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Changes in Na, K-ATPaseo3 in aging mouse spiral ganglion and organ of corti
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Abstract. Objectives: Age-related hearing loss is one of the most common sensory disorders affecting elderly adults.
This study in mice aimed to evaluate age-related changes in Na, K-ATPase a3 immune reactivity in spiral ganglion cells
and the organ of Corti and correlate these changes with frequency-specific hearing thresholds.

Methodology: Sixteen C57BL/6J mice aged 4 and 12 months were used. Auditory brainstem responses served to identify
hearing thresholds before the inner ears were excised for further evaluation. Immunohistochemistry followed up by semi-
quantitative evaluation for Na, K-ATPase a3 was performed.

Results: The hearing thresholds of the C57BL/6J mice increased significantly at 12 months of age. The average immune
reactivity of Na, K-ATPase a3 in the spiral ganglia cells decreased significantly with aging.

Conclusion: Our results suggest that Na, K-ATPase o3 decreases in the aging spiral ganglia cells, which could play a role

in age-related hearing loss.

Ion transporters and channels play a crucial role
in the auditory system, and an appropriate ionic
composition is essential for maintaining tissue
homeostasis and hearing function. Age-related
changes in ion channels likely are involved in age-
related hearing loss.' The Na, K-ATPase (NKA) is
an integral membrane protein located in the plasma
membrane that is necessary for cells to maintain
hyperpolarized membrane potentials and sodium
and potassium concentration gradients.? In an ATP-
dependent process, three Na® can be transported
out of the cell while two K* can be transported
into the cell. NKA is mainly responsible for
the transmembrane Na' gradient and negative
transmembrane potential.* This oligomeric enzyme
consists of at least of one catalytic a-subunit (a),
with four isoforms, and one regulatory P-subunit
(B), with three isoforms. Each of the o subunit
isoforms can interact with each of the B subunit
isoforms to form functional NKA. Although most
cell types express al-pl1 NKA,* the a2 isoforms
occur primarily in nervous system tissues and
muscle,’ the a3 isoforms are present primarily in
neurons,® and the a4 isoforms are expressed only

in the testis.” The B subunits are required for the
stability, translation, and membrane insertion of the
a-subunit.®

Regarding the inner ear, al occurs in the strial
marginal cell and a2 in the lateral wall fibrocytes
of the stria vascularis. The a3 isoform, which as
noted is rather neuron-specific, is expressed in the
membranes of type I afferent terminals in contact
with the inner hair cells, spiral ganglion cells, and
medial efferent terminals contacting the outer hair
cells.? Mutations in ATP1A3, which encodes the
NKA a3 subunit, can cause progressive auditory
neuropathy with severe hearing loss." In the gerbil,
infusion of ouabain, a specific inhibitor of NKA
a3, into the cochlea and onto the round window
membrane leads to increased auditory-nerve
compound action potential thresholds. Furthermore,
this NKA o3 inhibition leads to complete auditory
neuropathy with no cochlear whole-nerve action
potential response. The endocochlear potential
and the distortion product otoacoustic emissions
are largely unaffected under these conditions,
suggesting normal function of the stria vascularis
and outer hair cells." These observations suggest
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that NKA a3 plays an important role in regulating
signal transmission in synapses with spiral
ganglion cells and hair cells and that its dysfunction
could lead to the clinical features compatible with
auditory neuropathy."

Recent studies indicate that cochlear synapses
are more susceptible than hair cells to age-related
hearing loss."? Middle-aged mice show a 25%-30%
loss of cochlear synapses, without degeneration of
hair cells.” Synaptopathy affects complex auditory
tasks, such as understanding speech in noise, but
has minimal effects on pure-tone thresholds.™
These patterns can explain why people with the
same pure-tone hearing threshold can have very
different speech recognition."

In the stria vascularis, NKA expression declines
with advancing age.' In this study, we focused on
age-dependent changes in NKA a3 in the spiral
ganglia and organ of Corti in C57BL/6J mice to
investigate if this enzymatic subunit in these areas
decreases with age. We also assessed the correlation
between hearing thresholds and expression of NKA
a3. Materials and methods

Study overview

Sixteen C57BL/6J mice (8 females, 8 males) were
obtained from Charles River, Cologne, Germany.
Animals were assigned to two age groups, 4
months (n=8) and 12 months (n=8), balanced by
sex, and placed in cages with free access to food
and water. Hearing thresholds were obtained using
auditory brainstem response (ABR), and mice
were euthanized. The cochleae were dissected
immediately for further processing.

Hearing thresholds

For ABR, we anesthetized animals by intraperitoneal
injection of ketamine hydrochloride (67.5 mg/kg
body weight), atropine sulfate (0.085 mg/kg), and
xylazine hydrochloride (5.4 mg/kg body weight)
and placed them on a pre-warmed (37 °C) gel pad
to maintain constant body temperature. Auditory
nerve responses obtained via binaural stimulation
were recorded with a portable system (Otoconsult®,
Frankfurt, Germany) controlled by Audiology
Lab® software in an electrically shielded sound
attenuated chamber. Potentials were recorded via
three subcutaneous needle electrodes. Stimuli were
tone bursts of 8, 16, and 32 kHz, calibrated via a
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microphone placed close to the pinna. Two separate
transducers produced the tone bursts. Starting with
0 dB, the stimulus was increased in 5-decibel (dB)
increments up to 90 dB. After amplification and
band-pass filtering (100 dB, 0.3-5 kHz), electrical
signals were averaged over 128 repetitions of
stimulus pairs. Hearing thresholds that were
determined to be the minimum stimulation level
produced a clearly recognizable waveform. Two
blinded experienced investigators evaluated ABR
results.

Tissue preparation and immunohistochemistry

Both the round and oval windows were opened
and fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 24 hours. Fixed speci-
mens were washed repeatedly with PBS and
decalcified for 4 hours in 20% EDTA (Titriplex III;
Merck, Darmstadt, Germany) in PBS, pH 7.4, at
37 °C. Following decalcification, the right cochleae
were used for electron microscopy and the left
cochleae for immunostaining. The left cochleae
specimens were embedded in Optimum Cutting
Temperature compound as described by Coleman
et al.” Cryoembedded specimens were then cut
into serial sections (10 pm) on a cryostat (LEICA®
CM3050, Leica, NuBloch, Germany), mounted
on glass slides (SuperFrost® Plus, Menzel-Gliser,
Braunschweig, Germany), air-dried for more
than 1 hour, and stored at -20 °C. Animal studies
complied with Austrian guidelines for the care and
use of laboratory animals and were approved by the
Austrian Ministry of Science, with the reference
number BMWFW-66.011/0120-WF/V/3b/2016.
For immunostaining, a Ventana Roche® Dis-
covery XT fully automated immunostainer (Mann-
heim, Germany) was used following a standard
DAB-MAP procedure. To perform a quantitative
imaging study, we processed the slides at the same
time and temperature with our fully automated
immunostainer. Antigen retrieval was performed
using the heat induction method on sections
immersed in EDTA buffer (Cell Conditioning
Solution CC1, Ventana 950-124), and the mounted
sections then were incubated with primary
antibodies at 37 °C for 1 hour. NKA a3 antibody (C-
16; Santa Cruz Biotechnology, CA, USA: sc16052,
goat polyclonal [gG) was used at a dilution of 1:100.
The specimens were incubated with biotinylated
secondary rabbit anti-goat from Dako (1:100), and
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control sections were incubated with normal goat
IgG as an isotype-matched control.

We chose the NKA a3 antibody used in this
study because its specificity has been characterized
previously. Specificity of the antibodies for NKA
a3 was verified by the seller using western blot
analysis of rat brain extracts (sc-16052) or canine
skeletal muscle extracts (MA3-915) and by McLean
et al.?

Positive control sections (mouse brain) were also
used for each experiment. For negative controls, we
alternated the primary antibodies withreaction buffer
or substituted isotype matching immunoglobulins
for them. For antibody detection, we used a DAB-
MAP Detection Kit (Ventana 760-124), which
combines the diaminobenzidine development
method with copper enhancement. This kit with
the copper enhancement is a standard method
and consists of a streptavidin-biotin peroxidase
detection system for the qualitative detection of
antigen in formalin-fixed immunohistochemistry
(IHC) applications. Specimens then were stained
with hematoxylin (Ventana 760-2021) for 4
minutes, followed by manual dehydration in a
graded alcohol series and xylene clearing. Finally,
specimens were mounted with Entellan® (Merck,
Darmstadt, Germany).

For electron microscopy, the right cochleae
were fixed in cold Karnovsky’s solution (4%
paraformaldehyde and 2.5% glutaraldehyde in 0.1
M cacodylate buffer, pH 7.4). Specimens then were
fixed in 2% osmium tetroxide for 1 hour, followed
by processing according to standard techniques
for transmission electron microscopy. Ultrathin
sections were examined with a ZEISS Libra 120
(Carl Zeiss, Oberkochen, Germany).

Image analysis

Sections were digitized using an Olympus® BX50
equipped with a Nikon D750, which was set to
manual exposure and ISO level, and connected to
Nikon Camera Control Pro 2 microscope software.
Images were acquired with an Olympus Planapo
60x 1.4 lens. Full-resolution images (Tiff files;
6.016 x 4.016 pixels, 8-bit RGB) were developed
in Adobe Photoshop® CS6 from RAW files (NEF
format) using the Camera Raw plugin. For analysis
of immunohistochemistry, three researchers judged
the slides independently in a randomized, double-
blind manner. The spiral ganglion and the organ
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Figure 1

Auditory brainstem response thresholds at 4 and 12 months
at different frequencies. Mean auditory brainstem response
thresholds in C57BL/6J mice of both sexes aged 4 (n=8) and
12 (n=8) months. Auditory brainstem responses revealed
significant threshold shifts in the older mice at all frequencies
examined (p = 0.013).

of Corti were graded manually on the intensity of
staining, using a semi-quantitative scale (“0” being
no visible staining and “3” being intense staining)
at three levels (basal turn, middle turn, and apical
turn).

Data analysis

Hearing thresholds in dB at the three frequencies
of 8, 16, and 32 kHz were obtained in 16 mice.
Mice were 4 or 12 months old (each group, n=8).
Hearing thresholds at the three frequencies were
averaged and analyzed using one-way analysis of
variance, with age group as a factor; for one group
— the apical turn, we used the Kruskal-Wallis test
instead. Means + standard error of the mean and
95% confidence intervals are provided. Two-way
analysis of variance was performed for the animal
and region of the cochlea studied, using SPSS Ver.
24 (IBM Corp., Armonk, NY, USA).

Results
Hearing thresholds

ABR analysis revealed significant age-dependent
threshold shifts in all frequencies examined. The
averaged ABR threshold for 8-, 16-, and 32-kHz
frequencies were 48.4 + 8.3 dB in animals aged 4
months The averaged threshold of these frequencies
increased to 71.0 £ 6.8 dB in 12-month-old animals
(p = 0.013). The aging process affected ABR
threshold at all frequencies (Fig. 1), but hearing
thresholds did not differ between male and female
animals (p = 0.67).
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Figure 2

Immunohistochemical staining for Na, K-ATPase a3 on the spiral ganglion cells and organ of
Corti along the middle turn of the murine cochlea. (A) In young mice (4 months old), Na,K-
ATPase a3 immunohistochemical staining was positive at the base of the inner hair cells
(IHCs), the terminals of the type I auditory nerve fibers, and the outer hair cell (OHC) level,
with some terminals from the medial olivocochlear neurons (arrows). (B) The cell membrane
of the spiral ganglion cells showed intense immune reactivity (C). At an older age (12 months
old), immune reactivity was intense at the base of the inner hair cell, and a basilar fiber was also
evident (arrow). (D) Cell loss was evident with decreased immune reactivity, and no staining
could be seen in some cells (arrow). Scale bars, 20 um.

IHC analysis

In the specimens from young mice (age 4 months),
the membranes of type I afferent terminals in contact
with the inner hair cells were immunopositive
for NKA o3 (Fig. 2A). Older specimens showed
the same staining intensity (age 12 months) (Fig.
2C). In addition, the small terminals of the medial
olivocochlear neurons in the outer hair cell area
showed positive staining in both the younger and
older animals (Fig. 2A, C). Immune reactivity
indicating NKA a3 was high in the cell membrane
of the spiral ganglion cells in 4-month-old animals
(Fig. 2B). In animals aged 12 months, cell
degeneration was ongoing and reduced immune
staining was apparent (Fig. 2D). Negative controls
were consistently negative.

Semi-quantitative IHC analysis
In the semi-quantitative IHC analysis, age did not

significantly affect inner hair cells (p = 0.07). Mice
aged 4 months had an immune reactivity value of

‘ ‘ 04-Fischer.indd 276

1.63, and those aged 12 months had a value of 1.21
(Fig. 3). Significant age differences were present in
the spiral ganglia (Wilks Lambda < 0.001), where
4-month-old animals had significantly higher
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Figure 3

Na,K-ATPasea3 immune staining intensity at the inner hair and
spiral ganglion cells of mice aged 4 months and 12 months. In
the semi-quantitative immune histochemical analysis, age did
not significantly affect the inner hair cells and spiral ganglia of
the basal turn in these mice (p = 0.07). However, in the spiral
ganglion (SpGgl) cells of older animals, the middle (p = 0.04)
and apical turns (p = 0.007) showed significantly lowered
immune reactivity.

1212119 17:57 ‘ ‘



Na, K-ATPasea3 in the aging inner ear

C

277

Figure 4

Electron microscopy of the organ of Corti and spiral ganglia at 4 and 12 months. (A) In young C57BL/6J
mice, the inner hair cells (IHCs) and outer hair cells (OHCs) were distinct and appeared healthy, with
an intact organ of Corti. (B) The same was also true for the spiral ganglia (SpGgL) at this stage. (C)
In the cochleae of the older animals, a clear degeneration of the outer hair cells was evident (asterisk);
only the nuclei of the Deiter cells remained. (D) The spiral ganglion cells in the cochleae of the older
animals exhibited degenerative changes with decreased numbers. Some of these ganglion cells appear
to be necrotic, as evidenced by the emptying of the cellular contents (arrow). Scale bars: (A) 20 um,

(B) 10 pum, (C) 20 pm, and (D) 10 pm.

immune reactivity in the middle and apical ganglia.
The immune reactivity value in mice aged 4
months was 2.21 + 0.22 in the basal spiral ganglia,
2.17 £ 0.19 in the middle, and 1.92 £ 0.16 in the
apical spiral ganglia. In 12-month-old animals, the
immune reactivity values were 1.71 = 0.22, 1.54 £
0.19, and 1.21£0.16 in the basal, middle, and apical
spiral ganglia, respectively (Fig. 3).

Electron microscopy

Electron microscopy examination revealed intact
inner and outer hair cells in the younger animals.
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The organ of Corti also appeared to be intact in this
group (Fig. 4a), as were the spiral ganglia at this
stage (Fig 4b). In the cochleae of the older animals,
however, degeneration of the outer hair cells was
evident. Only one outer hair cell remained on
average, and the nuclei of the Deiter cells were still
evident. Swelling and vacuolization were apparent
at the basal pole of the inner hair cells, a clear
indication of synaptopathy occurring where the
afferent fibers had degenerated (Fig. 4c). The spiral
ganglion cells in the cochleae of the older animals
exhibited degenerative changes in the myelin
sheaths surrounding these cells, as observed from
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their changed morphology. Some of these ganglion
cells appeared to be necrotic as well, as evidenced
by emptying of the cellular contents (Fig. 4d).

Discussion

In this study, we analyzed the distribution and
age-related differences in expression of NKA a3
subunits in C57BL/6J mice aged 4 and 12 months.
In addition, we evaluated related morphological
changes via electron microscopy and hearing
thresholds using auditory brainstem response.

We observed a statistically significant increase
in hearing thresholds, with a mean threshold shift
of 22.6 dB. In 15-month-old C57BL/6J mice,
Hequembourg et al. found a threshold shift of
25-50 dB depending on the measured frequencies,
compared to 3-month-old animals."®

Age-related hearing loss arises for various
reasons, including heredity and environmental
factors, and shows varied and complex clinical
manifestations. Previous research has shown that
age-related changes in the ion channels in spiral
ganglion neurons cause a faulty auditory signal
transmission.”” It appears that a dysfunction in
the NKA a3 subunit leads to progressive auditory
neuropathy with severe hearing loss. Mutations
in ATP1A3, which encodes the o3 subunit, can
cause post-lingual onset of auditory synaptopathy.'
This subunit is important for the rapid restoration
of increased intracellular Na® concentration after
supra-threshold neuronal activity in the nervous
system. A disordered NKA a3 prevents restoration
of the resting membrane potential after excitatory
activity,*” but the exact impact of this subunit on
hearing function remains to be fully clarified.

Young mice showed an intense NKA o3
expression at the base of the inner hair cells, at
the efferent fibers of the outer hair cells, and in
the cell membrane of the spiral ganglion cells. The
satellite glial cells were devoid of positive staining.
These findings are in line with those of McLean et
al., who performed double-labeling experiments
with antibodies against NKA and other markers
to identify specific inner ear structures.? These
authors found NKA a3 expression in the type I
spiral ganglion somata, fibers contacting the inner
and outer hair cells, and organ of Corti. Of interest,
they also reported that unmyelinated type II spiral
ganglion neurons, which innervate the cochlear
outer hair cells, do not show any expression of
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NKA a3. Their suggestion was that NKA a3 is
restricted to the afferent type I neurons, which are
bipolar, myelinated fibers, and innervate the inner
hair cells.>*!

In our study, in older mice, we observed a loss
of spiral ganglion cells and significantly reduced
intensity of immune staining. Previous findings
suggest that NKA a3 works under conditions of
strong Na" accumulation and ensures the ability of
neurons to sustain tonic, high-frequency activity.”
Blocking NKA activity using the cardiac glycoside
ouabain in gerbils causes spiral ganglion neuron loss
with little effect on function or morphology of the
inner and outer hair cells. Fittingly, these specimens
show relatively normal otoacoustic emissions and
cochlear microphonics but increased ABR and
cochlear whole-nerve action potential thresholds.
For this reason, the ouabain-exposed gerbil is
considered a model of auditory neuropathy."? In
our study, using electron microscopy, we observed
degeneration of synapses and spiral ganglion cells in
the older animals. Swelling and vacuolization at the
basal pole of the inner hair cells indicated ongoing
synaptopathy. Some of the spiral ganglion cells
showed altered morphology, with degeneration of
the myelin sheaths, whereas others were necrotic,
with emptying of the cellular contents.

People with the same pure-tone hearing
threshold can have very different results on speech
recognition tests. In addition, those with normal
hearing thresholds on the pure-tone audiogram
can have difficulty in complex listening situations,
including background noise, multiple talkers, or
reverberation.® The cause of this phenomenon,
called auditory neuropathy, is an impairment of
auditory nerve function without degeneration of
outer hair cells.* The degeneration of auditory
structures that are important for complex auditory
tasks such as speech understanding in noise can
occur independently of age-related decline in
threshold sensitivity.” Because of this phenomenon,
it is important for clinicians to administer a speech
recognition test in patients with a normal hearing
threshold if they have difficulties in understanding
speech in everyday situations. Our results suggest
that an age-related decrease in NKA o3 could
induce auditory neuropathy in the elderly, leading
to poor speech recognition in a noisy environment.
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Conclusion

In this study, we found decreased expression of NKA

a3

in spiral ganglion neurons of aged C57BL/6J

mice. In the same animals, electron microscopy
revealed degeneration of spiral ganglion cells,
along with swelling and vacuolization at the basal
pole of the inner hair cells, indicating ongoing
auditory neuropathy:.
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