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Abstract

Sphingomyelin (SM), a major species of sphingolipids, is a ubiquitous component of
cell membranes and plays vital roles in signal transduction and cell growth and survival.
However, its physiological functions have not been fully elucidated. Here we have
examined the role of SM synthesis mediated by SM synthase (SMS) family members,
SMS1 and SMS2, in auditory function. Hearing ability of SMS1 null mice, assessed
with an association learning experiment and with auditory brainstem response, was
impaired, especially at low frequency range; the impairment was accompanied by
abnormalities of stria vascularis (SV), i.e., a decrease in the width of SV and a
disorganization of marginal cells. Further, fluorescent immunostaining and western
blotting revealed an altered expression pattern and reduced level of KCNQI1 channels in
marginal cells. In addition, SMS1 knockout (KO) mice exhibited a significant decrease
of endocochlear potential and distortion product otoacoustic emissions, suggesting the
defects of cochlear functions. And observation of more macrophage invasion into SV at
apical region than other regions may explain the low frequency hearing loss in these
SMS1 KO mice. Mice lacking SMS2, however, showed no detectable hearing loss.
Taken together, our results suggest hearing impairment in SMS1 deficient mice but not
in SMS2 deficient mice. Defects in SV may at least in part account for the hearing

impairment in SMS1 deficient mice.
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1 Introduction and Objectives
1.1 Introduction
1.1.1  Sphingolipids and sphingomyelin

Sphingolipids are predominantly found in the plasma membrane, and to a lesser extent in intracellular
membranes (van Meer & Hoetzl, 2010). They are not merely structural components of biological
membranes, but also play vital roles, particularly in signal transduction (Hannun & Obeid, 2002; Merrill,
2002; Spiegel & Milstien, 2002; Lahiri & Futerman, 2007). Of the simple sphingolipids, ceramide,
ceramide-1-phosphate, and sphingosine have been shown to be involved in a number of cellular events
such as proliferation, differentiation, motility, growth, senescence, and apoptosis. In addition,
accumulating evidence indicates that sphingolipids are involved in neural functions such as channel
gating (Ramu et al. 2006; Xu et al. 2008), synaptic transmission (Darios et al. 2009), and learning and
memory (Dunbar et al. 1993; Inokuchi et 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 S1P, receptor also causes profound hearing loss (MacLennan et al. 2006; Herr et
al. 2007; Kono et al. 2007).

Sphingomyelin (SM), a major species of sphingolipids, is a ubiquitous component of cell membranes
in organisms ranging from mammals to protozoa, and is by far the most abundant sphingolipid. It consists
of a ceramide core, in which sphingosine bonded to a fatty acid via an amide linkage. In addition, it
contains a polar head group, which can be either phosphocholine or phosphoethanolamine. The synthesis
of SM from ceramide and phosphatidylcholine is mediated by SM synthase (SMS). Increasing evidence
has indicated that SM synthesis is critical for cell survival and proliferation. In lymphoid cells, the

activation of SMS restored cell growth ability of SMS deficient cells and prevented apoptosis (Yamaoka



et al. 2004). SMS overexpression or knockdown has been linked to mitogenic and pro-apoptotic pathway
in mammalian cells (Ding et al. 2008; Riboni et al. 2001). Moreover, report has been provided that active
SM synthase can also mediate signal transduction. NF-«B signaling pathway was strictly controlled by
ceramide level mediated by SM synthesis in WI38 human lung fibroblasts (Luberto et al. 2000). SMS 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 et 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 hydrolyzed 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 that were examined (Mihaylova et al. 2007). The relationship between SM

metabolism and hearing thus requires further investigation.

1.1.2  Auditory system
Sound waves travelling through the ear canal will strike the tympanic membrane. This wave
information travels middle ear via a series of delicate bones: the malleus, incus and stapes. These ossicles

act as a lever and a teletype, converting the lower-pressure eardrum sound vibrations into higher-pressure



sound vibrations at another smaller membrane called the oval window (see Fig. 1-1). The sound
information then converts to fluid waves in the cochlea. The fluid waves, in turn, cause the vibrations of
the basilar membrane, on which sit the sensory hair cells which transforms mechanical waves to electric
signals in neurons. Auditory signal was sent to brain through the auditory nerve projected from the hair
cells. Before reaching the auditory cortex, auditory stimuli travel through the cochlear nucleus and
superior olivary complex in the brainstem, the lateral leminiscal nuclei and inferior colliculus in the

midbrain, and the medial geniculate body in the thalamus (see Fig. 1-2).

ear flap

stapes (attached to
the oval window)

semicircular canals

malleus )
vestibular nerve

cochlear nerve

ear canal cochlea

window eustachian

outer ear :middle ear: inner ear tube

Fig. 1-1. Anatomy of human ear. The ear consists of three parts, outer ear, middle ear and

inner ear (shown by two dashed lines). (Adapted from Chittka & Brockmann, 2005).
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nuclei are shown for both cochleae. Bilateral representation from binaural stimulation

occurs at the superior olive and in all regions above. (Adapted from Lindsay & Norman,

1972).



Auditory perception is not simply a matter of detecting a sound stimulus. The information content of
sound is a function of frequency composition. Animals have an audible hearing frequency range, for
example, humans can hear sounds approximately within the frequencies of 20 Hz and 20,000
Hz. The frequency ranges from other mammals are shown in Table 1-1 (Fay, 1988).The
position of a sensory hair cell along the length of cochlea determines the sound frequency to which it is
most sensitive. In other words, incoming sound waves lead to fluid motions that vibrate the basilar
membrane at different position depending on sound frequency. The hair cells located at the base of the
cochlea are maximally stimulated by high-frequency sounds; those occupying the apical position respond
best to the low frequency sound. The place-frequency maps of cochlea have developed in many species
such as cat (Liberman, 1982), gerbil (Miiller, 1996), and mouse (Miiller et al. 2005). Actually
there is tonotopicity in each nucleus and cortical regions. In the mammalian primary
auditory field, the tonotopic organization is band-like along isofrequency axis, and neurons

within the isofrequency band are laterally connected (Ehret, 1997; Walleace et al. 2000).

Animal Frequency range
Human 20 -20,000 Hz

Dog up to 40,000 Hz
Cat 100 -0,000 Hz

Rat 200 -70,000 Hz
Mouse 1000-91,000 Hz
Guinea pig 500 -50,5000 Hz
Bat 1,000 -100,000 Hz
Dolphin up to 150,000 Hz

Table 1-1. Audible frequency range of mammals (Fay, 1988).



1.1.3  Cochlear structures

The mammals have a snail-like cochlea, coiled to 2 and 3/4 turns in human ear, and 2 and 1/4 turns in
mice ear. The cochlear duct is divided into three compartments by two membranes, the basilar membrane
and the Reissner’s membrane. Between these two membranes is the scala media, also named endolymph,
whose ionic composition is like that of intracellular fluids: high potassium, low sodium and with calcium
ions held to micromolar concentration (Bosher & Warren, 1978; Anniko & Wroblewski 1986). Scala
media contains the sensory hair cells and the organ of Corti, which sits on top of the basilar membrane.
The tectorial membrane, situating on top of the organ of Corti, is an extracellular auxiliary structure
contributing to hair cell excitation (Lukashkin et al. 2010). The uppermost compartment in Fig. 1-3,
bottom panel, is the scala vestibuli, which has direct mechanical communication with the
stimulus-induced displacement of the middle ear. The lower compartment, the scala tympani, ends at the
base turn by the round window, which releases the mechanical pressure for the cochlea. Both the scala
vestibuli and the scala tympani are filled with perilymph, similar to the extracellular fluids, high in
sodium and low in potassium.

There are two distinct groups of hair cells in the mammalian cochlea: inner hair cells and outer hair
cells. They differ by position, number, innervation patterns and functions. In the mammalian cochlea,
there are normally four rows of hair cells, including three rows of outer hair cells and one row of inner
hair cells. The inner hair cells are close to the central axis of the cochlear coil. Approximately 95% of
afferent fibers are postsynaptic to inner hair cells. As many as 20 afferent fibers contact a single inner hair
cell (Kiang et al. 1982; Brown, 1987). In contrast, outer hair cells have fewer afferent contacts. Instead
they are postsynaptic targets of projections from the olivary complex in the brainstem. As for their
functional difference, it is well established that inner hair cells convert the sound to the nerve signal, and

that outer hair cells are acoustical pre-amplifiers.
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Fig. 1-3. Structure of cochlea. The upper left shows the snail-shell like cochlea.The upper
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duct. (Adapted from Zdebik et al. 2009).



1.1.4  Stria vascularis and endocochlear potential

The mammalian cochlea is a highly sensitive sensor of hearing; it can detect as small as 0.1 nm
basilar-membrane vibrations induced by sound stimuli (Hudspeth, 2008). Endocochlear potential (EP) is
one of important systems to achieve such exquisite sensitivity. It is the positive voltage of 80-100 mV
seen in the endolymphatic space of the cochlea, only found in cochlear portion of the inner ear, and
provides the main driving force for sensory transduction. Increasing reports have indicated that reduction
or lack of EP in mouse models leads to serious hearing impairment even profound deafness (Gow et al.
2004; Kitajiri et al. 2004; Teubner et al. 2003; Wangemann et al, 2004; Rickheit et al. 2008 ).

The stria vascularis (SV) connecting with another compartment, the spiral ligament containing five
types of fibrocytes, is considered as an epithelial tissue which is composed of marginal, intermediate, and
basal cells (Fig. 1-4). The fibrocytes, basal, and intermediate cells are connected together through gap
junctions, forming a barrier to separate the perilymph from the intrastria space, where there are numerous

capillaries. Marginal cells constitute a monolayer of epithelia cells with their apical surfaces facing

TJ GJ TJ GJ
K++<(— Na,K-
Na —> ATPase Gy GJ
KCNQ1 + K*
Kene1 <= K Na* E'E NKCC
CI™
Kir 4.1 < S=— K"
G
CI-—E=> CIC-ka
CI"—=3> cIC-kb GJ
TJ
+90 mV/ +90 mv GJ Ik <X 0mv
high [k*] low k'] A low [k
endolymph marginal intrastrial intermediate basal fibrocytes perilymph
cells space cells cells

Fig. 1-4. SV structure and its transporters. GJ: gap junction; TJ: tight junction. (Adapted

from Zdebik et al. 2009).



endolymph. These lined marginal cells directly secrete the potassium ion to the endolymph through the
ion-transport apparatus to maintain the high potassium concentration in endolymph.

Concerns on the generation of EP have been taken into account since the first measurement of this
potential. Tasaki and Spyropoulos (1959) have originally demonstrated that SV is essential for the
formation of EP. In addition, ion transport apparatus have been demonstrated to be involved in the
formation of EP. Na", K'-ATPase, Na-K-2Cl cotransporter (NKCC), KCNQI/KCNEI1, and Kir4.1 are
important molecules for K circulation between endolymph and perilymph. The reduction or blockage of
Na', K" -ATPase and NKCC, which are expressed on the basal membrane of the marginal cells, caused
dramatic EP decline (Konishi & Mendelsohn, 1970; Schulte & Schmiedt, 1992; Kusakari et al. 1978).
Blockage of potassium channel by vascular perfusion of Ba?*, sharply decreased the EP (Marcus, 1984;
Hibino et al. 1997; Takeuchi et al. 2000). Moreover, mice lack of another potassium channel Kir4.1,
which is expressed on the intermediate cells, exhibited abolishment of EP (marcus et al. 2002;
Wangerman et al. 2004). Human Bartter syndrome IV characterized by congenital deafness, severe EP
decline, renal salt and fluid loss is caused by mutations in BSND, which encodes barttin, a B-subunit of
CIC-Ka and CIC-Kb chloride channels, suggesting that the EP is also dependent on the CI" channels
(Rickheit et al. 2008). As for the mechanism for formation of the EP, the two-cell model, or five
compartments model has been widely accepted (Takeuchi et al. 2000; Wangeman, 2002). Recently Nin et
al (2008) and Hibino et al (2010) reported that three additional elements contribute to the EP other than
the five compartments. The first one is the electrically separated barrier, the intrastria space. The second
important factor is the K-diffusion potential at the apical surface of marginal cells. And the last point is
another K-diffusion potential at the apical surface of the intermediate cells. More researches are still

required to fully understand the mechanisms.



1.1.5 Hearing impairment and related genes

Hearing impairment is commonly caused by both environmental and genetic factors. Prolonged
exposure of loud noise can lower the hearing sensitivity; even a sudden intense sound can lead to
temporal or permanent hearing impairment (Davis et al. 1950; Kujawa & Liberman, 2009). Overdose
of ototoxic drugs such as gentamicin has an adverse effect on hearing system and accounts for hearing
loss (Yorgason et al. 2006). Genetic defects contributing to hearing impairments pose greater challenges.
Research on this aspect has evolved rapidly over the past years. Animal models have provided a powerful
tool for studying the underlying mechanisms of hearing loss that could not be achieved only by human
studies. Mouse models have been proved to be an invaluable tool due to the striking similarities between
mice and human in inner ear structure and functions (Probst & Camper, 1999; Friedman et al. 2007). The
genes expressed in the ear must be considered first to be involved in hearing. Mutation of transporter gene
SCL26A44 (pendrin), which participates in maintaining the unique fluid homeostasis, leads to deafness
(Coyle et al. 1998; Tsukamoto et al. 2003). A group of genes, CLDNI14, TRIC, and TJP2, encode tight
junction proteins and play a vital role in the formation of the mechanical barrier (Wilcox et al. 2001;
Uyguner et al. 2003; Riazuddin et al. 2006). The myosin families of motor proteins, including MYO1A,
MYO3A, MYO6, MYO7A, MYOI15A, and MYH9, have a crucial role in hair bundle organization and
function (Walsh et al. 2002). In addition, several extracellular matrix proteins such as tectorin, encoded by
TECTA, have been associated with hearing (Verhoeven et al. 1998; Mustapha et al. 1999). In the
present study, we found that deficient of SMSI accounted for hearing loss. It is not so surprising that
numerous genes have been discovered to be involved in hearing impairment due to the complexity of
hearing mechanisms. So far, more than one hundred of genes/loci have been linked to hearing loss (Fig.

1-5).
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(Adapted from Dror & Avraham, 2010)
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1.2 Objectives

As mentioned above, most reports pertaining to SMS functions were based on molecular or cellular
level. However, its physiological functions at organism level are still largely unknown and the functional
differences between SMS1 and SMS2 were seldom reported, although one report indicated that SMS1
may represent a major SM synthesis activity in mouse lymphoid cells (Yamaoka et al. 2004) and another
piece of evidence showed that co-expression of SMSI and SMS2 are required to maintain SM
homeostasis and growth in human Hela cells (Tafesse et al. 2007). Here, we addressed the relationship
between SM metabolism and hearing by examining hearing ability in SMS1- and SMS2-deficient mice.
Our results revealed that while SMS/”" mice showed progressive hearing loss in the low frequency range,

" controls. In addition, we

the hearing abilities of SMS2” mice were not different from their SMS2
observed a decrease in the EP, atrophy of SV, and altered expressions of the KCNQ1 channel in the SV in
the inner ear of SMSI™ 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 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.
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2 Materials and Methods
2.1 Genotyping

All experiments were approved by Committee for Animal Experiments of Kumamoto University, and
carried out in accordance with the Guidelines for Animal Experimentation of Kumamoto University.
SMS1 KO mice were generated and genotyped as described previously (Yano et al. 2011). Exon 2 of
SMS1 gene isolated from a mouse 129/Svj was replaced by neo cassette (see Fig. 2-1). SMS1 KO mice
used in this study were based on a 129/Svj-C57BL/6 mixed background by heterozygous mating to
produce deficient mice and their littermate controls. For genotyping, tail tips were collected from mice at
3 weeks of age, and then were digested in lysis solution. The following “alkaline lysis method” was used
for rapid preparation of mouse tail lysate suitable for amplification with KOD FX (TOYOBO).
1) Mark ears with a punch plier, cut tail tips (~3 mm) and then transfer to a 1.5 ml tube.

2) Add 90 pl of 50 mM NaOH to the tube and vortex well to immerse the tissue in the solution.

Wild type allele

(Sms1 gene) ap-\ §< b Exon2 ] /
Targeting vector neo

Ko allele  — neo E—

ap-
Fig. 2-1. Schematic representation of the targeting vector, the wild-type Smsl1 locus, and
the mutant allele after homologous recombination. Exon is denoted by green box, which is
replaced by neo cassette (orange box). Arrowheads are corresponding to the primer

position to detect WT and KO alleles, respectively.
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3) Incubate the tissue at 95 °C for approximately 15 min by using a heat block.

4) Add 10 pl of 1M Tris-HCI (pH 8.0) to the tube and vortex well.
5) Centrifuge at 12000 rpm for 5 min to sediment debris.
6) DNA samples can be stored at 4 °C or -30 °C until use.
Tail DNA was amplified with KOD kit (Toyobo) by using different pairs of primers. One forward primer
GOR2SAp3 with the position of upstream of substitute fragment, and two reverse primers GOR2-R1 and
PGKneoS, locating around exon 2 region deleted in KO mice and just inside the neo cassette, respectively,
were used to distinguish WT, KO, and heterogeneous mice. The primer sequences are as follows:

a: GOR2SAp3, 5’-TTTGAGGAGAGAGGCCTTGAGTCTC-3’

b: GOR2-R1, 5’-AGGCAGCCACTTCCAGCAGCCAG-3’

c: PGKneoS, 5’-TCGCCTTCTATCGCCTTCTTGAC-3’

PCR reaction mixture was prepared as follows:

H,O 0.6 ul
2x KOD Buffer 2.5 ul
dNTPs (2 mM each) 1.0 pl
GOR2-R4 (10 uM) 0.25 ul
GOR2-S1 (10 uM) 0.15 pl
Neo-F2 (10 uM) 0.15 ul
KOD polymerase (1 U/ul) 0.1l
Template 0.25 pl
Total volume S5pul

Cycling parameters were set as follows:
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Denature 95°C 2 min

98°C 10s

Cycle 15 cycles
68°C 10s
98°C 10s

Cycle 58°C 30s 22 cycles
68°C 30s

Polish 72°C 7 min

Hold 4°C

In this thesis, for all PCR product analysis, 1 pl of 6 x agarose gel loading dye was added to 5 pl of
PCR reaction solution. After electrophoresis on a 1.5% agarose/TAE gel at 100 V for 40 min, the bands

.
mice, a

were stained with ethidium bromide and visualized by ultraviolet (Kodak). In SMS/
381-bp DNA fragment was obtained by using the primer set of GOR2SAp3 and GOR2-R1, while in
SMS1 KO mice, a 552-bp DNA fragment was amplified by the primer set of GOR2SAp3 and PGKneoS.
Both above fragments were obtained in heterogeneous mice.

SMS?2 deficient mice were generated by targeting exon 2 of SMS2 gene and genotyped in a strategy
similar to that used for SMS1 KO (Mitsutake et al. 2011). Primers used to distinguish SMS2 deficient
mice from their littermate controls are as follows:

d: GOR1SAFI, 5’-CATTCTTGACTGTGTTCTGAGGATAC-3’

e: GORI-R1, 5’-CCAAGTGCCTTCAAGTTTTGCTGTCTC-3’

f: NLSlacZ-R3, 5’~-CAGGGTTTTCCCAGTCACGACGTTG-3’

Similar PCR reaction mixture was prepared as follows:
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H,O

2x KOD Buffer

dNTPs (2 mM each)
GORI1SAF1 (10 uM)
GORI1-R1 (10 uM)
NLSlacZ-R3 (10 uM)
KOD polymerase (1 U/ul)

Template

Total volume

0.55ul
2.5 ul
1.0 ul
0.25ul
0.1 ul
0.25ul
0.1 ul

0.25 pl

Sul

Cycling parameters for SMS2 gene amplification were set as follows:

Denature 94°C 2 min
98°C 10s

Cycle 60°C 30s 30 cycle
68°C 30s

Polish 72°C 7 min

Hold 4°C

In SMS2"" mice, a 430-bp DNA fragment was obtained by using the primer set of GORISAF1 and
GORI-R1, while in SMS2” KO mice, a 540-bp DNA fragment was amplified by the primer set of

GORI1SAF1 and NLSlacZ-R3. Both above fragments were obtained in heterogeneous mice.
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2.2 SMS1/2 gene expression in mouse inner ear
Mice were killed by cervical dislocation and then were decapitated quickly. The head was placed on ice
and the skin and the skull were removed. After removal of the brain, the inner ear at both sides was
dissected by forceps, and then cochlear part was separated from the vestibule system and semicircular
canal. Tissues inside the cochlea were collected carefully by making a hole at the bottom of the cochlea
that is close to the basal turn of the cochlea. Inner ear tissue RNAs were pooled from 3 mice, while SV
and organ of Corti RNAs were prepared from 6 animals. Total RNAs from wide type C57BL/6 mice were
isolated with TRIzol regent (Invitrogen) in a routine way. The quantification of total RNAs was
evaluated by the absorption value at 260 nm wavelength (GeneQuant, Pharma Biotech). Synthesis of
cDNA from approximately 1 pg of total RNA was performed with a RT SuperScript regent kit (Invitrogen)
according to manufacturer's instructions. The integrities and quantities of the cDNA were confirmed by
amplifying p-actin, with forward primer of “5’- GTGGGCCGCCCTAGGCACCAG-3"" and reverse
primer of “5’-CTCTTTGATGTCACGCACGATTTC-3"”. PCRs of SMS1 variances including SMSlal,
a2, ff and y, and SMS2 gene were respectively carried out with KOD kit, using the corresponding primers

and conditions described previously by Yang et al. (2005).

23 Behavioral tests
Three-month-old male mice (7 SMSI ™, 8 SMSI 7", 6 SMS2 ) were used for behavioral experiments.
After 24 hr of water deprivation in their home cages, the animals were transferred to a custom-made
chamber without a ceiling, to receive conditioning to form an association between a 4 kHz pure tone and
the presentation of water (Fig. 2-2). The tone was delivered through a speaker placed 45 cm above the
chamber floor, to suppress changes in the sound pressure level (SPL) at the ear of the animal due to
changes in location and orientation of the animal. A camera was also set beside the speaker to monitor the

behavior of the animal. A metal licking spout was fixed to one wall of the chamber, which supplied the
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water reward and also worked as a licking sensor (Fig. 2-2 B). Food was available constantly. Each
training trial lasted for 10 s and the inter-trial interval was 30 s. The training lasted four days, and 1440
trials were performed per day. On the first day, the first spontaneous licking of the spout was rewarded
with ~50 pl of water, and this initiated the training. In 715 of the 1440 daily trials, 4 kHz pure tone pulses
(250 ms in duration with 10-ms rise/fall ramp, 500 ms inter-pulse interval) were presented from the
speaker for 10 s (Fig. 2-2 A). These trials are referred to as the rewarded trials. In each rewarded trial, the
SPL of the tone was randomly selected from levels ranging from 45 dB to 75 dB with 5 dB steps between
the levels, and water reward was supplied only when the animal licked the spout during the 10-s tone
presentation. A high rate of trials with a licking response to a tone thus indicates a learned association
between the tone and the water reward. In the remaining 725 trials, neither a tone nor water reward was
presented, regardless of whether the animal exhibited spontaneous licking; these trials are referred to as
unrewarded trials. Rewarded trials and unrewarded trials were intermingled randomly to eliminate the
predictability of behavior being rewarded. The rate of trials with licking was calculated for unrewarded
trials and rewarded trails with tones at each SPL. The rate of licking in unrewarded trials was regarded as

++

random behavior. In a pilot study using SMS/™" mice, the rate of rewarded trials with licking, averaged
across all SPLs, and the rate of unrewarded trials with licking appeared to stabilize starting in the third
day of training. We thus used the results from the fourth day of training for the comparisons between
unrewarded and rewarded trials, across mice of different genotypes.

Sound generation and delivery were performed using Tucker-Davis Technologies (FL, USA) System
IIT hardware and software, as we have reported previously (Nishimura et al. 2007). The SPL was
calibrated with a sound level meter (type 2610 with a model 4191 microphone, Briiel & Kjer, Nerum,
Denmark). Water reward was controlled with an electromagnetic valve. Licking was measured using

custom-made hardware and software, and this software also controlled the Tucker-Davis Technologies

System III and the electromagnetic valve. In all rewarded trails, the percentage of trials with licking at
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Fig. 2-2. Schematic illustration of behavioral test in mice. 4, flow diagram of tone-reward

association. Boxes indicted training rewarded (open), unrewarded (filled, black) and first

spontaneous licking (filled, pink). The inter-trial interval was 30 s. The training lasted for

four days. B, diagram of behavioral test system. Tests were performed in a

sound-attenuated chamber (d). In a rewarded trial, sound was presented with random

level by a speaker (@). Animal behavior was also monitored by a camera (b). The metal

spout provided water, also worked as a sensor (c¢). Sound presentation, and water sensor

were controlled by a computer.
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different sound level was calculated by the following formula:
Trials with licking at sound level of L (dB) = (Number of trials with licking at sound level of L / Total

number of trails at sound level of L ) x 100%

2.4 ABR measurements

All mice were anesthetized with a mixture of ketamine (72 mg/kg weight) and xylazine (7.2 mg /kg).
An adequate depth of anesthesia was verified by the absence of reflexes in response to toe pinches.
Animals were then placed on a heating pad and the hairs over the head were cut to facilitate electrode
attachment. ABRs to the acoustic stimuli were recorded as the potential difference between the left ear
lobe and the vertex, using subcutaneous wire electrodes. Rectal temperature was measured with a probe
inserted to a depth of about 2 cm (Fig. 2-3). The probe was lubricated by immersing in the oil prior to use
to avoid injury to the animal. The body temperature was maintained at 38 = 0.3 °C throughout recording
using a thermostatically regulated heating pad. Click stimuli (one-cycle sine wave, 0.1 ms duration) and
tone bursts (4-, 6-, 8-, 16-, 24-, 32-kHz; 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 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 3 times the SD of baseline noise (baseline: 10 ms recording before stimulus onset). The SPL
was calibrated with a portable sound level meter (LA-5111, Ono Sokki, Kanagawa, Japan), which
reported dB values close (£ 2 dB) to those reported by the Briiel & Kjar calibration system mentioned
above. 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. In addition,

the ABR interval from the first peak to the fifth peak in the ABR waveform in response to 60-dB sound
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was measured to roughly evaluate the conduction time. All data acquisitions and analyses were conducted

with custom-made software. Recordings were made in a sound-attenuating chamber (Fig. 2-3).

Sound-attenuating chamber

| Input box

| *'E
Thermostat
(Amplifier, Nihon Koden MEG-2100) )
i 10cm
Sound stimulus| -
A/D Speaker driver
Filter | — Computeris  generator b ingEng
kconvertor (TOTRP2.1) (
Stimulation
control

Probe microphone

. L (Briel & Kjeer 4182)
Sound stimulus monitoring

| Heating pad

Fig. 2-3. ABR recording system. The rectal temperature of the animal was monitored and
maintained by a thermostat. Sound was generated by TDT PR2.1 and its presentation was

controlled by a computer.
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2.5 Otoacoustic emission measurements

All mice were anesthetized as described above. One piece of head skin (2.5 cm x 1.5 cm) was removed
to exposure the skull, on which three holes were drilled for screws to combine with the skull (Fig. 2-4 A
and B). A mixture of liquid (monomer) and powder (polymer) of "REPAIRSIN" (GC Corporation, Tokyo)
was applied to the mouse skull (Fig. 2-4 C). Before solidification, a thin and rectangular metal plate with
one end having holes for fixing the animal head was stuck to that mixture. Pinnas of mice were cut to
visualize the external canal and tympanic membrane and to verify the normal appearance of the
membrane. A probe microphone/speaker system with two speaker ports (ER10B+, Etymotic Research,
Inc.) was fitted tightly into the ear canal (Fig. 2-5 B). Two closed-field speakers (EC-1, Tucker-Davis
Technologies, Inc.) were connected to the ER10B+ ports. Two primary tones (1 s duration with 20 ms
rise/fall cosine ramp; f2/f1=1.22, f2 varied at a one-fourth octave step from 4 kHz to 29 kHz) were
generated as described above and routed separately to the two EC-1 speakers, at SPLL1 = 75 dB and SPL2
= 65 dB. The SPL was calibrated in a 0.1 ml coupler (Polesskaya et al. 2010), using a Briiel & Kjer 1/4"
pressure field microphone (model 4938), which has a flat frequency response from 4 Hz to 70 kHz (Fig.
2-5 A). The calibration was conducted for primary tones and all distortion products of otoacoustic
emission (DPOAE) components. As shown in the Fig. 2-5 C, the DPOAE response from the ER10B+
microphone was amplified by 20 dB and digitized at 150 kHz using an A/D convertor (PCI-MIO-16E-1,
National Instruments, Inc.). All data acquisitions and analyses were performed using custom software
written in Matlab (MathWorks, Inc.). 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.
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Fig. 2-4. Schematic illustration of mouse head fixation for DPOAE recording. 4, the
mouse skin over the head was removed to expose the skull. Mouse skull was screwed by
making three small holes on the skull. B, the circled area in 4. C, repairsin was used to
attach the screw. D, a metal plate on the skull. The screw helped to strengthen the

attachment. The head of the animal can be fixed well through the hole in the metal plate.
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2.6 EP and K' concentration measurements

EP and K' concentrations were measured simultaneously using a double-barrel electrode in mice
anesthetized as described above, following methods reported previously (Nin et al. 2008). After trimming
one barrel by about lcm (Fig. 2-6 C) using a supersonic knife (USW-335Ti, Honda Electronics),
double-barrel electrodes were pulled from borosilicate glass capillary (inner diameter: 0.86mm; outer
diameter: 1.5 mm; Sutter) with tip diameter about 1 um (P-87, Sutter). A chamber comprising of a
15-cm-diameter glass dish and a drilled metal plate (Fig. 2-6 A, B and D), which was sealed on top of the
dish with Sylgard (Dow Corning), was dried for 0.5 hr at 200 °C in an oven prior to each experiment. The
microelectrodes were vertically set on the chamber (Fig. 2-6 D), with the longer part of the untrimmed
barrel inserted to a hole. And the chamber with electrodes was dried for another 0.5 hr at 200 °C in an
oven. After injection of 500 pl dimethyldichlorosilane (5% in toluene) to the chamber using a 1 ml
syringe, the microelectrodes were baked for 2 hr at 200 °C. The silanized barrel was filled with a K™
exchanger solution (IE190, WPI) in the tip with a length about 500 pm without bubbles by checking
under a microscope, and back filled with a 150 mM KClI 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). The amplifier was kept
in “STANDBY” mode until the probe is connected to the measurement site, and then the select toggle
may be changed to “OPERATE” mode during recording. 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
convertor (N19205, National Instruments, Inc.). All data acquisitions and analyses were performed using
custom software written in Matlab (MathWorks, Inc.). For recording, the animal was placed on a heating
pad, and its head was fixed as described in DPOAE recordings part (see Fig. 2-4). By a lateral approach,

the pinna, the muscle and the ear drum were removed by forceps and scissors along the ear canal to

expose the cochlea under a stereomicroscope (Olympus). To visualize the cochlea clearly, part of the
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tympanic bulla was also removed by a rongeur. A small hole was carefully made in the middle turn of the
cochlea to expose the spiral ligament, using a fine drill (Fig. 2-7 A). The electrode was advanced through
the spiral ligament by means of a micromanipulator (PC-5N, NARISHIGE), and a sudden increase of the
potential signaled 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 with the background of NaCl solution (see Table 2-1). All solutions
were maintained at 38 °C by a thermostatic waterbath. Noise was shielded using a metal covering. In
addition, a salt bridge and a reference electrode (DRIREF-2SH, WPI) were used to lower the noise and
keep the signal stable during experiment (see Fig. 2-7 B). The calibration voltage at 5 mM KCI was set a
constant value, for example 40 mV, and values were obtained at other concentrations in the order from 25
mM to 160 mM KCI solution. The results of the calibration were fitted with the Nicolski equation in the
following form, with KaleidaGraph (version 4.0): V = V,+ S.log (a «[K'] +4+a «[Na']), where V = K"
potential, V,, = offset, S = slope, a = activity coefficient, and 4 = ion selectivity. Only electrodes having a
slope greater than 55 mV per 10 fold increase in ionic strength were used for recording. Recordings were
used for analysis only when 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. When the double-barrel microelectrode touched the spiral
ligament, we zeroed the potential from both barrels since potassium concentration in external solution of
cochlea is close to 5 mM. Thus in every experiment, finally adequate amount of standard solution of 5
mM KCI with 155 NaCl was applied to the tympanic cavity and the potential difference between the two

barrels was measured in this solution to calibrate this value.
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Fig. 2-6. Fabrication of microelectrodes. A heatproof metal plate (4), with drilled holes
(with the diameter of 1.7 mm), was sealed to a glass Petri dish (B) using Sylgard to make a
chamber (D). As shown in C, one barrel of double-barrel microelectrode was trimmed for
about 1 cm at the end, and the longer barrel was situated on the chamber vertically for

silanizing the tip.

NO. KCl (mM) NaCl(mM)  Total (mM)
1 5 155 160
2 25 135 160
3 50 110 160
4 80 80 160
5 120 40 160
6 160 0 160

Table 2-1. Standard KClI solutions for calibration
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Fig. 2-7. Schematic illustration of calibration of ion selective microelectrodes, and EP and
endocochlear potassium concentration measurements. 4, The cochlea was exposed by a
lateral approach. A small hole was made on the middle turn of cochlea by a fine drill (a1,
a2). Bone over the spiral ligament was thinned (43), and the microelectrode was inserted
to the endolymph though the hole (a4). B, a schematic diagram illustrating the method for

calibration. C, simultaneous recording of the EPs and K" potentials (PPs).
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2.7 Histochemistry

Animals were transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer under deep
anesthesia (ketamine 120 mg/kg and xylazine 10 mg /kg). The inner ear at both sides was then harvested
as described above and fixed in 4% paraformaldehyde for additional 1-2 days, before decalcification with
10% ethylenediamine tetraacetic 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 decalcificated cochlea was cryoprotected in a series of sucrose in phosphate buffered
saline (PBS) solutions. A cubic plastic chamber full of TOC was used to fix the cochlea with the cochlear
axis parallel with the horizontal plane, and rapidly frozen on a flat block of dry ice. The chamber
containing the cochlea was transfer to the cryostat precooled for 0.5 hr. After removal of the plastic
chamber, the tissue-containing TOC block was fixed with its bottom surface parallel with the blade. In
doing so, transverse sections can be obtained. The cochlea was sectioned at a 10- or 6-um thickness. For
flat-mount preparations, the cochlea was dissected into apical, middle, and basal turns. Then, the basilar
membrane including the organ of Corti and the cochlear lateral wall tissues including the SV were
separated. The tissue was then cut into several pieces to allow them to be flattened on a glass slide.

F-actin staining was performed by incubating pieces of decalcificated cochlear tissues in
rhodamine-conjugated phalloidin (Invitrogen R415, 1:200) in PBS with 0.1% Triton X-100 for 30 min at
RT. After several times washing, the tissue pieces were mounted on glass slides with the hair cells
uppermost for basilar membrane staining or marginal cells uppermost for lateral wall staining. The hair
cells or the marginal cells were visualized under a microscope.

To visualize the wvasculature in SV, the SV fraction was dissected out and fixed in 4%
paraformaldehyde for 30 min on ice. The tissue was treated in blocking buffer (2% bovine serum albumin
in PBS with 0.1% Triton X-100) for 1.5 hr at RT. And then the tissue was stained overnight at 4 °C with

Alexa Fluor 594-conjugated isolectin GS-IB4 (4 pg/ml, Molecular probes) in blocking buffer containing 1

29



mM CaCl, and ImM MgCl,. After several times washing in PBS, the tissue was mounted on a glass slide
with the marginal cells uppermost.

For KCNQ1 immunohistochemistry, cochlear sections were blocked with PBS containing 5% normal
donkey serum and 0.1% Triton X-100 for 1 hr at RT. The sections were then incubated with a goat
anti-KCNQ1 polyclonal antibody (Santa Cruz sc-10646, 1:200) overnight at 4 °C, followed by reaction
with an Alexa Fluor 488-conjugated donkey anti-goat IgG (Invitrogen A11055, 1:500) for 1-2 hr at RT.

All sections were counterstained with 4, 6-diamidino-2-phenylindole (DAPI).

2.8 Western blotting

Three-month-old SMSI™* and SMSI”" mice (10 of each genotype) were decapitated under deep
anesthesia as described above and the cochlea was harvested. SV fractions from each genotype were
dissected in cold PBS by fine forceps under a microscope, and collected to a 1.5 ml tube. The tissues were
then lysed with a sample buffer (50 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.1% bromophenol
blue, and 6% 2-mercaptoethanol) overnight at 4 °C. Western blot analysis followed those described before
(Yamagata et al. 2011). Samples were not subjected to heat treatment prior to western blot analysis to
avoid degradation. Proteins were resolved at 20 mA/gel for 50 min by SDS polyacrylamide gel
electrophoresis (12 well mini-gels, ATTO, Tokyo), and then transferred onto a polyvinylidene fluoride
membrane at 150 mA/gel for 60 min in a semi-dry blotter (ATTO) with transferring buffer (25 mM
Tris-HCL pH 8.3, 192 mM glycine, and 20% methanol). The membrane was blocked overnight at 4 °C in
5% skim milk dissolved in Teween-TBS (20 mM Tris-HCL pH7.6, 150 mM NaCl, and 0.1% Tween 20),
and was incubated with anti-KCNQI1 antibody (Santa Cruz ,1:300, sc-10646) for 1.5 hr at RT in
Teween-TBS containing 5% skim milk. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also
analyzed 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 analyzed
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with a LAS 4000 imaging system (Fuji Film, Tokyo, Japan).

2.9 Hearing repair experiment

" and SMSI”" mice were separated from their mothers.

After weaned at three weeks of age, both SMS/
They were kept in new cages and fed with water containing 40 mM N-acetylcysteine (NAC). The water
bottle was coved with the foil to avoid light exposure. Food was available all the time. When the animal

were 3 months old, the hearing ability was tested by ABR using both click stimulus and tones at different

frequencies.

2.10 Data analyses

To quantify the apical membrane area size of the 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 J 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™™ mice and their SMSI""" littermates, 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. KCNQI1 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 mean + standard error of the mean (SEM) or as mean + SD (see Figure
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legends). Student's t-tests were used to test for group differences. Differences were considered statistically

significant if p < 0.05.
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3 Results
3.1 SMS1 and SMS?2 expression in mouse inner ear

As reported previously, alternative splicing of SMS/I gene gives rise to four different transcripts,
SMSl1al, SMS1a2, SMSIp and SMS1y. However, three different proteins named SMS1a, SMS1 and
SMS1y were translated due to the same protein, SMS1a, coded by SMSIal and SMSIa2 genes. It is
unclear whether SMS2 gene has its variances. Tissue distribution of the SMS/ transcripts and SMS2
in mice has been investigated by Yang et al. (2005). They have reported that SMS1al, SMS1a2 and
SMS?2 transcripts were widely expressed. The SMSI1f transcript showed a narrow distribution while
the expression of SMSIy was detected only in the testis and heart of mouse. Thus they concluded
that the regulation and function of different transcripts and proteins are likely to be tissue specific.
Although many kinds of tissues, such as heart, brain, lung, liver and kidney have been analyzed, the
expressions of these genes in mouse inner ears were never examined. In order to confirm this,
RT-PCR analysis was performed using total RNA from mouse inner ear. Strong expressions of all
SMSI1 transcripts except for SMS1y were detected. Similar to other tissues, inner ear tissue showed
weak expression or no expression of SMSIy (Fig. 3-1 A). The organ of Corti and the SV are
important structures for proper hearing. We next investigated the relative expression of these genes
excluding SMS1y in these tissues based on semi-quantitative RT-PCR using S-actin as a control gene.
All gene expressions showed a similar level between the organ of Corti and the SV except that SMS2

exhibited a higher level in the organ of Corti (Fig. 3-1 B).
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Fig. 3-1. Examination of SMS/ variances and SMS2 expression in mouse inner ear. These
genes except for SMS1y were found to be expressed in the inner ear (4) or in specific

tissue like organ of Corti and the SV (B).

3.2 Identification of SMS1- and SMS2- deficient mice and their littermates
To know the genotypes of mice, we cut mice tail tips and extracted genomic DNA. PCR-based
genotyping was performed using primer pairs that target either exon 2 or the neo cassette. As shown in
Fig. 3-2, for both SMSI""" and SMS2"* mice, a single band with the least base pairs was obtained in all

control mice, while a single band with the most base pairs was obtained in all KO mice. Both bands were



obtained in all heterogeneous mice.

! "+ smsz* sms2™
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Fig. 3-2. Examination of genotype of newborn mice by PCR.

33 Behavioral tests
We first assessed the hearing ability of SMS1- and SMS2-deficient mice in a behavioral test in which a
water reward was associated with tone pulses and the SPL of the tone was varied to test the detection
threshold of the animal. The SPL was randomly selected to be in the range from 45 dB to 75 dB at 5 dB
steps (7 levels, all referred to as S+). To find spontaneous licking rate (chance level), unrewarded trials in
which neither acoustic stimuli nor water reward were presented (referred to as S-), were randomly

++

intermingled with the rewarded trials. In SMS7"" mice, all levels of the S+ except for 45 dB induced
licking behavior at a rate significantly more than during the S- trials (Fig. 3-3 A; n = 7, p < 0.05),
suggesting that SMSI™" mice could hear the tone at a level of 50 dB or above in our experimental
conditions. In the SMSI™" mice, however, only S+ presentations greater than 65 dB induced licking
behavior at a rate significantly higher than that observed in the S- trials (Fig. 3-3 B; n = 8). In contrast, in

SMS2™"" mice, all levels of the S+ induced licking behavior at a rate significantly higher than that observed

in the S- trials (Fig. 3-3 C; n=6).
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Fig. 3-3. Increase in the detection threshold of 4-kHz tones in 3-month-old SMSI™ but not
SMS2" mice. A, rates of exhibiting licking behavior within the trials in seven SMSI"*
mice. The values were significantly higher than the chance level (S-) for all S+ stimulus
levels except for 45 dB. B, rates of exhibiting licking behavior within the trials in eight
SMSI"~ mice. The values were significantly higher than the chance level only for tones at
65 dB or higher. C, rates of exhibiting licking behavior within the trials in six SMS2" mice.
The values were significantly higher than the chance level for all S+ levels. n.t. = no tone.
Each bar represents the mean = SEM. * = P < (.05, ** = P < (.01, *** = P < 0.001.

Asterisk conventions apply to all figures.
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34 ABR tests

The above behavioral results suggest that the hearing threshold of SMS/”™ mice was elevated, whereas
that of the SMS2”" mice was not. To further test hearing in these mice, we examined the ABR threshold
using a click stimulus. As shown in Fig. 3-4 and Fig. 3-5 A, and in agreement with previous reports
(Yoshikawa et al. 2009), ABRs in mice occurred 1-6 ms after stimulus onset. And the waveform has five
peaks, peak I -V (Fig 3-4 A). Using a combination of ABR latency comparisons with near-field evoked
potentials and lesion techniques, Henry (1979) concluded that the first peak had a cochlear origin, and the
next four peaks corresponded to cochlear nucleus, contralateral superior olivary complex, lateral
lemniscus, and contralateral lateral inferior colliculus, respectively. The ABR threshold was defined as the
lowest SPL required to induce an ABR exceeding three times the SD of baseline noise (Fig. 3-4 B). As is
clear from Fig. 3-5 A, the ABR threshold in the SMS/”~ mouse was elevated compared to the threshold in
the SMSI™"" mouse. Fig. 3-5 B shows the ABR threshold results in SMS/”" animals at 1 month, 3 months,
and 6 months of age and in SMS2” mice at 3 months of age in response to click stimulus. The ABR

++

threshold in the SMS/™ mice was significantly higher than that in age-matched SMSI™"" littermates, at all
ages (p < 0.01). There was also a clear elevation in ABR threshold in SMSI™" mice that were one to three
months of age (p < 0.01). In contrast, SMS2” mice had low ABR thresholds that were not significantly
different from their SMS2""* control littermates (p > 0.05; Fig. 3-5 B, right end). These results support the
notion that SMSI”" mice have hearing impairments, whereas SMS2”" mice do not, and they further suggest
that there is an age-related progression of hearing loss in SMSI™" mice.

To test the frequency dependence of hearing loss in SMS/” mice, we examined the ABR threshold with
tones of different frequencies. As shown in Fig. 3-6 A-C, 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. 3-6 A-C). We also

examined the frequency dependency of the ABR threshold in SMS2” mice, and again found no
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differences from their SMS2"* control littermates at any frequency (Fig. 3-6 D), consistent with the
observations using click stimulation.

The effect of genetic background is an important issue in hearing research. Indeed, a splice variant of
the cadherin 23 gene (Cdh23) has been proved to affect early onset of hearing loss (Noben-Trauth et al.
2003). We generated the SMS1 KO mice using the D3 stem cells, and backcrossed with the C57BL/6
strain, a strain most frequently used in neuroscience research. But the C57BL/6 strain also carries the
Cdh23ahl allele (Noben-Trauth et al. 2003). Thus all mice (SMSI™”, SMSI"*, SMS2™, and SMS2""") used
in our study carry the Cdh23ahl allele. To identify the effect of SMS1- and SMS2-deficiency, we always
compared the results in SMSI”" mice to their littermate SMS1"" mice (Fig. 3-6). We did find differences

+/+

between wild type animals and SMS/™" mice at 3 months and 6 months (Fig. 3-6 B, C and D). These data
suggest that factors other than cdh23 mutation in the 129S2 strain affect hearing; such factors await to be
clarified in future studies.

Because SM is also a component of axonal myelin sheath, one may expect changes in the conduction
velocity of axons in the KO mice. As a rough estimation of conduction time, we measured the interval
from the first peak to the fifth peak in the ABR waveform to click stimulation at 60 dB. The interval was
3.19+ 0.12 ms in SMSI™" mice (n = 8), 3.32 + 0.07 ms in SMSI”" mice (n =9), 3.29 £ 0.04 ms in SMS2""

mice (n = 6), and 3.33 + 0.06 ms in SMS2”" mice (n = 6) (all at 3 months of age). As shown in Fig. 3-5 C,

no significant differences were found between these groups (p > 0.05).

38



- click sound 50 dB SPL
1
>
=
()]
©
=
g- 0
<
-1
-2
-2 0 2 4 6 8 10
Time (ms)
B 0.3 . . - ;
: — 17 dB
——20dB
— 23 dB 1
n 38D
z
[0}]
©
2
=
E |
V / -3 SD
gstimuli onset
0.3 . i . .
-10 -5 0 5 10 15

Time (ms)

Fig. 3-4. Representative ABR waveform and definition of ABR threshold. 4, ABR
recording in response to a click stimulus at sound pressure level of 60 dB. I -Vindicate
the five peaks. B, the way to determine the response. The dotted line presents the stimuli
onset time; SD presents standard deviation of baseline level (10 ms prior to sound stimuli).

Both 4 and B are from an SMS1"* with the age of 3 months.

39



+/
SMS1 (dB) -/-
A_,_\/\/\/\j-v-\/_,_\ 50 SMS1 2 UV‘ (dB)
WBO

30 47
20 40
-2 0o 2 4 6 8 10 2 0o 2 4 6 8 10
Time (ms) Time (ms)
B 100 1 C «;
60 dB
ook o 'g 3.5 1
T 80 = — ]
% w3 > 3 A
(1]
o 2 254
T 60 g
o K3k — 2 4
£ 40 §
0 a 1.54
g n.s. =
= 1 o 1 4
o 20 g
a2 \ 2 05
0 T T T T T T T 0 1 1 T
o '\6\‘\, ‘\(t\! rbﬂ(\’\f rbé:x 6@1\» @((\ o (b((\,\‘ rb{Q X rbé\ N "bd\ X '56\ N r{)@
AN AN A Nl oF A A 2 2
S S W S (S © o =
6\“‘ g@ c_,\“\ 5\\‘\ 6\\‘\6 9\“\ c_.,\‘!\ 5\‘!\ 6\!\5 5\!\ 6@% 5\!\

Fig. 3-5. ABR analyses in response to click sound. A, representative click-evoked ABR

** mouse (left trace group) and an SMSI”" mouse (right trace

waveforms from an SMS/
group), both at 3 months of age. The voltage calibration scale applies to all recordings. B,
ABR thresholds in response to a click stimulus in 1-month-old SMSI"" mice (n = 18) and
SMSI"™ mice (n = 14), 3-month-old SMSI*"" mice (n = 19) and SMSI”" mice (n = 17),
6-month-old SMSI™" mice (n = 9) and SMSI™" mice (n = 6), and 3-month-old SMS2*"*
mice (n = 6) and SMS2” mice (n = 6). C, the interval from the first peak to the fifth peak
in the ABR waveform to click sound at 60 dB. The conduction velocity was not

significantly different between groups (SMSI™*: n = 8; SMSI™: n = 9; SMS2""* and

SMS2" : n = 6). Values were presented as means + SEMs. ns: not significant.
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Fig. 3-6 Frequency-dependent ABR analyses. A, comparison of ABR thresholds in
response to tones of different frequencies in 1-month-old SMSI™" mice (n = 4 for 6 kHz, n
=11 for other frequencies), and SMSI"" mice (n = 4 for 6 kHz, n =9 for other frequencies).
B, comparison of ABR thresholds in response to tones of different frequencies in
3-month-old SMSI** mice (n = 4 for 6 kHz, n = 14 for other frequencies) and SMSI™”" mice
(n = 4 for 6 kHz, n = 12 for other frequencies). C, comparison of ABR thresholds in
response to tones of different frequencies in 6-month-old SMSI™" mice (n = 9) and SMS1”"
mice (n = 8). D, comparison of ABR thresholds in response to tones of different
frequencies in 3-month-old SMS2""* mice (n = 6) and SMS2"" mice (n = 6). CS7BL/6N wide
type mice data were also added at each age (n = 6 at each age). ns: not significant.Values

were presented as means + SEMs.

41



35 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. 3-5 A), and thus
suggests dysfunction of the cochlea. Further, because SMSI”™ mice were not deaf (Fig. 3-5), 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, and then otoacoustic emissions in the
SMSI”" mice.

We used a double-barreled microelectrode to examine EPs and endolymph K" concentrations at the
same time (Fig. 2-7), in animals across different ages. We calibrated the microelectrode at 38 °C before
and immediately after recording (see method). Table 3-1 and Fig. 3-7 show calibration values and fitting
curves, respectively, from the same SMS!""* mouse at three months of age. In this animal, a potassium
concentration of 148 mM was calculated according to the measured potassium potential and the fitting
curve after recording.

As shown in Fig. 3-8 A, B and C, the EP in the SMSI""" control littermates had a value close to 100 mV
(98.0 £4.5 mV, n = 10, at 1 month of age; 96.1 £ 5.5 mV, n = 8§, at 3 months of age; 97.7+ 6.7 mV,n= 12,
at 6 months of age; no significant difference among these groups; p > 0.05), in agreement with previous
reports in wild-type animals (Kitajiri et al. 2004; Yoshikawa et al. 2009). The EPs in SMSI”" mice at 1
month of age (79.7 £ 4.5 mV, n = 8), 3 months of age (65.5 = 4.9 mV, n = 10), and 6 months of age (68.7

' controls

+ 4.5 mV, n = 8) were all found to be significantly reduced as compared to age-matched SMS/
(Fig. 3-8 A, B and C; p < 0.01). The potentials in 3-month-old and 6-month-old SMSI™ mice were also
significantly lower than that of the 1-month-old animals (Fig. 3-8 C; 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 mM (Fig. 3-8 D; n = 11). The K*

concentrations in the endolymph of age-matched SMSI”" mice were found to have similar values (146.9 +
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9.0 mM, n=9, p > 0.05; Fig. 3-8 D).

EPs in SMS2"" mice either at 1 month of age (98.0 £ 8.0 mV, n = 6) or at 6 months of age (95.4 + 3.8
mV, n = 8) were not significantly different from those in the SMS2"" mice (97.3 + 6.1 mV, n = 6 at
I-month; p > 0.05; Fig. 3-8 E). These EP values were also not significantly different from those in the
SMSI™"* mice (p > 0.05).

Next we examined otoacoustic emissions in the frequency range of 4 kHz to 29 kHz by fitting a probe
to the ear canal. Fig. 3-9 A shows an example of a DPOAE measurement from a 3-month-old SMS7""*
mouse. Application of two primary tones of frequencies f1 and f2 (f2/f1 = 1.22) induced distortion
components of 2f1-f2, 3f1-2f2, and 4f1-3f2, among which the cubic component 2f1-f2 had the largest
magnitude (Fig. 3-9 A). We compared the 2f1-f2 component measured at different frequencies in KO and

control animals (Fig. 3-9 B). The component was significantly smaller in SMSI”" mice in the middle

frequency range (8-16 kHz) than in their SMSI"* control littermates (p < 0.01, Fig. 3-9 B).

[K'] (mM) Viefore (MV) Vatier (mV) VSmM—[K+]0 (mV) Vi (mV) Vineasure

5 40 40

25 71.3 72.9

50 82.0 87.4 7.1 66.2 40+7.1+
80 94.0 98.2 66.2=113.3
120 103.3 108.5

160 112.5 116.3

Table 3-1. An example of calibration values before and immediately after experiment
from an SMSI"" mouse at 3 months of age. Vs,u. k', presents the potential difference
between two conditions, when microelectrode is in the SmM KCIl solution and when the
microelectrode is in the tissue fluid; V' presents the potassium potential; and Vcisure
presents the total K potential which equals the summation of V', Vsuw. x|, and the

initial calibration value we set, in a KCI solution at 5 mM.
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Fig. 3-7. An example of K' concentration calculation from the same SMS1
months of age in Table 3-1. Red and blue cycles indicate the calibration values before
recording and immediately after recording, respectively. The two curves indicate
corresponding fitting to the cycles. The functions provided all parameters such as V), A,
and a. Before recording, the microelectrode has a slope of 55.23, while after recording it

still show a very similar value of 56.23. The dashed lines show the potential measured and

its corresponding potassium concentration calculated.
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Fig. 3-8. Measurement of the EPs and endolymph K" concentrations. 4 and B,

representative recordings of EPs and PPs from the cochlea of an SMSI™" mouse and an

SMSI" mouse, both at 3 months of age. C, summary of EPs recorded from age matched

SMSI™" and SMSI"" mice. D, comparison of K concentration in 3-month-old SMSI**

mice and SMSI™" mice. E, EPs in SMS2"" mice and SMS2"" mice. Values were presented as

means * SDs. ns: not significant.
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3.6 Cochlear histology

The smaller EPs in SMSI”" mice, as described above, suggest alterations in the cochlear SV of the
SMSI™" mice because the SV is known to play a vital role in the generation of EPs (Wangemann, 2002;
Hibino et al. 2010). Histological examination of the cochlea indeed revealed alterations in SMS/™ mice.
Fig. 3-10 A and B show a hematoxylin and eosin-stained section through the middle turn of the cochlea in
a 3-month-old SMSI"" mouse and an age-matched SMSI”" mouse, respectively. Although there was no
clear change in the organ of Corti and the spiral ganglion, atrophy of the SV in the SMSI”" mouse was
observed. As is clear from Fig. 3-10 B, the region towards the apical end and basal end appeared much
thinner in SMSI”" mice compared with the SMSI™" controls (Fig. 3-10 B, arrow). Similar observations

“* control littermates. Because

were obtained in all four SMSI”" mice when compared with six SMSI
previous studies have firmly 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-dependent hearing loss in SMSI”~ mice. The ends of SV appeared
vague in cross sections (shown in Fig. 3-10 A and B), but the thickness of SV decreased rapidly towards
both ends. We thus 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. 3-10 C, the SV width was significantly shorter in
SMSI”" mice than in their age-matched SMSI™ littermates, at all cochlear locations, and for both
3-month-old and 6-7-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. 3-10 D, although the ratio was significantly
smaller in the KO animals than their SMSI"" littermates 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
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in pm in 3-month-old mice (mean + SD): apical: SMSI"* (286.4 + 15.8 SD, n = 6), SMSI”" (299.2 + 18.7,
n = 6), p > 0.05; middle: SMSI™" (361.5 + 32.8, n = 6), SMSI”" (362.5 + 25.0, n = 6), p > 0.05; basal:
SMSI™" (445.7 + 24.0, n = 5), SMSI™" (445.8 + 29.0, n = 6), p > 0.05. 6-7-month-old: apical: SMSI""*
(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: SMSI"" (456.8 + 20.0, n = 4), SMSI"" (4533 + 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 SMSI”" 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. 3-10 E, marginal cells at the middle turn in
the SMSI™" control animals exhibited polygonal shapes, but the size of the cells appeared rather uniform
across the epithelium. In contrast, marginal cells in SMSI” mice showed marked variation in their sizes

+H+

(Fig. 3-10 F). Similar observations were made in five SMS/ " mice and five SMSI""" littermates. For a

quantitative comparison, we measured apical membrane area size in both SMSI”~ and SMSI""*

mice using
the NIH Image J software. The size in the control mice had a mean of 122.0 pm?” and an SD of 30.7 pm?®
(210 cells from three animals), and the size in SMSI”" mice had a mean of 118.9 um® and an SD of 90.1
um® (239 cells from three animals). While the sizes in the control animals could be well fitted with a
Gaussian function (Fig. 3-10 Ee2; p < 0.05, % test), the distribution of the sizes in SMSI”" mice was
strongly skewed towards the right and could not be fitted with a Gaussian function (Fig. 3-10 Ff2; p >
0.05, y* test), but could be approximated with a Rayleigh function with a scale parameter of 105.4 (Fig.
3-10 Ff2; p < 0.05, y” 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 SMS/”" mice became vague (data not shown).
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Fig. 3-10. Morphological abnormalities of the SV in SMSI” mouse cochlea. 4 and B,
hematoxylin and eosin stained cochlear sections at the middle turn in 3-month-old
SMST" (4) and SMST”~ (B) mice. Arrowhead points to the SV. Note the shrinkage of the
SV at the location indicated by the arrows in the SMSI"~ 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 SMSI"* and SMSI™ mice at 3-months of age (n
= 6 for each genotype), and at 6-7-months of age (SMSI™", n = 4; SMSI"", n = 5). Eel and
Ff1, phalloidin-stained strial marginal cells in flat-mount cochlear lateral wall
preparations. Ee2 and Ff2, histograms of marginal cell apical membrane area size in
age-matched SMST** mice (Ee2, 210 cells from 3 animals) and SMS1”~ mice (Ff2, 239 cells
from 3 animals). The size in SMSI™" mice was fitted with a Gaussian function (Ee2, p <
0.05, o* test), and the size in SMSI™” mice was fitted with a Rayleigh function (Ff2, p <
0.05, x2 test). Abbreviations: OC, the organ of Corti; RM, Reissner’s membrane; SG,
spiral ganglion; SL, spiral ligament. Scale bars: B = 0.2 mm = 4; Ffl = 20 pm = Eel.

Values are presented as means + SDs.

The cochlea receives its blood supply from a tight network of extremely slender vessels embedded in
the highly compact bone of the otic capsule. The abundant blood vessel network facilitates the sufficient
oxygen and nutrient to the cochlea. Normal blood supply to the cochlea is crucial to auditory transduction,
the mechanism by which sounds are converted to nerve impulses that travel along the auditory pathways.
Cochlear ischemia is followed almost immediately by hearing loss. Thus, we imaged the capillary
network of the SV by isolectin staining. However, the blood vessels in SMS1 KO mice were not

++

significantly different from that in SMS/"" controls (Fig. 3-11).
The histological results described above may explain in part the reduction in EP, but do not appear to
explain frequency-dependent hearing loss in SMSI”" mice. To further explore the mechanisms underlying

the frequency-dependence of hearing loss in the KO mice, we stained the density of outer hair cells. The

abnormalities of DPOAE in SMSI”" mice described in Fig. 3-9 also suggest alterations of the hair cells in
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these animals. Loss of hair cells in SMSI™ mice, however, was limited, and we found no significant
difference in outer hair cell density between SMSI™ mice and their SMSI™" littermates, 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.

3-12).

A B
sms1** 3-month sms1 " 3-month

Fig. 3-11. Organization of capillaries in the SV. The SV capillaries were visualized by

isolectin in an SMSI*"* mouse (A) and an SMS17" (B) mouse, both at 3 months of age. The
lower panel a2 and b2 are enlarged views of the boxed area in al and b1, respectively.

Scale bar: b1 =50 pm and also applies to al; b2 = 10 pm and also applies to a2.
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Fig. 3-12. Cochlear outer hair cell (OHC) density in SMSI” mice was not significantly
different from that in SMSI™* mice. A, representative phalloidin-stained OHCs at the
apical («1) and the basal (a2) turn from a 3-month-old SMSI™* mouse. B, OHCs from a
3-month-old SMSI"~ mouse, shown in the same way as in (4). Arrows in (4) and (B) point
to locations of OHC loss. C, summary of OHC density in SMS1”* and SMSI™ animals at
3-months of age (SMSI'/' B, n=4; others, n = 5) and 6-7-months of age (SMSI'/'A, n = 4;
SMS17B, n = 3; others, n = 5). OHC density was defined as the total number of OHCs in
all three rows of OHCs, per 100 pm length of the basilar membrane. A and B represent
the apical and basal turn of the cochlea, respectively. Scale bar in (4) = 30 pm. Error bars

are SEMs. No significant difference among non-labeled pairs.
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3.7 KCNQI1 expression in the marginal cells of SV

The attenuated EPs in SMSI”" mice described above may, at least in part, account for the hearing
impairments in these animals, and the abnormalities of the SV in SMS/” mice may in part explain the
attenuated EPs. To further explore the mechanism for the attenuated EPs 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 KCNQ1 in the SMS/™* mice
cochlea (3-month-old) revealed that the channel was expressed exclusively on the apical surface of
marginal cells (Fig. 3-13 A, green), in accord with previous reports in wild-type animals (Sakagami et al.
1991; Jabba et al. 2006). Fig. 3-13 B shows the staining pattern in a 1-month-old SMS/"* mouse (Fig.
3-13 Bbl) and an age-matched SMSI”™ mouse (Fig. 3-13 Bb2). It is clear from the figure that while
staining in the SMSI™"* mouse appeared rather continuous across the SV (Fig. 3-13 Bb1), some locations
in the SMSI™" mouse appeared to be deprived of staining (Fig. 3-13 Bb2, arrowhead). In 3-month-old
SMSI™" mice, more sites lacked staining (Fig. 3-13 Cc2, arrowheads). At this age, aberrant expression of
the channel was also observed at locations other than the apical surface of marginal cells (Fig. 3-13 Cc2,
arrows). In 7-month-old animals, the staining of KCNQI at the apical surface of SMSI”" mice marginal
cells became only punctuate (Fig. 3-13 Dd2), and aberrant expression within the parenchyma of the SV
(Fig. 3-13 Dd2, arrows) became comparable to that on the apical surface. Similar observations for each of
the above age groups were obtained in all examined animals (1-month: SMSI/"* n =2, SMSI” n = 2;
3-month: SMSI"* n=6, SMSI”" n= 6; 6-7-month: SMSI""* n=2, SMSI” n=3).

To examine cochlear location dependence and age dependence of KCNQ1 expression, we quantified
the expression by measuring the width of the SV along the SV surface and the fraction of

++

KCNQI1-positive length. As shown in Fig. 3-13 E, the fraction was close to one for all SMS/™" mice, but
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Fig. 3-13. Altered expression of KCNQ1 in the SV of SMSI” mice. Aal, specific
expression of KCNQ1 in the SV in a 3-month-old SMSI"* mouse cochlear section.
KCNQI1 immunofluorescence (green in the boxed area) was merged with a brightfield
image of the section. 4a2, an enlarged view of the boxed area in 4al. B-D, KCNQI1
immunostained SV sections of SMSI™* (Bbl, Ccl, DdI and Dd3) and SMST” (Bb2, Cc2,
Dd2 and Dd4) mice at 1- (B), 3- (C), and 7- (D) months of age. KCNQI1 signals (green)
were merged with images of DAPI-stained cell nuclei (blue). E, fraction of KCNQ1
staining along the SV surface in SMST”* and SMSI"~ animals at 3-months of age (n = 5
for all genotypes) and at 6-7-months of age (SMSI**, 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: Aal = 0.2 mm; Aa2 = 30 pm; Dd2 = 30 pm and applies to B, C and Dd1; Dd4 = 10

pm and applies to Dd3. Values were presented as means +£ SEMs.

was significantly reduced in SMSI”" mice, at all cochlear locations. The results also revealed
age-dependent reduction at all cochlear locations (Fig. 3-13 E). However, we found no significant
difference between cochlear locations (Fig. 3-13 E).

To quantify the protein level of KCNQI1 in the SV, we performed western blot analysis. As shown in
Fig. 3-12 F, the expression of KCNQI in 3-month-old SMSI"~ mice was markedly reduced. The
expression level of KCNQI normalized to the level of GAPDH expression, in SMSI™" mice was 60% of

that in the age-matched control littermates (Fig. 3-13 F).
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3.8 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 SMSI”" mice demonstrated increased reactive oxygen species in these animals (Yano et al. 2011).
In the cochlea, oxidative stress is known to induce macrophage invasion into the SV (Jabba et al. 2006,
Singh & Wangemann, 2008). We thus examined macrophage invasion of the SV at different cochlear
locations and at different ages. As shown in Fig. 3-14 A-D, macrophages were visible in transmission
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 SMS/™" mice
compared with SMSI"" littermates, but not at the basal turn, at 3 months of age (Fig. 3-14 E). 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. 3-14 E).
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Fig. 3-14. Increased pigmentation in the SV of SMSI"~ mice. A-D, brightfield microscope
images of flat-mount tissues of the SV on the spiral ligament, prepared from 3-month-old
SMST'"™ (4, B) and SMSI" (C, D) mice at the apical (4, C) and basal (B, 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 SMSI™ mice (C, D)
than SMSI"" mice (4, 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 SMSI** and SMSI”"
mice, at 3-months of age (n = 5 for both genotypes) and 6-7-months of age (SMSI**, n =5;

SMSI”", n = 4). Values were presented as means = SEMs. ns: not significant.
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3.9 Hearing repair

Previous study has demonstrated increased reactive oxygen species (ROS) in SMSI™" mice (Yano et al.
2011). Our present data that more macrophage invasion into SV was observed in the apical region than
the basal region of the cochlea, suggested a role of cochlear location-dependent oxidative stress in
producing the frequency-dependence of hearing loss in SMSI”" mice. These results led us to hypothesize
that increased ROS generation seen in SMSI”™ mice underlies the phenotypes seen in these mice and that
treatment with anti-oxidants might rescue these conditions. To test this idea, we supplied the anti-oxidant
NAC in animal drinking water when animal are at three weeks of age and then analyzed the hearing
ability in NAC-treated SMSI”" mice at 3 month of age. The NAC water feeding period is about 70 days.
As control, SMSI™" mice were also fed with NAC-containing water simultaneously, and there was no
obvious change of ABR thresholds in SMSI™" mice treated with NAC compared with mice not treated
(Fig. 3-15 A). The hearing ability of SMSI” mice was not restored after treatment with NAC when tested

using either a click sound (Fig. 3-15 A) or tones with different frequency, 4-32 kHz (Fig. 3-15 B).
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the frequency-dependent ABR thresholds in SMSI™ mice treated with NAC and in
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SEMs. ns: not significant.
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4 Discussion

In the present study, we demonstrated for the first time that hearing loss in SMSI” mice, in a
behavioral test that required detection of a tone at different levels and in ABR tests. SMS2”" mice, in
contrast, showed no hearing loss either at the behavioral level or the electrophysiological level. We
showed that the hearing loss in SMSI”" 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™"

littermates.

4.1 Hearing loss in SMS1”~ mice, but not in SMS2™" mice

SM is an essential structural component of mammalian cell membrane (Tafesse et al. 2006), and is
involved in the formation of lipid microdomains that play important roles in both protein sorting and
signal transduction (Simons & Toomre, 2000; Helms & Zurzolo, 2004). It may thus not be a surprise that
deficiency of the enzyme that synthesizes SM causes hearing impairments. An immediate question raised
by our results is why hearing impairment was observed in SMSI™" but not SMS2”" mice. However, the
explanation for this phenomenon is currently unclear. The results revealed that both SMS1 and SMS2
were expressed in the cochlea (see Fig. 3-2). 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 at this time. It is known, however, that whereas
SMSI1 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
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synthesis starts with the formation of ceramide in the endoplasmic reticulum, with ceramide being
subsequently transported to the Golgi where SM is synthesized by SMSI1. Furthermore, SM cycles
between the Golgi and cytoplasmic membrane where SMS2 interconverts ceramide and SM (Tafesse et al.
2006). SMSI1 thus appears to be essential to SM synthesis, whereas SMS2 plays only a regulatory role
(Yamaoka et al. 2004). Such differential roles of SMS1 and SMS2 and their differential sub-cellular
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).

It is also interesting that not all cell types are impaired equally in SMSI™" mice. In this regard, although
SV marginal cells were severely affected, other cells in the inner ear appeared to be less affected. The
endolymph K’ concentration in the SMSI” mice was not altered at all. Thus, the impact of

SMS1-defficiency on cell functions appears to be cell type-dependent.

4.2 Features of the hearing impairment in SMS1”" mice

The results revealed several characteristic features of hearing impairment in SMSI”" mice. First, the
impairment was more prominent for low frequency tones. Although our behavioral experiments used only
a single frequency of 4 kHz, tests in the range of 4-32 KHz in the ABR experiments clearly demonstrated
a greater impairment in the low frequency range. Second, compared to the hearing impairments in mice
deficient of other lipid-related enzymes, the impairment in SMSI” mice was mild to moderate. For
example, the largest increase in the ABR threshold in SMS/” mice was 40-50 dB as compared to the
control mice (see Fig. 3-5). Mice genetically devoid of ganglioside synthase, in contrast, have complete
hearing loss (Yoshikawa et al. 2009). Third, the impairment was progressive with age. Evidence from the

ABR experiments, the EP recordings, and the KCNQI staining is all suggestive of an age-dependent
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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 SMSI”" mice must be
considered. Among cochlear cell types, hair cells and cells of the Reissner's membrane are known to
express cadherin 23 (Lagziel et al. 2005; Rzadzinska et al. 2005), raising the possibility of interaction
between SMS1 and cadherin 23 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

+H+

SMSI™" mice was observed by comparison with their SMS1"" littermates. 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 SMSI”" and SMSI™* mice. Rather, abnormalities in the SV of SMSI™" 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), but hearing loss in SMSI”" mice was observed here

from the first month.

4.3 Mechanisms for hearing loss in SMSI” mice
Our results suggest that atrophy of the SV may, at least in part, account for the hearing impairment in
SMS1”" mice. Reduction of the thickness of the SV at the region close to the Reissner's membrane, and
the disorganization of the marginal cells may all result in the attenuated EPs in these animals. EPs add to

the driving force for K' ions to enter hair cells through mechanoelectrical transduction channels that are
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activated upon acoustic stimulation. Loss of the EP thus reduces the sensitivity of hair cells to sound
stimulation and leads to hearing impairments. The observation that the progressive reduction in the EPs
paralleled the ABR threshold elevation (compare Fig. 3-8 C to Fig. 3-5 B) also argues for a causal role for
EP attenuation in the hearing loss of SMS/”" mice.

To explore the mechanisms for the attenuated EPs in SMSI”" mice, we measured endocochlear K
concentrations, but we found no significant changes. Instead, we found that KCNQ1 channels, which are
normally expressed on the apical membrane of all marginal cells, were not expressed in some cells that
face the scala media in SMSI”" mice. Moreover, in these mice, aberrant expression of KCNQ1 was found
in the parenchyma of the SV, presumably on the processes of marginal cells within the stria. At the tissue
level, the expression level of KCNQI was also low in SMSI”" mice. KCNQI normally passes K™ 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 et 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 attenuated EPs. Hearing impairments
resulting from loss of KCNQI1 channels in SV have also been shown before in mice deficient of the
lysosomal membrane protein LIMP2 (Knipper et al. 2006), and mutations in the gene coding KCNQI
a-subunit have been shown to cause deafness (Neyroud et al. 1997). The involvement of other molecules
such as CI" channels and CI transporters remains to be investigated in future studies (Rickheit et al.

2008).
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It remains unclear whether the attenuation of the EP is cochlear location-dependent, and whether it
explains the frequency-dependence of the hearing in SMSI”" mice. We measured EPs from only one site
in the endolymph because the mouse cochlea is too small to allow measurement at different locations.
EPs are determined not only by KCNQI channels, but other channels such as KCNJ10 and the Na'/K"
pump also play essential roles in creating the potential (Wangemann, 2002; Hibino et al. 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. 3-14), it is possible that the expression
of EP-related molecules other than KCNQI but including KCNJ10, CI' channels and CI transporters
(Rickheit et al. 2008) is altered more in the apical region and causes a greater drop in the EP.

To explore the mechanism for the frequency-dependence of the hearing impairment, we measured
DPOAE. However, DPOAE in the SMSI™" mice was reduced at a middle frequency range of 8—16 kHz.
DPOAE is a nonlinear phenomenon, and is expected to be produced by active processes within the
cochlea. It now appears to be attributable to the somatic motor of outer hair cells and the hair bundle
motor of likely 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 EP and DPOAE
results cannot fully explain the hearing loss in the SMSI™" mice, suggests that there may be additional
impairments of the apical region of the cochlea 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 SMS/™" mice.
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Another feature of the hearing impairment in SMS/™" mice is its age-dependent progression. It is widely
known that age-dependent development of hearing loss occurs in wild-type animals, but such hearing loss

appears to be accelerated in SMSI”" mice as compared to SMSI"*

littermates (see Fig. 3-5 B). The
mechanism for age-dependent hearing loss is, at least in part, 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 SMSI1 exhibited increased reactive oxygen species (Yano et al. 2011).
Although we found no obvious cell loss in SMSI™ mouse cochlea 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 notion is consistent with our observation that macrophage density in SMSI”~ mouse cochlea tend to
be higher than in SMS1""* controls. We also tried to rescue the hearing loss using the NAC. Unfortunately,
the hearing ability was not restored in SMS1 deficient mice, but the ABR threshold in these NAC-treated
KO mice was not significantly decreased compared with KO mice without NAC treatment. Firstly, this
can be explained by tissue-specific ROS. Different tissue of these KO mice may suffer from ROS to a
varying degree. Another possibility is the short time treatment with NAC. In previous study, we analyzed
the ROS of pancreas in SMS1 KO mice after feeding the animal with NAC-containing water for 20-24
weeks (Yano et al. 2011). In the present study, the NAC treatment period only lasted 10 weeks, because
by this time these KO mice were 3 months old and suffered from an accelerated progression of hearing
loss. In addition, these mice showed larger individual difference among animals so that it makes the
hearing assessment inaccurate by small samples.

It is unclear how SMS1 deficiency may lead to down regulation of KCNQ1 in marginal cells. At this
time, one can only speculate on this issue. One possibility is the involvement of the cytoskeleton and the
membrane lipid microdomain. In the present study, the down regulation of KCNQI1 channels was
associated with disorganization of marginal cells. There is ample evidence demonstrating a close

relationship between SM/ceramide and the cell skeleton (Meivar-Levy et al. 1997; Lenne et al. 2006;
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Zeidan et al. 2008). We have previously shown that SM is reduced and ceramide is increased in the
pancreatic islets of SMS/”" mice (Yano et al. 2011). Similar changes may occur in the SV of SMSI™" mice,
although this remains to be clarified. On the other hand, SM and ceramide are important components of
membrane lipid microdomains (Merrill, 2002; Tafesse et al. 2006). Reduced SM and the accumulation of
ceramide, if it occurred in the SMSI” mouse SV, could change the cytoskeleton and membrane lipid
microdomain and consequently affect protein trafficking and signal transduction in the marginal cells of
these animals (Hannun & Obeid, 2002; Merrill, 2002, Spiegel & Milstien, 2002; Subathra et al. 2011).
Eventually, this could lead to deepithelialization of a portion of the marginal cells and the aberrant and
reduced expression of KCNQ1 that we observed. Dysfunction of cochlear hair cells as suggested by the
reduced level of DPOAE in the SMSI”" mice may also be caused by alterations of cytoskeleton or
membrane stiffness (Oghalai et al. 1998; Zeidan et al. 2008; Tafesse et al. 2006). Other possibilities for
the down regulation of KCNQI channel in SMSI” mice may involve oxidative stress or protein
degradation. Ceramide has been shown to down regulate HERG K" channels by overproduction of
reactive oxygen species (Bai et al. 2007) or by ubiquitin-mediated lysosomal degradation (Chapman et al.
2005). One could speculate that ceramide accumulates in SMS/”” mouse SV and down regulates KCNQ1
in marginal cells via similar mechanisms.

In summary, our results show for the first time that SMS1 but not SMS2 is involved in hearing, and that
SMS1-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 SMS1 and SMS2 in hearing, and examine the link between SM metabolism and

frequency-dependent hearing at the molecular level.
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5 Conclusion

In this dissertation, we indicated that SMS1 deficient mice showed a moderate hearing loss evaluated
by sound-associated learning experiment and ABR. However, this was not shared by SMS2 deficient mice.
ABR results of SMS1 KO mice showed clear hearing loss at low frequency range (4-8 kHz), while
DPOAE:s revealed the dysfunction of outer hair cells in the inner ear of SMS1 KO mice at mid-frequency
range (8-16 kHz). The measurement of potassium concentration by double barrel microelectrode gave a
similar value about 150 mM in all animals with different genotype, consistent with previous reports,
whereas EP in SMS1 null mice decreased at different degrees with age. Again, SMS2 null mice had
normal values both for EP and potassium concentration. We next attempted to explore the mechanism
underlying hearing loss in SMS1 KO mice. Cross sections of cochlea showed remarkable atrophy of SV
within which striking disorganization of marginal cell was further found by whole mount phalloidin
staining. Furthermore, immunofluorescence microscopy revealed that KCNQI1 expression pattern in
marginal cells was obviously altered and worsened with age. In addition, the expression level of KCNQI
was decreased by about 60% assessed by western blotting. To explore the mechanism of
frequency-dependence of hearing loss, we measured the hair cell density, KCNQI expression level, SV
atrophy, and the pigmentation at different cochlear locations. Our observation of more macrophage
invasion into SV at the apical region than the basal region may partially explain the hearing impairment at
low frequency. Collectively, these data suggested that a series of defects within SV and possible

impairment in hair cells may underlie EP decline and hearing impairment in SMS1 deficient mice.
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