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Down-regulation of msrb3 and destruction of normal
auditory system development through hair cell apoptosis
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ABSTRACT Hearing defects can significantly influence quality of life for those who experience
them.At this time, 177 deafness genes have been cloned, including 134 non-syndromic hearing-loss
genes. The methionine sulfoxide reductase B3 (Ahmed et al., 2011) gene (also called DFNB74) is
one such newly discovered hearing-loss gene. Within this gene ¢.265 T>G and ¢.55 T>C mutations
are associated with autosomal recessive hearing loss. However, the biological role and mechanism
underlying how it contributes to deafness is unclear.Thus, to better understand this mutation, we
designed splicing morpholinos for the purpose of down-regulating msrb3 in zebrafish. Morphants
exhibited small, tiny, fused, or misplaced otoliths and abnormal numbers of otoliths. Down-regula-
tion of msrb3 also caused shorter, thinner, and more crowded cilia. Furthermore, L1-8 neuromasts
were reduced and disordered in the lateral line system; hair cells in each neuromast underwent
apoptosis. Co-injection with human MSRB3 mRNA partially rescued auditory system defects, but
mutant MSRB3 mRNA could not.Thus, msrb3is instrumental for auditory system development in

zebrafish and MSRB3-related deafness may be caused by promotion of hair cell apoptosis.
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Introduction

Hearingloss is acommon but significant birth defect that conveys
sensorineural disability (Hilgert etal., 2009) and approximately one
of every 1,000 infants has some form of congenital hearing loss
(Blanchard et al., 2012). Also, an estimated 28 million Americans,
27.8 million Chinese, and 22.5 million Europeans suffer from
hearing defects (Cheng et al., 2011). Sensorineural hearing loss
may originate in the organ of Corti within the inner ear (Usami
et al., 1998, Kelley, 2007). Sound waves are transferred to the
middle ear, vibrating the tympanic membrane, and then ossicles
amplify the sound energy and transmit it to the fluid-filled cochlea.
Eventually, these movements are converted into fluctuations in the
basilar membrane and then into changes in the relative positions
of stereocilia and tectorial membranes, stimulating hair cells. Then,
hair cells convert this mechanical energy into electrical signals.
The organ of Corti is composed of hair cells, supporting cells, and

stereocilia, and a slight damage to this organ can cause serious
hearing impairment (Borck et al., 2011, Dror and Avraham, 2010,
Gillespie and Muller, 2009, Frolenkov et al., 2004). Hair cells, sup-
porting cells, stereocilia, and otoliths in zebrafish have functions
similarto their human counterparts. Furthermore, research suggests
that the necessary genes for normal hearing account for nearly 1%
of all human genes (Friedman and Giriffith, 2003). At this time, 177
deafness genes have been cloned (http://hereditaryhearingloss.
org/main. aspx?c=.HHH&n=86307), whichis a substantial advance
in deafness research, but the pathogenic mechanisms underlying
how these deafness genes (such as MSRB3) cause hearing loss
are not understood.

Researchers have identified methionine sulfoxide reductase B3
(MSRB3) as adeafness gene via sequencing the genes of affected
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individuals. This gene can repair proteins damaged by oxi-
dative stress by catalyzing methionine sulfoxides, reducing
themto their corresponding methionines (Weissbach etal.,
2002). MSRB3 has four transcripts encoding two isoforms
(MSRB3A and MSRB3B). MSRB3A is predicted to exist in
the endoplasmic reticulum, and MSRB3B may be within
the mitochondria. Two homozygous mutations, ¢.265T>G L

and ¢.55T>C, were reported to be deafness mutations of
MSRB3 (Ahmed et al., 2011). The ¢c. 265 T > G mutation B
can lead to loss of activity of MSRB3A, and the ¢. 55 T >

C mutation is a truncating mutation. Thus, these data sug-
gest that functional MSRB3 is critical to human hearing.

In an attempt to better understand the pathogenesis of
DFNB74 deafness caused by MSRB3 deficiency, Kwon’s
group generated Msrb3 knockout mice using homologous
recombination and reported that Msrb3 deficiency caused C
progressive degeneration of stereocilia, followed by hair
cell apoptosis and that this caused profound deafness in
Msrb3* animals (Kwon et al., 2014).

Zebrafish do not have an outer or middle ear, butinstead
have a typical vertebrate inner ear, which has been previ-
ously described (Whitfield, 2002, Watermanand Bell, 1984, D
Haddon and Lewis, 1996, Bang et al., 2001, Bever and
Fekete, 2002). Also, zebrafish have a lateral line system
of neuromasts containing hair cells whose stereocilia are
directly exposed to the water, sensing movement along
the head and body surface. Unlike inner ear hair cells,
neuromasts are present on the animal surface, making
them highly accessible and easy to study (Ma et al., 2008,
Nagiel etal., 2008, He et al., 2013). Finally, msrb3 homology
between Homo sapiens and D. rerio is as high as 84.87%,
which confirms that zebrafish are a suitable animal model
for studying vertebrate ear development and function (Wu
et al., 2010, Whitfield, 2002). Here, we describe Msrb3 knockout
zebrafish, which we used to investigate how DFNB74 contributes
to deafness caused by the loss of MSRBS3.

Results

Two kinds of morpholinos can knock down the expression
of msrb3

Whole-mount in situ hybridization (WISH) at 12 and 26 hours
post fertilization (hpf) revealed that msrb3 was widely expressed
in embryos, especially in the inner ear (Fig. 1A). To understand
how msrb3 works, two splice morpholinos were designed to down-
regulate normal msrb3 expression in zebrafish. Binding of these
two morpholinos at their respective binding sites caused retention
of intron2 and loss of exon2 (Fig. 1B). After microinjection, the ef-
ficiency of In2MO and Ex2MO was measured with RT-PCR. Primers
designed to measure In2MO efficiency were expected to produce
a 179 bp product in control embryos (In2Con), and morphants
were expected to produce a 299 bp product (In2MO) (Fig. 1C).
Primers designed to confirm the efficiency of Ex2MO should yield
morphants (Ex2MO) without the 163 bp product found in control
embryos (Ex2Con) (Fig. 1D). RT-PCR showed that the expression
of msrb3 was largely down-regulated (Fig. 1E).

Decreased msrb3 caused otic developmental defects
Tolearnwhether msrb3is essential to zebrafish otic development,
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Fig. 1. Efficiency of msrb3morpholinos. (A) WISH at 12 hpf showed that msrb3 was
widely expressed in embryos (a). At 26 hpf msrb3 was highly expressed in the inner
ear of embryos (b). (B) Morpholino antisense oligonucleotides. (C) Primers designed
to measure efficiency of In2MO (179 bp and 299 bp products). (D) Primers designed
to measure efficiency of Ex2MO (less 163 bp product). (E) Morpholino efficiency:
two msrb3 morpholinos could interfere with normal mRNA splicing (compare lane
1 to lane 2 and lane 3 to lane 4).

morphant phenotypes were observed and compared to controls.
First, morphology of controls (Fig. 2A a,c) and msrb3 morphants
(Fig. 2A b,d) were observed at 60 hpf, and msrb3 morphants had
otolith abnormalities. Otic vesicles visualized with DIC microscopy
revealed that by 60 hpf, two otoliths appeared in control embryos
(Fig. 2A e, k) and the otolith closer to the eyes was smaller. How-
ever, msrb3 morphants exhibited tiny (Fig. 2A f,I), fused (Fig.2A
h,n), misplaced (Fig. 2A1,0), or small (Fig. 2Aj,p) otoliths, abnormal
otolith numbers (Fig. 2A g,m), and malformed semicircular canals
(Fig. 2A f—g, I-p). A quantitative analysis of otolith defects of both
morphants was performed at 60 hpf. Fish with the defect are de-
picted in Fig. 2 B,C. Each experiment was performed in triplicate
and otolith abnormalities in controls and msrb3 morphants were
statistically significantly different (Fig. 2 D,E).

Msrb3 is essential for the development of cilia in inner ear
and lateral line neuromasts

Inner ear sterecilia of 5 dpf zebrafish were marked with FITC-
labelled phalloidin and observed under confocal microscopy. Msrb3
morphants (Fig. 3 B,D) had semicircular canal defects not present
in controls (Fig. 3 A,C). Sterecilia of msrb3 morphants (Fig. 3 B,D)
were shorter and more crowded than controls. Kinocilia in lateral
line neuromasts were observed under SEM and these were shorter
in morphants (Fig. 3 E-H). Statistical analysis of inner ear sterecilia
(Fig.3l) and neuromasts kinocilia(Fig.3J) in mismatch controls and
msrb3 morphants indicated statistical significance.



Decreased msrb3 caused disordered neuromasts and fewer
hair cells

Zebrafish have a special lateral line system composed of
neuromasts containing hair and supporting cells (Ghysen, 2003).
We labeled hair cells with a transgenic fish: Tg (Brn3c:mGFP)
S356T transgenic zebrafish expressing GFP in hair cells under
control of the POU4F3 promoter that is targeted to the plasma
membrane with a GFP-43 membrane targeting sequence. Hair
cells in neuromasts were visualized by allowing embryonic ze-
brafish to swim in FM-1-43FX (red) dye which binds to nerve cell
membranes via a mechanotransduction channel (Gleason et al.,
2009). Thenlarvae were fixed in 4% paraformaldehyde and nuclei
were labeled with DAPI (blue) to visualize neuromasts and hair
cells. Down-regulation of msrb3 produced fewer and disordered
lateral line neuromasts (Fig. 4 A,B) and fewer neuromast hair
cells (Fig. 4 D,E). Statistical analysis of L1-8 neuromasts (Fig.
4C) and hair cells per neuromast (Fig. 4F) in mismatch controls
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and msrb3 morphants were significantly different.

Msrb3 deficiency leads to apoptotic hair cell death in
neuromasts

A TUNEL assay was performed with a TMR-RED in situ cell
death detection kit. Results showed significantly more apoptotic
hair cells in neuromasts of 3 dpf morphants than in those of con-
trols (Fig. 5 A,B). Statistical analysis of apoptotic hair cells per
neuromast in mismatch controls and msrb3 morphants indicated
statistical significance (Fig. 5C).

Technologies used to study gene functions by sequence-specific
knockdown can elicit undesirable off-target effects. About 15—20% of
morpholinos used in zebrafish have off-targeted effects (Ekker and
Larson, 2001). Although not allunderlying causes of off-target effects
were clear, most of these were mediated via p53 activation which is
well described (Robu et al., 2007, Gerety and Wilkinson, 2011). To
rule out the possibility of whole-body apoptosis mediated by p53,
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Fig. 2. Otic developmental defects in Msrb3 morphants. (A) Overall morphology of mismatched controls (In2Con, a; Ex2Con, ¢) and msrb3 morphants
(In2MO, b; Ex2MO, d) at 60 hpf indicated otolith abnormalities. Otic vesicles were visualized at 60 hpf using DIC microscopy. Scale bars: 50 um. Unlike
mismatch control (e; k), msrb3 morphants had tiny otoliths (f, I), abnormal otolith numbers (g, m), fused otoliths (h, n), misplaced otoliths (i, o), small
otoliths (j, p), shrunken inner ears, and malformed semicircular canals (f-g, I-p). (B,C) Quantitative analysis of otolith defects of In2MQO and Ex2MO at
different concentrations at 60 hpf. Relative number of fish with otic developmental defects. (D,E) Statistical analysis of otolith abnormalities in controls

and msrb3 morphants. Error bars are s.d. ***P<0.0001.
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larvae were injected with msrb3 morpholinos (In2MO, Ex2MO) or
co-injected with msrb3 morpholinos and p53MO. Acridine orange
staining was used to detect whole apoptosis signals of larvae at
24 hpf. There were no obvious differences in apoptotic signals
between whole msrb3 morphants and p53MO co-injected larvae
(Fig. 5 D,E). Thus, the morpholino off-target effect was ruled out.

Human MSRB3A mRNA can rescue otic defects in msrb3
morphants

Down-regulation of msrb3 caused otic developmental defects
in zebrafish. This gene shares 68.28% homology with human
msrb3 (Fig. 6A). Therefore, human MSRB3A and MSRB3A-
265T>G were obtained (Fig. 6B) and transcribed into mRNA and
human MSRB3A mRNAor MSRB3A-265T>G mRNAwas injected
into zebrafish embryos with morpholinos to determine whether
MSRB3A mRNA from humans could rescue defects caused by

FITC-phalloidin § o}

_-Stereocilia

10.0pm

x4:00k SE(!

Stere?ciliz\lv/ //)
J )~
<S8

‘1’ & 74 Y

B Abnormal J

2
= B Normal g
= =
o 5
10 E 1
5 <
= )
E i
s
g £
2os Z 05
= g
0.0 £ 0.0
FONESS O RN X AD A e
o Q\O“\/ o v\ok« c°°\« e C°“\« RO
R4 W o Ry W P &

Different concentrations

Different concentrations

reduced msrb3 expression. Results show that human MSRB3A
mRNA but not the mutant MSRB3A mRNA could significantly
rescue otic defects of zebrafish morphants (Fig. 6 C,D). Finally,
controls and different msrb3 morphants were significantly differ-
ent (Fig. 6 E,F).

Msrb3 morphants at 6 dpf had hearing loss

The inner ear is critical for crucial roles in zebrafish hearing
and balance. Afterinducing inner ear defects in msrb3 morphants,
swimming and hearing were investigated and we observed that
larvae injected with control morpholinos usually swam or rested
with their backs facing up and swam at a consistent depth.
However, msrb3 morphants remained stationary and rested in
abnormal positions, swimming up and down or in circles. The
abnormal swimming behavior of msrb3 morphants indicated a
defective balance system.

To confirm hearing impairment, the C-shaped
startle response was also tested using near-field
pure tone stimulation with sound intensity (500 Hz,
80 dB). The C-startle response of morphants took
longer to manifest than control larvae, especially
those with very small otoliths. Some morphants had
no response to voice stimulation. After co-injection
with human MSRB3AmRNA (hM3A), about half of
the morphants regained some hearing (Fig. 7 B,D).
Morphant swimming postures tended to normalize,
and audio stimulus sensitivity was greatly increased
(Fig. 7 A,C). These findings support the idea that
msrb3 is key to zebrafish hearing.

Discussion

Hair cells, supporting cells, and cilia are so
important that even slight damage can cause
serious hearing impairment in both humans and
zebrafish (Dror and Avraham, 2010, Gillespie and
Muller, 2009, Frolenkov et al., 2004, Borck et al.,
2011). Morphogenesis of zebrafish otic vesicles
has been described in detail (Kimmel et al., 1995,
Haddon and Lewis, 1996) and in this depiction, the
zebrafish embryonic inner ear appears as a solid
otic placode near the hindbrain by 13.5 hpf. Then
the placode hollows out into the otic vesicle at 18.5
hpf. Precursor dispersal particles in otic vesicles
are attracted by vortices caused by stereocilia

Fig. 3. Cilia damage in Msrb3 morphants. (A-D) Ste-
reocilia in zebrafish inner ear marked with FITC-labeled
phalloidin (confocal microscopy). Stereocilia in msrb3
morphants (In2MO, Ex2MO) were shorter and thinner
than those of mismatch controls (In2Con, Ex2Con). In
addition, msrb3 morphants had malformed semicircular
canals. Scale bars: 30 um. (E-H) Kinocilia in lateral line
neuromasts of morphants were damaged (not see in
controls). Scale bars: 10 um. () Statistical analysis of in-
ner ear stereocilia in controls and msrb3 morphants, “n”
represents fish number. Error bars are s.d. ***P<0.0001.
(J) Statistical analysis of neuromast kinocilia in controls and
msrb3 morphants, “n” represents neuromasts number.
Error bars are s.d. ***P<0.0001.
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Fig. 4. Down-regulation of msrb3. L1-8 neuromasts were decreased and disordered and hair cells were reduced. (A,B; D,E) Hair cells in lateral
line neuromasts stained with FM-1-43FX. (A,B) In2MO and Ex2MO morphants had fewer and more disordered primary neuromasts than controls.
Scale bars: 150 um. (D,E) Msrb3 morphants had fewer hair cells per neuromast than controls. Scale bars: 5 um. (C) Statistical analysis of the L1-8

Ex2Con
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In2MO

o

neuromasts in mismatch controls and msrb3 morphants, “n” represents fish number. (F) Statistical analysis of hair cells per neuromast in mismatch
controls and msrb3 morphants, “n” represents neuromasts number. Error bars are s.d. ***P<0.0001.

motility and together facilitate the otolith formation (Nayak et al.,
2007, Colantonio et al., 2009). Generally, otoliths appeared at
22 hpf, and became prominent by the prim-6 stage (25 hpf) in
the otic vesicle, enlarging along as stereocilia acquired regular
motility. The primordia of the semicircular canals formed at 60
hpf, separating vesicles into otolith-containing chambers. By then,
otolith morphology was stable. Thus, 60 hpf was selected as the
end of otolith observation and statistical analysis.

An autosomal recessive non-syndromic sensorineural hear-
ing loss has been reported to be related to a homozygous single
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nucleotide conversion (265T>G) of MSRB3 in the six DFNB74
families (Ahmed et al., 2011). There are seven transcripts of
msrb3 in zebrafish, one of which has no protein product (http://
www.ensembl.org). Two splicing morpholinos were designed to
down-regulate the other six msrb3 transcripts simultaneously.
In our hands, down-regulation of msrb3 in zebrafish contributed
to progressive degeneration of stereocilia, followed by apoptotic
hair cells, resulting in profound deafness in msrb3 morphants.
These phenotypes are highly consistent with data from Msrb3-
" mice. Thus, msrb3 plays an important role in hair cell integrity
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Fig. 5. Misrb3 morphant apoptotic hair cells. (A,B) TUNEL assay data. In 3 dpf larvae, msrb3 morphants had more hair cell apoptosis than mismatch
controls. Scale bars, 5 um. (C) Statistical analysis of apoptotic hair cells per neuromast in controls and msrb3 morphants, “n” represents neuromasts
number. Error bars are s.d. ***P<0.0001. (D,E) Zebrafish embryos injected with msrb3 morpholinos (INn2MO, Ex2MO) or co-injected with msrb3 mor
pholinos and p53MO—AO staining to detect whole larval apoptosis signal at 24 hpf. There was no difference between msrb3 morphants and p53MO
co-injected larvae. The pb3 off-target effect was ruled out. Scale bars, 200 um.
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cells, possibly accounting for the pathogenesis behind hearing
loss caused by an MSRB3 deficiency.

MSRB3 is widely expressed in mice and zebrafish. Previous
reports indicate that no other disease is caused by this deafness-
related mutation in humans (Ahmed et al., 2011). However, some
phenotypes not related to hearing were observed in zebrafish
morphants. These were characterized by disorganized somites,
hydrocephaly, and pericardial effusion. It also is necessary to
confirm whether other organs are affected at later stages of
development.

The methionine sulfoxide reductase family (Msr) contains

both methionine-S- sulfoxide reductase (MsrA) and methionine-
R-sulfoxide reductase (MsrB). These compounds play important
roles in reducing methionine sulfoxide to methionine (Kim and
Gladyshev, 2004, Weissbach et al., 2005) which can repair
proteins damaged by oxidative stress as well as regulate the
lifespans of several organisms (Lee et al., 2009). Ahmed reported
that MSRB3 isoforms targeted to mitochondria were essential to
hearing and this group concluded that loss of function of msrb3
led to progressive cilia damage, followed by apoptosis of hair
cells, which caused profound deafness in msrb3 morphants.
Furthermore, these morphants similar to phenotypes observed in
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Fig. 7. Msrb3 morphants are
profoundly deaf. (A,C) Examples
of C-shaped startle responses of

response of control larvae was
initiated 5-13 ms after the sound C
stimulation. Abnormal swimming
behavior of msrb3 morphants
indicated a defective balance
system. Some morphants had no
response to voice stimulation. After
co-injection with human MSRB3A
mARNA (hM3A), In2ZMO and Ex2MO
zebrafish regained some hearing.
(B,D) Average C-startle response
probability. For each group, 30
larvae were tested. *** P<0.0001.
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the DFNB74 patients (Ahmed et al., 2011). In summary, we have
offered a foundation for studying the pathogenesis of DFNB74
deafness, and we have established that the msrb3 morphantis a
suitable animal model for further research into the mechanisms
underlying human DFNB74 hearing loss.

Materials and Methods

Zebrafish lines

The zebrafish AB line was used and these were raised according to the
standard protocol described in The Zebrafish Book. Transgenic pou3f4-
GFP zebrafish embryos were provided by Dr. Huawei Li. Embryos were
kept at 28.5 °C and 0.003% 1-phenyl-2-thiourea (PTU, Sigma) was used
to suppress pigmentation (Karlsson et al., 2001). Developmental stages
were judged by hpf and number of somites (S). Experimental procedures
and animal use and care protocols were approved by the Fudan University
Animal Ethics Committee.

Morpholino antisense oligonucleotides and microinjection

Two morpholino antisense oligonucleotides were designed to prevent
correctsplicing of msrb3in zebrafish. One morpholino (+intron2MO, In2MO)
targeted the splice junction between intron2 and exon3, causing intron2 to
be retained. The other one (Aexon2MO, Ex2MO) targeted the splice junc-
tion between intron1 and exon2, causing exon2 to be removed. Mismatch
controls allowed researchers to interpret morpholino experiments correctly
and completely (Eisen and Smith, 2008). In2MO: 5’-TGTCAAACCGTGT-
GACACACCTCTC-3';In2Con:5'-TGTgAAAgCcT GTcACAgACCTCTC-3';
Ex2MO:5’-CACGTTCCTAATGGAAATACAAGCA-3’;Ex2Con:5'-CACcTT-
gCTAATcGAAATAgAACCA-3’. All sequences were obtained from Gene
Tools Website (http://www.gene-tools.com/Oligo_Design). After synthesis,
morpholinos were diluted with RNase-free water (Takara).

Morpholinos were injected into embryos at the one-cell stage (Xu, 1999).
with either 8, 4, 2, or 1 of one type splicing morpholino (In2MO, Ex2MO)
or with 4 ng mismatch control morpholinos (In2Con, Ex2Con).

Human MSRB3Aand MSRB3A-265T>G were amplified through reverse
transcription PCR (RT-PCR) and verified by sequencing. DNA generated
by PCR can be transcribed directly from the PCR provided it contains a T7
RNA polymerase promoter upstream of the sequence to be transcribed.

0 ms S ms 7 ms 9 ms
. In2MO
different larval types after sound +
stimuli (500 Hz, 10 ms). The escape hM3A
0 ms Sms 7 ms 9 ms
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13 ms B

11 ms

C-startle response

Startle probability

11 ms 13 ms D

Startle probability

Then MSRB3A and MSRB3A-265T>G mRNA were synthesized in vitro
according to the instructions provided with the mMMESSAGE mMACHINE®
T7 Ultra Kit (Ambion).

RT-PCR

Reverse transcription PCR was performed as described previously (Zhao
etal., 2010). Primer pairs used in reverse transcription PCR to detect the
knockdown efficiency of In2MO are 5’-GACATGGCCTAAAACGTTCC-3’
(forward in exon 2) and 5-AAGAGGTGCAC CGCAAAC-3’ (reverse in
exon3) or 5'-GCTCATTTTGG TGGTACTTCG-3’ (reverse in intron2). The
two primer pairs yielded 179 bp (normal splicing) or 299 bp (intron 2 re-
tained). Ifthe mRNA of msrb3 was correctly spliced, the primer combination
produces a 179 bp product. If intron2 is retained, a 299 bp results. Primers
used to assess the efficiency of Ex2MO down-regulation were 5’-CGT-
GCCGAAGTAAGAAGACA-3’ (forward in exon 2) and 5-AAGAGGTGCA
CCGCAAAC-3’ (reverse in exon 3) and these primers produced a 163 bp
product. If exon 2 had been removed, less of this product would be evident.

Whole-mount in situ hybridization (WISH)

Msrb3 complementary DNA of zebrafish was subcloned into the vector
pGEM®-T by PCR amplification with 5’-CGCTGTTTCTGTT CACCC-3’
(forward) and 5’-TCCGACCAATGTTGC TAA-3’ (reverse). pPGEM-msrb3
was linearized using Sall and the antisense digoxigenin-UTP-labeled full-
length riboprobe was transcribed using T7 RNA polymerase (Promega).
Zebrafish embryos were collected at different stages of development, washed
three times with PBST in DEPC, and fixed in 0.5 ml 4% paraformaldehyde
for 5 min at room temperature. Then paraformaldehyde was removed and
samples were fixed in another 0.5 ml paraformaldehyde for 12-16 h at 4
°C before WISH which was performed primarily as described previously
(Chen and Fishman, 1996, Tian et al., 2009, Le Guellec et al., 2004). Anti-
digoxigenin antibody (Roche) was used to detect msrb3 mRNA signals.

FM-1-43FX and phalloidin staining

Hair cells in lateral line neuromasts were labeled by immersing 5 dpf
larvae in a solution of FM1-43FX (Invitrogen) in breeding water for 1-2
min at room temperature, and then the water was changed several times
until clear. Zebrafish were immobilized in 1% low melting point agarose gel
and labeled hair cells were imaged under a confocal microscope. Cilia in
the inner ears of 5 dpf zebrafish were marked with 2.5 mg/ml fluorescein
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isothiocyanate (FITC)-labeled phalloidin (Sigma) in PBS for 2 h in the dark
after immersion in 4% paraformaldehyde and then incubated overnight
at 4 °C in 2% Triton X-100 (Sigma) in PBS. Then embryos were washed
several times in PBS over the course of 2 h and viewed with a confocal
microscope (Leger and Brand, 2002).

Scanning electron microscopy (SEM)

All SEMimages were taken of larvae at 5 dpf. This stage is early enough
to observe many developing hair bundles, but late enough to adequately
preserve larvae. For our sequential analysis individual larvae were anes-
thetized with 0.03% MESAB and pinned onto a Sylgard-filled chamber. After
imaging, the cupula surrounding neuromasts was removed by incubating
larvae in a high dose of MESAB (0.12%) for 25s. Specimens were then
fixed in 2.5% glutaraldehyde, 2 mM CaCl, in 0.1 M cacodylate buffer for
2 hrs at room temperature. Samples were washed and post-fixed in 80
mM cacodylate buffer and 4 mM CaCl, for 10 min on ice. Embryos were
washed five times with water and then dehydrated in steps from 50% to
100% ethanol at room temperature. Larvae were then critical point dried
and mounted on carbon covered aluminum stubs. The head and tail tip of
each larvae were painted with silver to minimize charging. Lastly samples
were sputter coated with gold-palladium. A FEI Sirion XL30 scanning
electron microscope was used to acquire images.

Apoptosis detection

TUNEL assay was detected with TMR-RED in situ cell death detection
kit (Roche). Then, 3 dpf embryos were dechorionated and fixed in 4% PFA
paraformaldehyde overnight at 4 °C, immersed in methanol for 1 h at room
temperature, and washed three times with PBST. Samples were incubated
in acetone at -20 °C for 10 min, permeabilized with 0.1% sodium citrate
and 0.1% TritonX-100 for 15 min at room temperature, and washed twice in
PBST buffer. Samples were then incubated with the reaction mixture (5 ul
of enzyme solution + 45 ul label solution) for 1 h in the dark at 37 °C. The
reaction was stopped by washing three times with PBST. The fluorescent
signal was visualized and imaged using a Zeiss LSM510 microscope.

Acridine orange staining

Acridine orange (AO) staining was used to detect apoptotic signals
in whole zebrafish larvae to rule out p53 off-target effects (Abrams et
al., 1993). Larvae at 24 hpf were immersed in 2 ug/ml AO in the dark in
breeding water for 1 h at room temperature. Then larvae were washed
three times with breeding water for 10 min each. Images were obtained
with DIC microscopy.

Startle response tests

The C-shaped startle response using near-field pure tone stimulation
with sound intensity was used to test larval hearing (Bang et al., 2002).
This experiment was tested in 96-well plastic plates, and recorded with a
high-speed camera (Redlake, MotionScope M3, 1,000 fps) under infrared
light illumination. Pure tone stimulations (10 ms, 500 Hz) at two different
intensities were given through a plastic board mounted on a voice box (HiVi,
D1080MKII). Each larva was tested 13—15 times and the relative number
of C-startle responses was calculated for each larva. The probability of
the C-startle response for a larval group was the average percentage of
C-startle reflexes (Han et al., 2011).

Statistical analysis

Statistical analysis was performed using two-way ANOVA with multiple
comparisons. Significance was set at P<0.05 and extreme significance
was set at P<0.001.
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