2" cells at 14 days post-treatment suggested a
loss of Sox2" proliferating cells by this time. Between
64% and 83% of BrdU" cells were co-labeled with Sox2
in the apical, middle, and basal turns of those ouabain-
treated auditory nerves (Fig. 12G). Similar results of
dual staining for BrdU with Sox2 were also seen within
the osseous spiral lamina (data not shown). Taken
together, our data demonstrate that a proliferating
Sox2" glial cell population is a main contributor to
the BrdU" cells in the injured auditory nerves. To
determine the overall proliferative ability of Sox2"
glial cells in injured auditory nerves, percentages of
BrdU" cells in Sox2" cell populations were also
analyzed as shown in Fig. 12H. About 6-10% of
Sox2" cells stained positive with BrdU at 7 days post-
treatment, suggesting that a subpopulation of Sox2"

Hes5 gene

1Day 3Days 7 Days 14 Days 30 Days 1Day 3Days 7Days 14 Days 30 Days
Time Following Quabain Injury
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FIG. 8. Up-regulation of Sox2 expres-
sion in injured auditory nerve. A, B Real-
time RT-PCR assays show fold changes for
Sox2 and Hess5 mRNA expression in the
auditory nerves taken from control, 1-, 3-,
7-, 14-, and 30-day post-treated ears.
Data are present as fold changes from
control value+standard error (n=3-5 per
group). C Western blot assays with Sox2
antibody show a single 34-kDa band of
endogenous Sox2 in normal, 3-, and 7-
day post-treated ears. Expression levels of
Sox2 increase after ouabain exposure,
whereas the expression levels of NF 200
and B-tubulin decrease due to losses of
SGNs in ouabain-treated ears. B-actin
blotting was used to verify equal protein
loading.

glial cells in the auditory nerve of adult mouse
inner ear contains self-renewing properties.

DISCUSSION

Type | SGN Degeneration and Glial Cell
Reactivation in Injured Auditory Nerve

Ouabain is a cardiac glycoside that specifically binds to
the Na,K-ATPase and inhibits its activity. Previous studies
have shown that ouabain induces apoptosis of cortical
neurons and is accompanied by increased intracellular
Ca®" and Na' and released cytochrome ¢ (Xiao et al.
2002). Here, we have established a mouse model of type
I SGN degeneration through the application of ouabain
to the round window of the adult CBA/CaJ mouse.
Similar to our previous studies in the adult gerbil
(Schmiedt et al. 2002; Lang et al. 2005), ouabain can
selectively and permanently induce the degeneration of
type I SGNs while leaving type II SGNs, efferent fibers,
and sensory hair cells relatively intact in the adult mouse
inner ear. Significant loss of auditory function and
degeneration of type I SGNs were seen as early as 1 day
after ouabain exposure. Although some surviving type I
SGNswere present in the apical turns 1 day after ouabain
exposure, these neurons were eventually lost 3 days or
later after treatment. Thus, similar to the gerbil model,
the degeneration of type I SGNs in response to ouabain
treatment is quite rapid and follows an apoptotic-like
degeneration (Schmiedt et al. 2002). The selective
survival advantage of type II over type I neurons has also
been seen in other degeneration models, e.g., in ototoxic
lesions (Spoendlin 1975; Lim 1976; Leake and Hradek
1988), noise trauma (Spoendlin 1975; Lim 1976), or
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FIG. 9. Increased Sox2* cells within Rosenthal’s canal in injured
auditory nerves. A—C Nuclear staining pattern of Sox2 antibody (green) in
normal auditory nerve. Pl nuclear counterstaining (red) reveals nuclear
profiles of Sox2* cells. The nuclei of SGNs are identified by their large
spherical nuclei (arrowheads). Note that SGNs do not express or express
a very low level of Sox2 and were not considered as Sox2* cells in this
study. D, E Dual immunostaining for Sox2 (green) and a neuronal marker,
NF 200 (NF, red) reconfirms that high-intensity expression of Sox2

transection of the cochlear nerve (Spoendlin 1975). A
recent study revealed that differentiated expression
patterns of Na,K-ATPase o isoforms are present in types
I'and II SGNs with Na,K-ATPase, a3 being present in type
I SGNs but not in type II neurons (McLean et al. 2009).
Further studies on the molecular and functional charac-
terization of these two types of neurons are needed to
understand their differential response to insults.

This study demonstrates that glial cells in the adult
auditory nerve undergo hypertrophy and hyperplasia
following type I SGN degeneration. A similar histopatho-
logical change has been termed “reactive astrogliosis” or
“glial scar” in the central nervous system and is

k.
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L

appears in the nuclei of Schwann- and or satellite-like cells (arrows). E
Enlarged image of corresponding boxed area in D. F Sox2* cells
in the auditory nerve 7 days after ouabain treatment. An arrow-
head indicates a surviving SGN process. G Mean density of Sox2*
cells within the Rosenthal’s canal in the apical, middle, and basal
turns from control, 1-, 3-, 7-, 14-, and 30-day post-treated ears
(n=3-6 per group). Scale bars, 8 um in C (applies to A-C); 7 um
in D; 7 um in F (applies to E-F).

characterized as a proliferation of astrocytes in damaged
brain (Sofroniew 2009). In the retina, Miiller cell gliosis
occurs in response to retinal diseases and injuries
(Bringmann et al. 2006). Application of ouabain to the
adult mouse inner ear provides an excellent model for
understanding the roles of cochlear glial responses in
SGN degeneration and sensorineural hearing loss.

Expression of Sox2 in Normal Adult Auditory
Nerve

Sox2 expression is detected in the prosensory regions
prior to sensory cell differentiation, in sensory hair
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FIG. 10. Increased Sox2* cells in the osseous spiral lamina in injured
auditory nerves. A-C Glial cells within osseous spiral lamina of control
ears are not stained with Sox2 antibody. Nuclei were counterstained
with Pl (red). D-F Many cells stained positively with Sox2 antibody

cells, and in supporting cells of both the auditory and
vestibular organs at later embryonic stages (Hume et
al. 2007; Neves et al. 2007; Mak et al. 2009). Gene loss-
or gain-of-function studies have demonstrated that
Sox2 is necessary for the formation of sensory
epithelia as well as the differentiation and mainte-
nance of sensory and neuronal cells in the developing
inner ear (Kiernan et al. 2005; Dabdoub et al. 2008;
Puligilla et al. 2010). In the adult mouse ear, Sox2 is
expressed in supporting cells and a subpopulation of
vestibular hair cells (Oesterle et al. 2008). Neves et al.
(2007) reported that Sox2 is expressed in the
cochleovestibular ganglion of the developmental

(green) in a mouse 7 days after ouabain treatment. G Mean density of
Sox2* cells within the osseous spiral lamina in the apical, middle, and
basal turns from control, 1-, 3-, 7-, 14-, and 30-day post-treated ears (n=
3-6 per group). Scale bar, 5 um in F (applies to A-F).

chicken ear. Here, we report that Sox2 is expressed
in a subset of glial cells in the auditory nerve of the
adult mouse inner ear. More specifically, the glial cells
in Rosenthal’s canal, but not those in the osseous
spiral lamina, express Sox2. To our knowledge, this is
the first time that the functional heterogeneity of
cochlear cells has been differentiated by specific
expression patterns using a glial-related cell marker.

Sox2 Up-regulation in Injured Adult Auditory Nerve

We did observe an up-regulation of Sox2 expression
in auditory nerve following type I SGN degener-
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D

FIG. 11. Sox2* cells stain positively for neural glial marker in
injured auditory nerve. A—-C Dual immunostaining for S100 (red) and
Sox2 (green) in the auditory nerve of a mouse 7 days after ouabain

ation. Increased Sox2" glial cells were seen in both
Rosenthal’s canal and the osseous spiral lamina 3
and 7 days post-treatment. Certain glial cells in the
osseous spiral lamina do not express Sox2 and
remain quiescent in the normal inner ear; however,
ouabain-induced injury results in the up-regulation
of Sox2 gene transcription and subsequent prolifer-
ation. Similarly, previous studies have shown that a
group of Schwann cells in the mouse sciatic nerve
and a subset of astrocytes in mouse neocortex,
which do not normally express Sox2, do in fact
reexpress Sox2 and resume proliferation in response
to mechanical injury (Le et al. 2005; Bani-Yaghoub et al.
2006). In an elegant study using conditional glutamate
aspartate transporter (GLAST) transgenic mouse, and
astrocyte-targeted lentiviral vectors, Buffo et al. (2008)
reported that quiescent astrocytes in adult mouse
cerebral cortex can change their phenotype and
obtain neural progenitor cell-like properties, including
the capacity for selfrenewal after stab wound injury.
Investigations of regeneration in the retina have
revealed some evidence that Miiller glia can dedifferen-
tiate and proliferate after retinal damage (Fischer and
Reh 2001; Karl et al. 2008). These findings strongly
suggest that mature neural glial cells in both the central
and peripheral nervous systems can change their
phenotype (and even reenter into a dedifferentiated
status in some cases) if within an appropriate “injury
microenvironment.”

Specific lesion paradigms may serve as triggers for
the phenotypic changes of mature glial cells. Injury
itself within the central and peripheral nervous
systems can induce the up-regulation of endogenous
growth factors such as FGF2, GFAP, ciliary neuro-
trophic factor (CNTF), vascular endothelial growth
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treatment. D-F Dual immunostaining for Sox10 (red) and Sox2
(green) in the mouse shown in A-C. Nuclei were counterstained with
bis-benzimide (blue). Scale bar, 10 um in F (applies to A-F).

factor, and platelet-derived growth factor (Silver and
Miller 2004; Aldskogius and Kozlova 1998; Stowe et al.
2007). The exposure of astrocytes to either FGF2 and
CNTF significantly increased the number of Sox2"
proliferating astrocytes, suggesting that either an
FGF2- or CNTF- mediated pathway may be involved
in the regulation of Sox2 expression after acute injury
(Bani-Yaghoub et al. 2006). Our previous studies have
also shown that application of ouabain to gerbil and
mouse ears resulted in the elevated expression of
FGF2, GFAP, and matrix metalloproteinase 9 in the
auditory nerve (Lang et al. 2006a; Jyothi et al. 2010).
Further work is required to determine which of the
regulatory elements in Sox2 gene up-regulation is
mediated by these growth factor-related pathways.

Sox2* Glial Cell Proliferation in Injured
Auditory Nerve

Our data show that up-regulation of Sox2 expression
is associated with the increased cell proliferation
observed in the ouabain-injured auditory nerves. A
majority of BrdU" cells (about 70%) in the injured
auditory nerve also expressed Sox2. Numerous studies
have suggested that Sox2 is important for the main-
tenance of tissue homeostasis, regulation of self-
renewal, and differentiation of neural cells (Graham
et al. 2003a, b; Ferri et al. 2004; Le et al. 2005). Using
adenovirus-mediated gene modification, Le et al.
(2005) have shown that enforced Sox2 expression in
cultured Schwann cells led to increased proliferation
and also maintained the Schwann cells in an undiffer-
entiated state. In an in vivo model of sciatic nerve
injury, increased Sox2 staining appeared in the
immature Schwann cells of the injured nerve 4 days
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FIG. 12. Increased BrdU* and BrdU*/Sox2* cells in injured
auditory nerve. A Dual immunostaining for Sox2 (green) and BrdU
(red, arrows) in a normal auditory nerve showing only one BrdU* cell
that was not co-labeled with Sox2 (arrowheads). B, C Increased
number of BrdU* cells in mice 3 and 7 days after ouabain treatment.
A majority of BrdU* cells were co-labeled with Sox2 (yellow,
arrows). D Three-dimensional reconstructed confocal image shows
a cell co-labeled for Sox2 and BrdU in a mouse 7 days after ouabain

after a nerve crush. In the current study, the findings
of up-regulation of Sox2 expression along with pro-
liferation of a subset of Sox2" glial cells in the auditory
nerve after ouabain treatment suggest that Sox2 also
plays an important role in regulating the injury-
related activation of glial cells in the adult mouse
inner ear.

In the central nervous system, a recent study has
shown that a subset of Sox2" glia-like cells are able to
produce neurons, astrocytes, and Sox2" undifferenti-
ated cells in the subgranular zone of the adult
hippocampus (Suh et al. 2007). These results suggest
that Sox2" glia-like cells may be a primary source of
neural precursors in certain areas of adult brain. In

treatment. E Mean density of BrdU* cells within the Rosenthal’s
canal in the apical, middle, and basal turns of control, 1-, 3-, 7-, 14-,
and 30-day post-treated ears (n=3-6 per group). F Mean density of
BrdU*/Sox2* cells within Rosenthal’s canal. G Mean density of
BrdU*/Sox2*cells among the total BrdU* cells. H Mean density of
BrdU*/Sox2™ cells among the total Sox2* cells. Scale bars, 15 pm in
C (applies to A-C); 15 um in D.

the mammalian inner ear, recent studies have reported
that the spiral ganglia of the postnatal mouse (pl-p21),
as well as adult humans and guinea pigs, can produce
neurospheres that proliferate and differentiate into {3-
tubulin® neurons and GFAP" glial cells with certain
mitogen stimulations, thereby supporting the possibility
of the presence of neural progenitor cells in postnatal
and adult inner ear (Rask-Andersen etal. 2005; Bostrom
etal. 2007; Oshima etal. 2007). In this study, we did not
attempt to address whether the Sox2" glial cells in
ouabain-injured auditory nerves have the potential to
generate new neurons. A significant cell loss, including
glial cells, appeared in the injured auditory nerve by
30 days after ouabain exposure (Fig. 7), suggesting that
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ouabain exposure does have a direct effect on glial
cells. This direct effect restricts the use of ouabain-
treated mice to be employed primarily as a model
to investigate the regeneration of neural cells in the
adult inner ear.

In summary, our study is the first to demonstrate
the expression of Sox2 in a subset of adult cochlear
glial cells and the up-regulation of Sox2 expression
in the injured auditory nerve. The up-regulation of
Sox2 expression is associated with the increased
cell proliferation observed in these auditory
nerves. A subpopulation of Sox2" glial cells express
BrdU in the auditory nerve shortly after ouabain
treatment, indicating that mature glial cells can
change their quiescent phenotype and reenter the
cell cycle in response to nerve injury. Up-regulation of
Sox2 and Sox2" glial cell proliferation are seen in the
auditory nerve after ouabain treatment, suggesting
that Sox2 plays an important role in regulating the
injury-related activation of glial cells in the adult
cochlea.
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