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Deficiency of sphingomyelin synthase-1 but not
sphingomyelin synthase-2 causes hearing impairments
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Neuroscience

Key points

e Sphingomyelin (SM) is a structural component of plasma membrane and may participate in
signal transduction. The role of SM metabolism in hearing remains controversial.

e Here we examined hearing in mice deficient of SM synthase-1 (SMS1) or SMS2, and show that
only deficiency of SMSI causes hearing loss.

e The hearing loss in SMS1 knockout mice is attributable at least in part to a reduction of
endocochlear potential.

e The reduction of endocochlear potential is attributable at least in part to atrophy of the cochlear
stria vascularis and its altered expression of K™ channels.

e Our results establish that SMS1 is essential for normal inner ear function.

Abstract Sphingomyelin (SM) is a sphingolipid reported to function as a structural component
of plasma membranes and to participate in signal transduction. The role of SM metabolism
in the process of hearing remains controversial. Here, we examined the role of SM synthase
(SMS), which is subcategorized into the family members SMS1 and SMS2, in auditory function.
Measurements of auditory brainstem response (ABR) revealed hearing impairment in SMSI~/~
mice in a low frequency range (4—16 kHz). As a possible mechanism of this impairment, we found
that the stria vascularis (SV) in these mice exhibited atrophy and disorganized marginal cells.
Consequently, SMS1~/~ mice exhibited significantly smaller endocochlear potentials (EPs). As a
possible mechanism for EP reduction, we found altered expression patterns and a reduced level
of KCNQI channel protein in the SV of SMS1~/~ mice. These mice also exhibited reduced levels
of distortion product otoacoustic emissions. Quantitative comparison of the SV atrophy, KCNQI
expression, and outer hair cell density at the cochlear apical and basal turns revealed no location
dependence, but more macrophage invasion into the SV was observed in the apical region than
the basal region, suggesting a role of cochlear location-dependent oxidative stress in producing
the frequency dependence of hearing loss in SMSI~/~ mice. Elevated ABR thresholds, decreased
EPs, and abnormal KCNQI expression patterns in SMSI~/~ mice were all found to be progressive
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with age. Mice lacking SMS2, however, exhibited neither detectable hearing loss nor changes in
their EPs. Taken together, our results suggest that hearing impairments occur in SMSI~/~ but
not SMS2~/~ mice. Defects in the SV with subsequent reductions in EPs together with hair cell
dysfunction may account, at least partially, for hearing impairments in SMS1~/~ mice.

(Resubmitted 2 May 2012; accepted after revision 25 May 2012; first published online 28 May 2012)
Corresponding author W.-J. Song: Department of Sensory and Cognitive Physiology, Graduate School of Medical
Sciences, Kumamoto University, Kumamoto 860-0811, Japan. Email: song@kumamoto-u.ac.jp

Abbreviation ABR, auditory brainstem response; DAPI, 4,6-diamidino-2-phenylindole; DPOAE, distorted product of
otoacoustic emission; EP, endocochlear potential; KO, knockout; PP, potassium potential; RT, room temperature; SM,
sphingomyelin; SMS, sphingomyelin synthase; SPL, sound pressure level; SV, stria vascularis.

Introduction

Sphingolipids are important membrane structural
components that participate in signal transduction
(Hannun & Obeid, 2002; Merrill, 2002, Spiegel & Milstien,
2002). Accumulating evidence indicates that sphingolipids
are involved in several neural functions, such as channel
gating (Xu et al. 2008), synaptic transmission (Darios
et al. 2009), and learning and memory (Dunbar et al.
1993; Inokuchi er al. 1997). Recently, several studies
have suggested a role for sphingolipids in hearing. For
example, knockout (KO) mice that are genetically devoid
of ganglioside GM3 synthase exhibit complete hearing
loss (Yoshikawa et al. 2009). Similarly, deficiency of
the sphingosine 1-phosphate receptor S1P, also causes
profound hearing loss (MacLennan et al. 2006; Herr ef al.
2007; Kono et al. 2007).

Sphingomyelin (SM) is a major species of
sphingolipids. The synthesis of SM from ceramide
and phosphatidylcholine is mediated by SM synthase
(SMS), which is subcategorized into the family members
SMS1 and SMS2 (Huitema et al. 2004; Yamaoka et al.
2004; Tafesse et al. 2006). While SMS1 is localized
in the Golgi apparatus, SMS2 is found in the plasma
membrane in both neuronal (Kidani et al. 2012) and
non-neuronal cells (Huitema ef al. 2004). The expression
of both enzymes has been studied at the organ level,
and is found in a variety of organs including the brain
(Huitema et al. 2004; Yang et al. 2005). Recently, it has
been shown that SMS1 deficiency impairs endocrine
(Yano et al. 2011) and immune (Dong et al. 2012)
functions, while SMS2 deficiency ameliorates high fat
diet-induced obesity (Li et al. 2011; Mitsutake et al.
2011), attenuates lipopolysaccharide-induced lung injury
(Gowda et al. 2011), reduces atherosclerosis (Liu et al.
2009), and reduces the expression of drug transporters
in the brain (Zhang et al. 2011). SM is hydrolysed into
phosphocholine and ceramide by sphingomyelinase
(Jung et al. 2000; Hannun & Obeid, 2002). A previous
study reported that mutations of sphingomyelinase cause
Niemann-Pick disease, which is associated with hearing
loss (Konagaya et al. 1989). A recent study, however,

reported normal auditory brainstem responses (ABR)
in every subject in a sample of seven Niemann-Pick
patients with sphingomyelinase-deficiency (Mihaylova
et al. 2007). The relationship between SM metabolism
and hearing thus requires further investigation. Here,
we addressed this issue by examining hearing in SMS1-
and SMS2-deficient mice. Our results revealed that while
SMS1~/~ mice exhibited progressive hearing loss in the
low frequency range, the hearing abilities of SMS2~/~
mice were no different from their SMS2/* controls. In
addition, we observed a decrease in the endocochlear
potential (EP), atrophy of the stria vascularis (SV), and
altered expression of the KCNQ1 channel in the SV in the
inner ear of SMS1~/~ mice. These findings may at least
partially account for the hearing impairments in these
animals. Moreover, the results also revealed a greater
increase of macrophage invasion into the SV at the apical
region compared with the basal region of the cochlea
in SMSI~/~ mice, possibly explaining the frequency
dependence of hearing loss in the animals.

Methods
Genotyping

All experiments were approved by the Committee for
Animal Experiments of Kumamoto University, and were
carried out in accordance with the Guidelines for
Animal Experimentation of Kumamoto University. As we
reported previously, SMS1- and SMS2-deficient mice were
generated using D3 stem cells, and backcrossed with the
C57BL/6 strain for three generations (SMS1 KO) or 10
generations (SMS2 KO) (Mitsutake et al. 2011; Yano et al.
2011). Thus, all mice used here were 129/Sv-C57BL/6
mixed-background littermates from heterozygote crosses.
Although SMS1 KO mice suffer from postnatal mortality
due to sudden death (Yano et al. 2011), all mice used in
the current study appeared healthy.

Exon 2 of the SMSI gene was replaced by a neo cassette,
and PCR-based genotyping was performed using primer
pairs that target either exon 2 or the neo cassette (Yano et al.
2011). SMS2-deficient mice were generated by targeting
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exon 2 of SMS2 and genotyped in a strategy similar to
that used for the SMS1-deficient mice (Mitsutake et al.
2011). The procedures used for DNA extraction, primer
sequences, and PCR reaction conditions to complete the
genotyping followed the procedures described by Yano
et al. (2011) and Mitsutake et al. (2011).

ABR measurements

All mice were anaesthetized with a mixture of ketamine
(72 mg (kg weight)™") and xylazine (7.2 mgkg™'). An
adequate degree of anaesthesia was verified by the absence
of reflexes in response to toe pinches. ABRs to the
acoustic stimuli were recorded as the potential difference
between the left ear lobe and the vertex, using sub-
cutaneous wire electrodes. Click stimuli (one-cycle sine
wave, 0.1 ms duration) and tone bursts (4, 6, 8, 16, 24
and 32kHz; 1 ms rise/fall cosine ramp, 1 ms plateau)
were generated digitally at a sampling rate of 97.7 kHz
and delivered via a speaker positioned 10 cm from the
ear. Sound stimuli were first applied at 20-80 dB sound
pressure levels (SPLs) with 10 dB steps between the levels
to find the gross response threshold. The SPL was then
finely adjusted from the gross threshold at 3 dB steps to
determine the precise ABR threshold. The ABR threshold
was defined as the lowest sound intensity at which the
signal exceeded three times the standard deviation (SD) of
baseline noise (baseline: 10 ms recording before stimulus
onset). Acoustic stimulus generation and delivery were
performed using Tucker-Davis Technologies (Alachua, FL,
USA) System III hardware and software, as reported pre-
viously (Nishimura ef al. 2007). The SPL was calibrated
either with a Briiel & Kjar sound level meter (type 2610
with a model 4191 microphone, Briiel & Kjar, Nerum,
Denmark) or a portable sound level meter (LA-5111, Ono
Sokki, Kanagawa, Japan) which reported dB values close
to those reported by the Briiel and Kjar meter (2 dB).
For each stimulus condition, 3000 trials with an inter-trial
interval of 0.1 s were conducted. The signal was amplified
100,000-fold, filtered (15 Hz—10 kHz), and averaged across
the trials. All data acquisition and analyses were conducted
with custom-made software. The body temperature was
maintained at 38 +0.3°C. Recordings were taken in a
sound-attenuating chamber.

Otoacoustic emissions measurement

All mice were anaesthetized as described above, and
their pinnae were removed. A probe microphone/speaker
system with two speaker ports (ER10B4, Etymotic
Research, Inc., Elk Grove Village, IL, USA.) was fitted
tightly into the ear canal. Two closed-field speakers (EC-1,
Tucker-Davis Technologies, Inc.) were connected to the
ER10B+ ports. Two primary tones (1s duration with
20 ms rise/fall cosine ramp; f,/f; =1.22, f, varied at a
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one-fourth octave step from 4 to 29 kHz) were generated
as described above, and routed separately to the two EC1
speakers, at SPL1 =75 dB and SPL2 =65 dB. The SPL
was calibrated in a 0.1 ml coupler (Polesskaya ef al. 2010),
using a Briel and Kjar 1/4” pressure field microphone
(model 4938), which has a flat frequency response from
4 Hzto 70 kHz. The calibration was conducted for primary
tones and all distortion product of otoacoustic emission
(DPOAE) components. The DPOAE response from the
ER10B+ microphone was amplified by 20 dB and digitized
at 150 kHz using an A/D converter (PCI-MIO-16E-1,
National Instruments, Inc., Austin, TX, USA). All data
acquisition and analysis was performed using custom
software written in Matlab (The Mathworks, Inc., Natick,
MA, USA). The recordings were repeated 10 times at an
interval of 20 s and averaged in the time domain. The noise
level was estimated by averaging three adjacent frequency
bins that were above and below the DPOAE frequency.

EP and K* concentration measurements

EP and K" concentrations were measured simultaneously
using a double-barrel electrode in mice anaesthetized as
described above, following previously reported methods
(Nin et al. 2008). Briefly, one barrel was silanized with
dimethyldichlorosilane (5% in toluene), filled with a K*
exchanger solution (IE190, WPI, Sarasota, FL, USA) in the
tip, and back-filled with a 150 mMm KCl solution, to measure
the K™ concentration. The other barrel was filled with a
150 mM NaCl solution to measure the EP. Each barrel was
connected to a separate channel of a high-impedance dual
channel electrometer (FD223a, WPI). A reference AgCl
electrode was placed in the neck muscle. Signals from the
electrometer were amplified and digitized at 100 Hz using
an A/D converter (N19205, National Instruments, Inc.).
All data acquisition and analysis was performed using
custom software written in Matlab. For recording, the
tympanic bulla was removed through the lateral approach.
A small hole was carefully made in the middle turn of the
cochlea to expose the spiral ligament, using a fine drill.
The electrode was advanced through the spiral ligament,
and a sudden increase of potential signalled the entrance
of the microelectrode tip into the endolymph. Recordings
were used for analysis only when the EP was stable for
>1 min. Before and immediately after each experiment, the
ion exchanger-filled microelectrode was calibrated using
a series of KCl solutions that ranged in concentration
from 5 mM to 160 mM. The results of the calibration were
fitted with the Nicolski equation in the form: V.= V,+
S x log(a[K*] 4+ Aa[Na't]), where V is KT potential,
V, is offset, S is slope, a is activity coefficient, and A is
ion selectivity. Only electrodes with a slope greater than
55 mV per 10-fold increase in ionic strength were used for
recording. Recordings were used for analysis only when
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the difference in the values of the slopes obtained from the
calibrations before and after the recording was less than
2%. The endolymph K" concentration was determined
from the calibration curve obtained after each recording,
using the voltage difference between the potential from
the ion exchanger-filled barrel and the EP.

Histochemistry

Animals were transcardially perfused with 4%
paraformaldehyde in 0.1M phosphate buffer under
deep anaesthesia (ketamine 100 mgkg™' and xylazine
10mgkg™'). The inner ear at both sides was then
harvested and fixed in 4% paraformaldehyde for an
additional 1-2 days, before decalcification with 10%
ethylenediaminetetraacetic acid for 2 days at room
temperature (RT) or 3 days at 4°C. In each animal, one
cochlea was sectioned, whereas the other cochlea was
used for flat-mount tissue preparations. For sectioning,
the decalcified cochlea was cryoprotected in a series of
sucrose in phosphate buffered saline (PBS) solutions,
and sectioned at 6 um thickness with a cryostat. For
flat-mount preparations, the cochlea was dissected into
apical, middle and basal turns. The basilar membrane
with cochlear hair cells was then separated from the
cochlear lateral wall tissue which included the SV. The
tissues were then cut into several pieces to allow them to
be flattened on a glass slide.

F-actin staining was performed to visualize cochlear
hair cells and marginal cells of the SV. Pieces of
cochlear tissues were incubated in rhodamine-conjugated
phalloidin (Invitrogen R415, 1:200) in PBS with 0.1%
Triton X-100 for 30 min at RT.

For KCNQ1 immunohistochemistry, cochlear sections
were blocked with PBS containing 5% normal donkey
serum and 0.1% Triton X-100 for 1h at RT. The
sections were then incubated with a goat anti-KCNQI
polyclonal antibody (Santa Cruz sc-10646, 1:200; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) over-
night at 4°C, followed by reaction with an Alexa Fluor
488-conjugated donkey anti-goat IgG (Invitrogen A11055,
1:500) for 1-2 h at RT. All sections were counterstained
with 4,6-diamidino-2-phenylindole (DAPI).

Western blotting

Three-month-old SMSI™/* and SMSI~/~ mice (10 of
each genotype) were decapitated under deep anaesthesia
as described above and the cochlea was harvested. SV
fractions from each genotype were dissected in cold
PBS, and lysed with a sample buffer (50 mm Tris-HCI,
pH 6.8, 10% glycerol, 2% SDS, 0.1% bromophenol
blue, and 6% 2-mercaptoethanol) overnight at 4°C.
Samples were not subjected to heat treatment prior
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to Western blot analysis to avoid degradation. Other
methods of Western blot analysis followed previously
described procedures (Yamagata et al. 2011), except
that the anti-KCNQI1 antibody was from Santa Cruz
(sc-10646, 1:300) and that glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was also analysed as a control
protein using an antibody from Sigma (G9545, 1:10,000).
Proteins were visualized using ECL western blotting
detection reagents (GE Healthcare) and images were
obtained and analysed with a LAS 4000 imaging system
(Fuji Film, Tokyo, Japan).

Data analyses

To quantify the apical membrane area size of the
strial marginal cells, phalloidin-stained compartment
boundaries were determined using NIH Image]J software
and manually verified. The area sizes were then measured
using the software. For evaluating pigmentations in the
SV, brightfield images of flat-mount SV tissues were
acquired, converted into 8-bit images, and binarized after
subtracting the background noise, again using Image]
software. The percentage of total area of binarized signals,
i.e. the pigmented area, to the area of SV was calculated
and compared between SMSI~/~ and SMSI*/* mice, at
the apical and basal levels of the cochlea. For evaluating
atrophy of the SV, the SV width (width along the
base-to-apex direction) was measured as the distance
between the two points of SV, where its thickness decreased
to half of the maximum, along the SV surface; the ratio of
the SV width to the width of the lateral wall in the scala
media was then calculated. The width of the lateral wall
was measured as the distance between its two ends, defined
by the Reissner’s membrane and the basilar membrane,
respectively, along the lateral wall surface in the scala
media. KCNQ1 expression at the apical surface of SV was
evaluated by the ratio of KCNQ1-positive length to the
width of SV.

All data are described either as means =+ standard error
of the mean (SEM) (Fig.1, Fig.3, and Fig.6) or as
means £ SD (Fig. 2 and Fig. 4-5). Student’s ¢ test was used
to test for group differences. Differences were considered
statistically significant if P < 0.05.

Results
ABR tests

SMSI- and SMS2-deficient mice were generated and
genotyped as reported previously by our group (Mitsutake
etal. 2011; Yano ef al. 2011). To test hearing in these mice,
we examined the ABR threshold using a click stimulus. As
shown in Fig. 14, and in agreement with previous reports
(Yoshikawa et al. 2009), ABRs in mice occurred 1-6 ms

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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after stimulus onset. The ABR threshold was defined as
the lowest SPL required to induce an ABR exceeding three
times the SD of baseline noise (see Methods). As shown
in Fig. 1 A, the ABR threshold in the SMS1 —/~ mouse was
elevated compared with the threshold in the SMSI*/*
mouse. Figure 1B shows the ABR threshold results in
SMSI~/~ animals at 1 month, 3 months, and 6 months
of age and in SMS2~/~ mice at 3 months of age. The
ABR threshold in the SMSI~/~ mice was significantly
higher than that in age-matched SMSI™/™ mice, at all
ages (P < 0.01). There was also a clear elevation of ABR
threshold in SMSI~/~ mice that were 1-3 months of age
(P < 0.01). In contrast, SMS2~/~ mice exhibited low ABR
thresholds that were not significantly different from those
of their SMS2™/* control (P> 0.05; Fig. 1B, right end).

Sphingomyelin synthase and hearing
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These results clearly show that SMSI1~/~ mice exhibited
hearing impairments, whereas SMS2~/~ mice did not.
Moreover, the hearing loss in SMSI~/~ mice showed an
age-related progression.

To test the frequency dependence of hearing loss in
SMSI~/~ mice, we examined the ABR threshold with
tones of different frequencies. As shown in Fig. 1C-E,
hearing impairments occurred at lower frequencies for
all age groups tested. At 1 month of age, hearing loss was
most prominent at 4 kHz, whereas at 3 and 6 months the
most severe hearing loss occurred at 8 kHz (Fig. 1C-E).
We also examined the frequency dependence of the ABR
threshold in SMS2~/~ mice, and again found no difference
from their SMS2*/* controls at any frequency (Fig. 1F),
consistent with observations using click stimulation.
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Because SM is also a component of axonal myelin
sheath, changes may also be expected in the conduction
velocity of axons in the KO mice. As a rough estimate of
conduction time, we measured the interval from the first
peak to the fifth peak in the ABR waveform in response to a
click stimulation at 60 dB. The interval was 3.19 4= 0.12 ms
in SMSI*/* mice (n=8),3.32 £ 0.07 msin SMSI~/~ mice
(n=9), 329+ 0.04 ms in SMS2™/* mice (n=6), and
3.33 4 0.06 ms in SMS2~/~ mice (n=6) (all at 3 months
of age). No significant differences were found between
these groups (P > 0.05).

Cochlear function in the KO mice

The elevation of the ABR threshold in SMSI~/~ mice
means that the SPL required to induce the first peak of the
ABR response, which reflects cochlear activity, was also
elevated (see Fig. 1A). This finding suggests dysfunction
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of the cochlea, consistent with our observation that SMS1
mRNA was expressed in the cochlea of SMSI*/* mice
(Fig. S1). Because SMSI~/~ mice were not completely
deaf (Fig. 1), we suspected that mechanisms in the cochlea
that enhance cochlear sensitivity may be impaired in
these mice. We therefore first examined the EP and
endolymph K* concentration, then otoacoustic emissions
in the SMS1~/~ mice.

We used a double-barrelled microelectrode to examine
EPs and endolymph K* concentrations at the same
time (Fig.2A), in animals across different ages. As
shown in Fig.2B and C, the EP in the SMSI*/*
mice exhibited a value close to 100 mV (98.0 4.5 mV,
n=10, at 1month of age; 96.1£55mV, n=38, at
3 months of age; and 97.7 & 6.7 mV, n= 12, at 6 months
of age; no significant difference was found among these
groups; P> 0.05), in agreement with previous reports in
wild-type animals (Kitajiri et al. 2004; Yoshikawa et al.
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Figure 2. Measurement of the EPs and endolymph K* concentrations

A, a schematic diagram illustrating the method for simultaneous recording of the EPs and K™ potentials (PPs). B,
representative recordings of EPs and PPs from the cochlea of an SMS7#/+ mouse and an SMS7~/~ mouse, both
at 3 months of age. C, summary of EPs recorded from age-matched SMS7+/* and SMS7~/~ mice. D, comparison
of K* concentration in 3-month-old SMS1+/+ and SMS1~/~ mice. E, EPs in SMS2*/+ and SMS2~/~ mice. ns: not

significant.
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2009). The EPs in SMSI™/~ mice at 1month of age
(79.7 £ 4.5mV, n=2_8), 3 months of age (65.5+4.9mV,
n=10), and 6 months of age (68.7 == 4.5 mV, n = 8) were
all found to be significantly reduced compared with
age-matched SMSI*/* controls (Fig. 2Band C; P < 0.01).
The potentials in 3-month-old and 6-month-old SMS1~/~
mice were also significantly lower than that of the
1-month-old animals (Fig. 2C; P < 0.01).

In accord with previous reports on wild-type animals
(Kitajiri et al. 2004; Yoshikawa et al. 2009), the K*
concentration in the endolymph of SMSI™/* mice was
144.4 £ 10.2 mMm (Fig. 2D; n=11). The K" concentrations
in the endolymph of age-matched SMSI~/~ mice were
found to have similar values (146.94+9.0mmM, n=29,
P> 0.05; Fig. 2D).

EPs in SMS27/~ mice either at 1month of
age (98.0+8.0mV, n=6) or at 6months of age
(95.4 +3.8mV, n=38) were not significantly different
from those in the SMS2t/* mice (97.3+£6.1mV, n=6
at 1 month; P> 0.05; Fig. 2E). These EP values were also
not significantly different from those in the SMSI*/* mice
(P>0.05).

We examined otoacoustic emissions in the frequency
range of 4kHz to 29kHz by fitting a probe
microphone/speaker system to the ear canal. Figure 3A
shows an example of a DPOAE measurement from
a 3-month-old SMSI™/* mouse. Application of two
primary tones of frequencies f, and f, (f2/f1 =1.22)
induced distortion components of 2f; — f5, 3f; — 2f,, and
4f, —-3f,, among which the cubic component 2f, —f,
had the largest magnitude (Fig.3A). We compared the
2f1 —f, component measured at different frequencies in
KO and control animals (Fig. 3B). The component was
significantly smaller in SMSI~/~ mice in the middle
frequency range (8—16kHz) than in SMSI*/* controls
(P <0.01, Fig. 3B).

Cochlear histology

The observation of smaller EPs in SMSI~/~ mice, as
described above, suggests alterations in the cochlear SV of
the SMS1~/~ mice because the SV is known to play a vital
role in the generation of EPs (Wangemann, 2002; Hibino
etal. 2010). Histological examination of the cochlea indeed
revealed alterations in SMSI~/~ mice. Figure 4A and B
show a hematoxylin and eosin-stained section through
the middle turn of the cochlea in a 3-month-old SMSI1™/*
mouse, and an age-matched SMSI~/~ mouse, respectively.
Although there was no clear change in the organ of Corti,
hair cell, or spiral ganglion, atrophy of the SV was observed
in the SMSI~/~ mouse. As shown in Fig. 4B, the SV at
regions towards the apical end and the basal end appeared
much thinner in SMSI~/~ mice compared with SMSI*/+
controls (Fig. 4B, arrows). Because previous studies have
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established a place-frequency map in the mouse cochlea
(Miiller et al. 2005), we quantitatively examined SV
atrophy at the apical, middle and basal turns of the
cochlea to explore cochlear mechanisms for the frequency
dependence of hearing loss in SMS1~/~ mice. Because the
ends of SV appeared vague in cross sections (Fig. 4A and
B), we defined the ends of SV as the point at which SV
thickness reduced to half of its maximum, and defined the
width of SV (width in the base-to-apex direction) as the
distance between the defined ends, along the SV surface.
As shown in Fig. 4C, the SV width was significantly shorter
in SMSI~/~ mice than in age-matched SMSI*/* controls,
at all cochlear locations, and for both 3-month-old and

A
0
f1
-20
f2
@ -40
-~ 2f1-f2
[0)
E -60
= 3f1-2f2
€
< -80 }
4f1-3f2
-100
-120 : :
5 10 15 20 25 30
Frequency (kHz)
B
-+ SMs1**
35 /-
-O- SMS1
51 noise level
- 15
)
m 5
z
& 5
& .
1454 T N
T
25 s I
‘\I’l
35 T T T 1
4 8 16 32

f2 frequency (kHz)

Figure 3. DPOAE test results in SMS71*/* and SMS71~/~ mice at
3 months of age

A, a representative DPOAE result from an SMS7+/+ mouse. B,
frequency dependence of the 271 — f, component in 3-month-old
SMS1+/+ (n = 12) and SMS1=/= (n = 17) mice.
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6- to 7-month-old animals. To test cochlear location
dependence, we normalized the SV width to the width
of the lateral wall, measured between its two ends defined
by the Reissner’s membrane and the basilar membrane,
respectively. As shown in Fig. 4D, although the ratio was
significantly smaller in the KO animals than SMSI™/*
controls at all cochlear locations and at both ages, we
found no difference between cochlear locations. The
reduction in the ratio in the KO animals was attributable to
reduction in SV width, because the lateral wall width was
independent of genotype (width in um in 3-month-old
mice: apical: SMSIT/* (286.4 £15.8, n=6), SMSI~/~
(299.24+18.7, n=6), P>0.05 middle: SMSI*/*
(361.5432.8, n=6), SMSI~/~ (362.54+25.0, n=6),
P >0.05; basal: SMSI1/* (445.7 £24.0, n=15), SMSI~/~
(445.8 £29.0, n=6), P> 0.05. 6- to 7-month-old: apical:
SMSIT/* (302.9+9.8, n=4), SMSI™/~ (311.5+7.9,
n=>5), P>0.05; middle: SMSI*/* (375.1 +5.6, n=4),
SMSI™/~(399.9+11.6, n=5), P> 0.05; basal: SMSIH/*
(456.8 & 20.0, n=4), SMSI~/~ (453.3+17.8, n=5),
P>0.05).

In addition to the shrinkage of SV in the SMSI~/~ mice,
F-actin staining with phalloidin revealed disorganization
of marginal cells of the SV in these mice. At the SV
surface, phalloidin labels the tight junctions connecting
marginal cells and thus reveals the shape and size of the
apical membrane of individual marginal cells (Jabba et al.
2006). As shown in Fig. 4Ea, marginal cells at the middle
turn of the cochlea in SMSI*/* animals at 3 months
of age exhibited polygonal shapes, but the size of the
cells appeared rather uniform across the epithelium. In
contrast, marginal cells in age-matched SMSI™/~ mice
showed marked variation in their sizes (Fig.4Fa). For a
quantitative comparison, we measured apical membrane
area size in both SMS1~/~ and SMSI*/* mice using NIH
Image] software. The mean apical membrane area size
was 122.0 um? with an SD of 30.7 um? (210 cells from
three animals) in control mice, and 118.9 wm? with an SD
of 90.1 um? (239 cells from three animals) in SMSI~/~
mice. The sizes in the control animals could be well fitted
with a Gaussian function (Fig. 4Eb; P < 0.05, x* test). In
contrast, the distribution of the sizes in SMSI~/~ mice
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was strongly skewed towards the right and could not be
fitted with a Gaussian function (Fig. 4Fb; P > 0.05, x* test),
but could be approximated with a Rayleigh function with
a scale parameter of 105.4 (Fig.4Fb; P <0.05, x* test).
Although we did not compare marginal cell size at different
cochlear locations in a quantitative manner, the change
in the KO animals appeared to be largely independent
of cochlear location. At 6 months of age, although there
was no obvious change in SMSI*/* animals, marginal
cell boundaries defined by phalloidin staining in SMS1~/~
mice became vague (data not shown).

The histological results described above may explain in
part the reduction in EP, but do not appear to explain
the frequency dependence of hearing loss in SMSI~/~
mice. To further explore the mechanisms underlying the
frequency dependence of hearing loss in the KO mice, we
examined the density of outer hair cells. The abnormalities
of DPOAE in SMS1~/~ mice described in Fig. 3 also suggest
alterations of the hair cells in these animals. Loss of hair
cells in SMS1~/~ mice, however, was limited, and we found
no significant difference in outer hair cell density between
SMS17/~ and SMSI™/* mice, at either the apical turn or
the basal turn of the cochlea, and at either 3 months of age
or at 6-7 months of age (Fig. S2).

KCNQ1 expression in the strial marginal cells

The attenuated EPs in SMSI~/~ mice described above
may partially account for the hearing impairments in
these animals, and the abnormalities of the SV in
SMSI7/~ mice may partially explain the attenuated
EPs. To further explore the mechanisms underlying the
attenuated EPs and the frequency dependence of hearing
loss in SMSI~/~ mice, we examined the expression
of KCNQI, a voltage-dependent potassium channel in
the SV that plays an essential role in controlling EPs
(Wangemann, 2002; Hibino et al. 2010). Immunostaining
of KCNQI in the SMSI*/* mouse cochlea (3 months
old) revealed that the channel was expressed exclusively
on the apical surface of strial marginal cells (Fig.5A,
green), in accord with previous reports in wild-type
animals (Sakagami et al. 1991; Jabba et al. 2006). Figure 5B

Figure 4. Morphological abnormalities of the SV in SMS1~/~ mouse cochleaA and B, haematoxylin- and
eosin-stained cochlear sections at the middle turn in 3-month-old SMS7+/+ (A) and SMS7~/~ (B) mice. Arrowhead
points to the SV. Note the shrinkage of the SV at locations indicated by the arrows in the SMS7~/~ mice (B). C
and D, summary of SV width (C) and the ratio of SV width to lateral wall width (D) at the apical (A), middle (M)
and basal (B) turns of cochleae from SMS7+/* and SMS7~/~ mice at 3 months of age (n = 6 for each genotype),
and at 6-7 months of age (SMS71*/*, n=4; SMS1~/=, n=5). Ea and Fa, phalloidin-stained strial marginal cells
in flat-mount cochlear lateral wall preparations. Eb and Fb, histograms of marginal cell apical membrane area size
in age-matched SMS7+/+ (Eb, 210 cells from 3 animals) and SMS7~/~ (Fb, 239 cells from 3 animals) mice. The
size in SMS1+/* mice was fitted with a Gaussian function (Eb, P < 0.05, x? test), and the size in SMS7~/~ mice
was fitted with a Rayleigh function (Fb, P < 0.05, x? test). Abbreviations: OC, the organ of Corti; RM, Reissner’s
membrane; SG, spiral ganglion; SL, spiral ligament. Scale bars: B = 0.2 mm and also applies to A; Fa = 20 um and

also applies to Ea.
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shows the staining pattern in a 1-month-old SMS1™/*
mouse (Fig. 5Ba) and an age-matched SMSI~/~ mouse
(Fig. 5BD). It is clear from the figure that while staining
in the SMSI*/* mouse appeared rather continuous across
the SV (Fig. 5Ba), some locations in the SMS1~/~ mouse
appeared to be deprived of staining (Fig. 5Bb, arrowhead).
In 3-month-old SMSI~/~ mice, more sites lacked staining
(Fig. 5Cc, arrowheads). At this age, aberrant expression
of the channel was also observed at locations other than
the apical surface of marginal cells (Fig. 5Cb, arrows). In
7-month-old animals, the staining of KCNQ1 at the apical
surface of SMSI™/~ mouse marginal cells became only
punctuate (Fig. 5Db, d), and aberrant expression within
the parenchyma of the SV (Fig.5Db, arrows) became
comparable to that on the apical surface.

To examine cochlear location dependence and age
dependence of KCNQI expression, we quantified the
expression by measuring the fraction of KCNQ1-positive
length along the SV surface. As shown in Fig.5E, the
fraction was close to one for all SMSIt/* mice, but was
significantly reduced in SMSI™/~ mice, at all cochlear
locations. The results also revealed an age-dependent
reduction at all cochlear locations (Fig. 5E). However, we
found no significant difference between cochlear locations
(Fig. 5E).

To quantify the protein level of KCNQI in the SV, we
performed Western blot analysis. As shown in Fig. 5F,
the expression of KCNQI in 3-month-old SMSI~/~ mice
was markedly reduced. The expression level of KCNQ1
in SMSI~/~ mice, normalized to the level of GAPDH
expression, was 60% of that in the age-matched controls
(Fig. 5F).

Pigmentation in the SV

Although the above analyses shed some light on the
mechanisms underlying hearing loss in SMSI~/~ mice,
the mechanism underlying the frequency dependence
of hearing loss remains elusive. Our previous study of
SMS17/~ mice demonstrated increased reactive oxygen
species in these animals (Yano ef al. 2011). In the cochlea,
oxidative stress is known to induce macrophage invasion
into the SV (Jabba et al. 2006, Singh & Wangemann,
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2008). We thus examined macrophage invasion of the SV
at different cochlear locations and at different ages. As
shown in Fig. 6A—D, macrophages were visible in trans-
mission images of the SV by their pigmentation (Jabba
et al. 2006), and there appeared to be more pigmentation
in the KO animals. We quantified macrophage invasion
by calculating the ratio of the area of pigmentation to the
area of the SV, and found a significant enhancement at
the apical turn in SMS1~/~ mice compared with SMSI1*/+
mice, but not at the basal turn, at 3 months of age (Fig. 6E).
There was also a tendency for more pigmentation at the
apical turn than the basal turn in KO animals, at both
3 months of age and 6-7 months of age (Fig. 6E).

Discussion

In the present study, we demonstrated for the first
time that SMSI-dificiency caused hearing loss while
SMS2-dificiency did not. We showed that the hearing loss
in SMSI7/~ mice occurred in a low frequency range and
was progressive with age. The results also demonstrated
abnormalities in the inner ear of SMSI™/~ mice.
Specifically, we found atrophy of the SV, disorganization
of SV marginal cells, reduced EPs, altered expression of
the potassium channel KCNQ1 in marginal cells, and a
greater increase of macrophage invasion into the SV at
the apical cochlea. In addition, a reduced level of DPOAE
was observed in SMSI~/~ mice compared with SMSI*/*
controls.

Hearing loss in SMS1-/~ mice, but not in SMS2~/~
mice

Animmediate question raised by our results is why hearing
impairment was observed in SMSI1~/~ but not SMS2~/~
mice. However, the explanation for this phenomenon is
currently unclear. The results revealed that both SMSI
and SMS2 were expressed in the cochlea (see Fig. S1).
Previous studies have also demonstrated the expression
of both enzymes in the brain (Huitema et al. 2004;
Yang et al. 2005), although the exact expression pattern
of these enzymes in the auditory system is not known

Figure 5. Altered expression of KCNQ1 in the SV of SMS1~/~ miceAa, specific expression of KCNQ1 in the
SV in a 3-month-old SMS7+/* mouse cochlear section. KCNQ1 immunofluorescence (green in the boxed area)
was merged with a brightfield image of the section. Ab, an enlarged view of the boxed area in Aa. B-D, KCNQ1
immunostained SV sections of SMS1+/+ (Ba, Ca, Da and Dc) and SMS1~/= (Bb, Cb, Db and Dd) mice at 1 (B), 3 (C)
and 7 (D) months of age. Dc and Dd are enlarged versions of the boxed area in Da and Db, respectively. KCNQ1
signals (green) were merged with images of DAPI-stained cell nuclei (blue). E, fraction of KCNQ1 staining along
the SV surface in SMS1+/* and SMS7~/~ mice at 3 months of age (n = 5 for all genotypes) and at 6-7 months
of age (SMS1+/*, n=3; SMS1=/=, n=4). A, M and B represent apical, middle and basal turn of the cochlea,
respectively. F, Western blot analysis for quantification of the KCNQ1 expression level in 3-month-old mice. Scale
bars: Aa = 0.2 mm; Ab = 30 um; Db = 30 um and applies also to B, C and Da; Dd = 10 um and applies also to

Dc.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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at this time. It is known, however, that whereas SMS1
resides in the membrane of the Golgi apparatus, SMS2 is
primarily found in the cytoplasmic membrane (Huitema
et al. 2004; Tafesse et al. 2006; Mitsutake et al. 2011; Kidani
et al. 2012). SM synthesis starts with the formation of
ceramide in the endoplasmic reticulum, with ceramide
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being subsequently transported to the Golgi where SM
is synthesized by SMS1. Furthermore, SM cycles between
the Golgi and cytoplasmic membrane where SMS2 inter-
converts ceremide and SM (Tafesse et al. 2006). SMS1 thus
appears to be essential to SM synthesis, whereas SMS2
plays only a regulatory role (Yamaoka et al. 2004). Such
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Figure 6. Increased pigmentation in the SV of SMS71~/~ mice

A-D, brightfield microscope images of the SV in flat-mount cochlear lateral wall tissues, prepared from 3-month-old
SMS1+/+ (A and B) and SMS7~/~ (C and D) mice at the apical (A and C) and basal (B and D) turn of the cochleae.
The SV could be identified as a pigmented stripe (the area between the two dotted lines in each figure). Pigment
was accumulated more in the SMS7~/~ mice (C and D) than SMS7*/+ mice (A and B). Scale bar: 0.2 mm. E, the
percentage of pigmented area to the area of the SV at the apical (A) and basal (B) turns of cochleae in SMS71+/+
and SMS7—/~ mice, at 3 months of age (n =5 for both genotypes) and 6-7 months of age (SMS7+/*, n=5;

SMS1=/=,n=4).
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differential roles of SMS1 and SMS2 and their differential
subcellular localization should serve as clues for further
investigating why different phenotypes of KO animals were
observed here. Despite normal hearing ability, SMS2~/~
animals were recently found to exhibit alterations both at
the molecular and tissue level in a number of organs (Liu
et al. 2009; Gowda et al. 2011; Li et al. 2011; Mitsutake
et al. 2011; Zhang et al. 2011).

Features of the hearing impairment in SMS71~/~ mice

The results revealed several characteristic features of
the hearing impairment in SMSI~/~ mice. First, the
impairment was more prominent for low frequency tones.
Second, compared with the hearing impairments in mice
deficient in other lipid-related enzymes, the impairment
in SMSI17/~ mice was mild to moderate. For example,
the largest increase in the ABR threshold in SMSI~/~
mice was 40—-50 dB, compared with the control mice (see
Fig. 1). Mice genetically devoid of ganglioside synthase,
in contrast, exhibit complete hearing loss (Yoshikawa
et al. 2009). Third, the impairment was progressive with
age. Evidence from ABR experiments, EP recordings,
and KCNQI staining all suggests an age-dependent
progression of hearing impairment in SMSI~/~
mice.

It is now well known that a mutation of the cadherin
23 gene (Cdh23), increases the susceptibility of early onset
of age-related hearing loss (Noben-Trauth et al. 2003).
Our SMS1- and SMS2-KO mice were generated using
D3 stem cells, which originate from a 129 substrain,
backcrossed with the C57BL/6 strain; both strains carry
the Cdh23ahl allele (Noben-Trauth et al. 2003). Thus
a possible effect of Cdh23ahl allele on the early onset
and progressive nature of the hearing loss in SMS1~/~
mice must be considered. Among cochlear cell types, hair
cells and cells of the Reissner’s membrane are known
to express Cdh23 (Lagziel et al. 2005; Rzadzinska et al.
2005), raising the possibility of interaction between SMS1
and Cdh23 in these cells. Nevertheless, for the following
reasons, the hearing loss we observed in SMSI~/~ mice
appears primarily attributable to SMS1 deficiency. First,
the hearing loss in SMSI™/~ mice was observed by
comparison with SMSI*/* controls. Second, Cdh23ahl
allele-related hearing loss occurs in high frequency ranges
(Kane et al. 2012), in contrast to the hearing loss in low
frequency ranges in SMSI~/~ mice observed here. Third,
Cdh23ahl allele-related hearing loss is caused by a loss
of hair cells (Kane et al. 2012), but here we observed no
significant difference in hair cell loss between SMSI1~/~
and SMSIt/* mice. Rather, abnormalities in the SV of
SMS1~/~ mice appeared to be the primary mechanism for
hearing loss. Finally, Cdh23ahl allele-related hearing loss
starts from approximately 3 months after birth (Kane et al.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

Sphingomyelin synthase and hearing

4041

2012), buthearinglossin SMSI~/~ mice was observed here
from the first month.

Mechanisms for hearing loss in SMS1~/~ mice

Our results suggest that atrophy of the SV may, at
least in part, account for the hearing impairment in
SMSI17/~ mice. Reduction of the width of the SV and
the disorganization of the marginal cells may all result
in the attenuated EPs observed in these animals. EPs
add to the driving force for K* ions to enter hair cells
through mechanoelectrical transduction channels that are
activated upon acoustic stimulation. Loss of the EP thus
reduces the sensitivity of hair cells to sound stimulation
and leads to hearing impairment. The observation that
the progressive reduction in the EPs paralleled the ABR
threshold elevation (compare Fig.2C to Fig.1B) also
supports a causal role for EP attenuation in the hearing
loss of SMS1™/~ mice.

To explore the mechanisms for the attenuated EPs
in SMSI~/~ mice, we measured endocochlear K%
concentrations, but found no significant changes. Instead,
we found that KCNQI channels, which are normally
expressed on the apical membrane of all SV marginal
cells, were not expressed in some cells that faced the scala
mediain SMSI~/~ mice. Moreover, in these mice, aberrant
expression of KCNQI was found in the parenchyma of
the SV, presumably on the processes of marginal cells
within the SV. At the tissue level, the expression level of
KCNQ1 was also low in SMS1~/~ mice. KCNQ1 normally
passes KT from the cytoplasm of marginal cells to the
endolymph (Wangemann, 2002; Hibino et al. 2010). The
major component of the EP is created by the low K*
concentration in the intrastrial space, the extracellular
space confined by the two epithelial barriers of marginal
cells and basal cells of the SV, both of which are formed
by cells interconnected with tight junctions (Wangemann,
2002; Kitajiri et al. 2004; Hibino et al. 2010). The K*
concentration in the intrastrial space is regulated by ion
channels, pumps, exchangers, and transporters of both
the marginal cells and the basal cells (Wangemann, 2002;
Hibino ef al. 2010). Aberrant and reduced expression of
KCNQI in the marginal cells of SMSI~/~ mice may have
caused an increase of K™ concentration in the intrastrial
space, leading to attenuation of EPs. Hearing impairments
resulting from the loss of KCNQ1 channels in SV have
also been previously reported in mice deficient in the
lysosomal membrane protein LIMP2 (Knipper et al. 2006),
and mutations in the gene encoding KCNQ!1 @-subunit
have been shown to cause deafness (Neyroud et al. 1997).

It remains unclear whether the attenuation of the EP
is cochlear location dependent, and whether it explains
the frequency dependence of hearing loss in SMSI~/~
mice. We measured EPs from only one site in the end-
olymph because the mouse cochlea is too small to allow
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measurement at different locations. EPs are determined
not only by KCNQI channels; other channels such as
KCNJ10 and the Na*/K* pump also play essential roles
in creating the potential (Wangemann, 2002; Hibino
etal. 2010). Previous studies have demonstrated oxidative
stress-induced loss of KCNJ10 in the SV (Jabba et al.
2006; Singh & Wangemann, 2008). In light of the current
observation that the apical region of SMSI~/~ mouse
cochleae was more invaded by macrophages than the basal
region (see Fig.6), it is possible that the expression of
EP-related molecules other than KCNQI1 but including
KCNJ10, Cl~ channels and Cl~ transporters (Rickheit et al.
2008) is altered more in the apical region and causes a
greater drop in the EP.

To explore the mechanisms underlying the frequency
dependence of the hearing impairment, we measured
DPOAE. However, DPOAE in the SMSI~/~ mice was
found to be reduced at a middle frequency range of
8-16 kHz. DPOAE is a non-linear phenomenon, thought
to be produced by active processes within the cochlea.
Recent evidence suggests that it can be attributed to the
somatic motor of outer hair cells and the hair bundle
motor of both inner and outer hair cells (for reviews see
Dallos & Fakler 2002, Kemp 2002, Fettiplace & Hackney
2006, and Ashmore 2008), with the prestin protein and
mechanoelectrical transduction channels playing key roles
in the somatic motor and hair bundle motor, respectively.
Although our DPOAE results do not fully explain the
frequency dependence of hearing loss in SMSI~/~ mice
(in particular the hearing loss at 4 kHz and 6 kHz judging
from the ABR results), the results do suggest functional
impairment of outer/inner hair cells in these mice. The fact
that our DPOAE results cannot fully explain the frequency
dependence of hearing loss in the SMSI~/~ mice suggests
that there may be additional impairments of the apical
region of the cochleae in these mice. Such impairment
might be caused by oxidative stress, considering our
observation that macrophage density was more enhanced
in the apical region than the basal region in SMSI1~/~
mice.

Another feature of the hearing impairment in SMS1~/~
mice is its age-dependent progression. It is widely known
that age-dependent development of hearing loss occurs in
wild-type animals. However, in the current study hearing
loss had an early onset and was accelerated in SMSI~/~
mice compared with SMSI*/* controls (see Fig. 1B). The
mechanism for age-dependent hearing loss is at least
partially attributable to oxidative stress that impairs cell
function or induces cell death (Staecker et al. 2001; Jiang
et al. 2007). We have recently shown that mice genetically
devoid of SMS1 exhibited increased reactive oxygen species
(Yano et al. 2011). Although we found no obvious cell loss
in the SMS1~/~ mouse cochleae up to an age of 7 months,
the accelerated progression of hearing loss in these mice
may have been caused by increased oxidative stress. This
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notion is consistent with our observation that macrophage
density in SMS1~/~ mouse cochleae tended to be higher
than in SMSI*/* controls.

In summary, our results show for the first time that
SMS1 but not SMS2 is involved in hearing, and that
SMSI deficiency causes progressive hearing loss at a low
frequency range. Our results show an essential role of
SMS1 for SV homeostasis, and suggest the involvement
of an SMS1-related pathway in the regulation of the
SV KCNQI1 channel. Future studies should elucidate the
mechanisms underlying the differential roles of SMSI
and SMS2 in hearing, and examine the link between
SM metabolism and frequency-dependent hearing at the
molecular level.
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