Vigr1 is required for proper stereocilia maturation of cochlear
hair cells
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Very large G-protein coupled receptor (VIgrlb) is the largest known G-protein coupled receptor.
Its function is unknown, although mice with deletion of Vlgr1 (Vigr1lb together with other splicing
variants, Vlgric, Vlgrld and Vigrle) are known to exhibit audiogenic seizure susceptibility and
VLGRI1 is reported to be the gene responsible for Usher type 2C syndrome. We demonstrated here
that Vigrl-mutated mice suffered from a hearing defect because of inner ear dysfunction, as indicated
by auditory brainstem response (ABR) and distortion product oto-acoustic emissions (DPOAE).
The expression of Vlgrl was identified in the developing hair cells perinatally, and the translated
products were seen to be localized in the base of stereocilia on hair cells using confocal microscopy.
This Vlgrl localization was limited to the base of stereocilia within approximately 200—400 nm
from the apical surface of hair cells, as shown by immunoelectron microscopy. The Vigri-mutated
mice exhibited malformation of the stereocilia; the cochlear hair bundles were apparently normal
at birth but then became disarranged at postnatal day 8. Furthermore, the stereocilia in the mutant
mice became slanted and disarranged thereafter. These results indicate that loss of Vlgr1 resulted
in abnormal development of stereocilia formation.

impairment. Hair cells in the cochlea of the inner ear are
transducer cells, of which there are two types: outer hair
cells and inner hair cells. The outer hair cells function as

Introduction

Deafness occurs in approximately 1 out of 1000 people

in the United States and United Kingdom, and effective sensory-effector cells that augment the motion of the

methods for the treatment and prevention of deafness
need to be developed, and will depend on clarifying the
hearing processes and their underlying molecular mech-
anisms (Hone & Smith 2001; Bitner-Glindzicz 2002;
Nance 2003). In the complicated hearing pathways, the
transduction of acoustic stimuli into electrical signals is a
very unique system for sensing sounds, and molecules
that are engaged in this transduction are encoded by
potential “deafness genes,” whose mutations cause hearing
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basilar membrane at low sound pressure levels and decrease
it at high levels, while the inner hair cells work mainly as
receptors for sound. These hair cells are columnar cells that
have bundles of protrusions called stereocilia. Stereocilia
are organized in rows with increasing height to form the
staircase-like shape of a hair bundle. This staircase-like
shape is important to make the tip link that is considered
to act as a gate for the transduction channel (Denk et al.
1995). Stereocilia are also formed in the hair cells of the
vestibule, where they sense balance and acceleration.

So far, most molecules that have been shown to be
related to stereocilium development have been recognized
as being encoded by “deatness genes.” Several intracellular
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motor and intercellular adhesion molecules have been
implicated in stereocilium morphogenesis (Frolenkov et al.
2004). The intercellular adhesion molecules involved
in stereocilium morphogenesis play roles in hair bundle
formation; for example, protocadherin 15 is thought to
maintain the connections between stereocilia (Ahmed
et al. 2003). Ultrastructural studies have uncovered four
different types of links between stereocilia, some of which
are assumed to provide cohesiveness to the stereocilia
bundles and to mediate signaling events during morpho-
genesis (Frolenkov er al. 2004). Among the four links, the
ankle link, by which the bases of stereocilia are connected,
appears only for a short time during the postnatal period
during development, and its role in the formation of
stereocilia and its relationship to their constituent mole-
cules remain unknown (Frolenkov et al. 2004).

Usher syndromes, whose features include congenital
hearing loss and retinitis pigmentosa, are genetically
heterogeneous autosomal recessive disorders (Keats &
Corney 1999). Among the three clinically distinguishable
types of Usher syndromes, Usher type 2 shows moderate
to severe high frequency hearing loss and normal vestibular
function. Genetic studies have resulted in subgrouping
Usher type 2 patients into three types, Usher type 2A,
2B and 2C. Among them, Usher type 2C patients have
been shown to have atrophic changes in the organ of Corti,
and mutations in the very large G-protein coupled
receptor 1 ((VLGR1), also named MGR1) locus (also
called the mass1 locus) are highly likely to be involved
in the pathogenesis of Usher type 2C syndrome (Weston
et al. 2004). Several splicing variants are transcribed from
the gr1 locus, the longest of which isVlgrib (McMillan
et al. 2002; Yagi et al. 2005).Vlgrlb, whose mRNA is
approximately 19 kb in size, is one of the G-protein cou-
pled receptors with a huge extracellular domain in which
there are many Calx-f3 domains, potential calcium bind-
ing domains, as inferred from the deduced amino acid
sequence. We identified two alternative splicing variants,
Vlgrld and Vlgrle, and made Vigr! knockout mice that
lost the functional products of Vlgrib,Vlgrld,Vigrle and
Vlgrlc, which is another alternative splicing variant of
Vlgrl (McMillan et al. 2002; Yagi et al. 2005). Mass1,
which is one of the Vlgrl alternative splicing variants,
was reported to be the gene responsible for the suscep-
tibility to audiogenic seizure of Frings mice (Skradski
et al. 2001). Frings mice carry a spontaneous mutation of
Mass1 (Mass1"™*) that also results in mutation of Vlgrib
(McMillan et al. 2002). Then, we and other groups
observed that Vigr1 (Vlgrlb, Vlgrlc, Vlgrld, Vigrle)
knockout mice and mice with mutated 1Vlgr! show high
susceptibility to audiogenic seizures (Skradski et al. 2001;
Yagi et al. 2003,2005; McMillan & White 2004). Recently,
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cochlear abnormalities were reported in BUB/Bn] mice,
which carry a Mass 1" type mutation and a mutation of
cadherin 23, also known as age-related hearing loss (ahl)
(Johnson et al. 2000, 2005; Noben-Trauth ef al. 2003)
and in Vlgrl/del7TM mice, in which the transmem-
brane domain of Vlgrl is deleted (McGee et al. 2006).

In the study presented here, we found that Vlgrl was
expressed in the base of stereocilia where and when the
ankle link is formed. We then demonstrated that deletion
of Vlgrl resulted in hearing impairment and distorted
stereocilia development.

Results

Vlgrl was expressed in the hair cells of the inner ear

In order to examine in detail the regions where Vlgrl is
expressed, Vigrl-EYFP (enhanced yellow fluorescent
protein) knock-in mice, which express EYFP following
the first 15 amino acid residues of Vlgrl, instead of
full-length Vlgr1, were generated (Fig. 1A). In order to
detect EYFP signals as sensitively as possible, we performed
immunohistochemical detection using anti-green fluo-
rescent protein (GFP) antisera (Tamamaki et al. 2000)
in order to identify regions with expression of the EYFP
protein. In the Vigr1-EYFP knock-in mice, EYFP expres-
sion was confirmed in the ventricular zone, where the
Vlgrl mRNA is known to be expressed, at embryonic
day 14 (E14) (Fig. 1B) (Yagi et al. 2005).The expression
of EYFP was observed in the sensory epithelium of the
auditory vesicle at E14 in the Vigr1-EYFP knock-in mice
(Fig. 1D). EYFP expression in the cochlea was confined
to the inner and outer hair cells at PO (Fig. 1E). This
restricted expression was confirmed by immunohisto-
chemical staining for Math1, which is a marker for the
hair cells in the inner ear (Fig. 1F) (Bermingham ef al.
1999). Hair cells in the macula of the saccule, the macula
of the utricle and the ampullary crest also expressed
EYFP at PO (data not shown). EYFP expression in the
hair cells of the inner ear decreased as development
proceeded: it was very weak at P8, and was nearly unde-

tectable in the adult (unpublished data).

Vlgrl expression was limited to the base of
stereocilia and Vlgr1l was involved in the ankle link
of stereocilia

To investigate the subcellular localization of Vigrl, we
raised antisera against the N-terminal region of Vlgrl.
Immunohistochemical analysis with our antisera showed
that Vlgrl was expressed in the hair cells of the cochlea
and vestibule of wild-type mice at PO.The expression of
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Figure 1 Vlgrl is expressed in the hair 1hh -5\
—

cells of inner ear. (A) Maps of the targeting
vector, wild-type allele, and mutant allele
of Vigr1-EYFP knock-in mice. Sp indicates
the restriction enzyme site of Spel. (B)—(F)
EYFP expression was visualized with anti-
GFP antisera using immunohistology. (B,
C) Coronal section of Vgr1-EYFP knock-
in mouse (B) and wild-type littermate (C) -
at E14. Scale bar = 100 um (shown in (C)) b
(D) Otic vesicle of Vigrl-EYFP knock-in
mouse at E14. Asterisks show otic vesicle.
Brown signals located on the sensory
epithelia of the utricle (U) and the saccule
(S). Scale bar = 100 um. (E) Cochlea of
Vlgr1-EYFP knock-in mouse at postnatal /
day 1. An arrow indicates the outer hair
cells. An arrowhead indicates the inner hair

cell. (F) Using anti-math1 antisera, Math1
expression was detected in the section
adjacent to that shown in (E) in the same

region asVlgrl-expressing cells observed in

(E). Scale bar = 100 um.

Vlgrl was localized in the hair bundles of hair cells at PO.
In the cochlea, the expression of Vlgrl was observed in
the hair bundles of hair cells localized from the apical to
basal turn of the cochlea (Fig. 2A). Double labeling with
phalloidin indicated that the region immunopositive for
Vlgrl was the base of the hair bundles (Fig. 2B). No such
immunoreactivity was recognized in the Vigrl-EYFP
knock-in mice or our Vgrl knockout mice, in which
expression of Vlgrlb mRINA was not detected (Yagi ef al.
2005). Since there was no detectable difference between
these two kinds of mice in the subsequent histological
and physiological tests (unpublished data), these two
types of mice are called Igri-mutated mice hereafter.
Vlgrl expression was also observed at the base of hair
bundles from the apical to basal turn of the cochlea at P8
(Fig. 2C,D). We observed that the expression of Vlgrl
was localized at the base of stereocilia and between the
stereocilia (Fig. 2E-]). At the same time, the expression
of Vlgrl was observed at the base of the hair bundles of
the vestibular hair cells at P2 and P8. During postnatal

© 2007 The Authors

development, the expression of Vlgrl was almost unde-
tectable at P12. We further studied the expression of
Vlgrl during various embryonic stages. At E16, faint
expression of Vlgrl was recognized in the cochlear hair
cells with our antisera against Vlgrl (data not shown). At
E18, expression of Vlgrl was clearly observed in the hair
cells at the basal turn of the cochlea with the same antise-
rum, while the hair cells from the mid to apical turn of
the cochlea were not noticeably immunopositive (data not
shown).The immunoelectron microscopy was employed
in order to investigate the expressed portion of Vlgrl.
The immunoreactivity was observed on the stereocilia
200—400 nm above the apical surface of cochlear outer
hair cells at P2 (Fig. 2K,L). We also observed the immuno-
reactivity of anti-VIlgrl antisera at almost the same
position at P8 (data not shown). We further studied the
relationship between ankle links and Vlgrl, since it was
reported that ankle links disappear under calcium-free
conditions (Goodyear & Richardson 1999). After normal
mice cochleae were incubated in Hanks” balanced salt
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solution without calcium or magnesium ion (HBSS(-)) and
in the HBSS(-) containing 5 mM 1,2-bis(2-aminophe-
noxy)ethane-N, N, N', N'-tetraacetic acid tetrapotas-
sium salt (BAPTA) for 1 h. The Vlgrl expression was
limited to the base of hair bundles in cochlea incubated
with HBSS(-) (Fig. 2M), while the Vlgrl expression
vanished after incubation with HBSS(-) containing 5 mM
BAPTA (Fig. 2N).

Cochlea function of the Vigrl-mutated mice was
impaired

The strong expression of Vlgrl in the hair cells of the
developing inner ear prompted us to examine the role of
Vlgrl in inner ear function. First, the hearing ability of
Vlgr1-mutated mice was investigated using the auditory
brainstem response (ABR) method. The mean ABR
threshold of postnatal 3-week-old IVlgri-mutated mice
was elevated to approximately 80 dB (Fig. 3B), while those
of their wild-type littermates and heterozygous mice
were approximately 20-30 dB at 8 kHz (Fig. 3A). There
was no significant difference between males (92.5 dB,
n = 4) and females (88.8 dB, n = 8) in the ABR thresh-
old. This indicates that the hearing ability is impaired in
the Vigri-mutated mice. The hearing ability of the
Vlgr1-mutated mice was further studied at an older age,
2 months old, at various frequencies, and consistent results
were observed (Fig. 3C). The average ABR threshold of

Figure 2 Vlgrl was expressed in the basal side of stereocilia. (A)
Normal cochlea of postnatal day 0. Immunoreactivity against
Vlgr1 was visualized using DAB reaction. Arrows indicate the lines
of outer hair cells and an arrowhead indicates the line of inner ear
cells. Scale bar = 50 wm. (B) Normal cochlea of postnatal day 0.
Arrows indicate the outer hair cells and an arrowhead indicates
the inner ear cell. (C) Normal cochlea of postnatal day 8. On the
top of three outer hair cells (arrows) and one inner hair cell
(arrowhead), stereocilia were visualized using phalloidin, and
immunoreactivity of Vlgrl could be observed at the base of
stereocilia. (D) Top view of cochlea that was reconstituted from
compiled confocal images including Fig. 2C. Scale bar = 5 um
shown in (C) for (B)—(D). (E-G) Normal cochlea of postnatal day
8. Scale bar = 5 pm shown in (G). (H-J) Highly magnified view
of square shown in Fig. 2E. Scale bar = 2 m shown in (J). (K, L)
Immunoelectron microscope images of stereocilia on outer hair
cell at P2. Scale bar = 200 nm. (M, N) The immunoreactivity of
Vlgr1 vanished from the base of hair bundles with treatment with
BAPTA. Compared with the control (M), 5 mM BAPTA
treatment (N) completely abolished the immunoreactivity of
Vlgrl at P2. Scale bar = 5 pum. (B—J, M, N) Actin filaments were
visualized using Alexa Fluor 568 phalloidin (red). Immunoreactivity
againstVlgr1 was visualized using goat anti-rabbit IgG Alexa Fluor
488 (green).
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Vlgr1-mutated mice at 8 kHz was 93.3 kHz (n = 3) at
around 1-year-old. By contrast, the latencies of the wave
peaks of the ABR were similar among the homozygous
Vigri-mutated mice, their wild-type littermates and
heterozygous mice (Fig. 3A,B), suggesting that auditory
information was properly transmitted from the inner ear
to the brain in all cases tested. Since the results obtained
by the ABR method indicated malfunction of the inner
ear, we examined whether the cochlea function was
impaired in the 2-month-old Vgri-mutated mice or not
by performing the distortion product oto-acoustic emis-
sion test (DPOAE), in which the acoustic emission at a
specific frequency (2f,—f,) from the inner ear is measured
while exposing mice to two frequencies, f; and £, simul-
taneously. A marked level of emission is detected if the
function of the outer hair cells is not impaired. The mean
emission levels of the Igri-mutated mice were within
the background noise level, while levels closer to the
normal emission levels were detected for the hetero-
zygous mice (Fig. 3D).The results obtained by the ABR
method and DPOAE indicated that the cochleae, particu-
larly the outer hair cells, of gri-mutated mice were
malfunctional.

Outer hair cells of the cochlea were lost in the adult
Vigrl-mutated mice

The transient perinatal expression of Vlgrl in the hair
cells suggested the involvement of Vlgrl in the develop-
ment of hair cells in the cochlea. However, no apparent
histological abnormalities were observed in the cochlea
of P25 Vlgr1-mutated mice by hematoxylin-eosin stain-
ing (Fig. 4B,D). Proper arrangement of the hair cells,
one row of inner hair cells and three rows of outer hair
cells, was observed in the Ilgri-mutated mice at P25
(Fig. 4D). However, some outer hair cells were lost at
the basal turn in the organ of Corti of approximately
2-month-old Vigri-mutated mice (Fig. 4H). Such hair
cell loss progressed from the bottom to the apical of the
cochlea with the advancement of age (Fig. 4L). We
estimated the number of missing hair cells using whole-
mount preparations of cochlea. The apparent outer hair
cell loss was not observed until P27 in Vgrl-mutated
mice (Table 1). In the wild-type and heterozygous litter-
mates, approximately 90% of hair cells were observed
even at 1-year-old (Table 1). In around 2-month-old
Vlgr1-mutated mice, approximately 50% of outer hair
cells were lost at the basal turn of the cochlea, whereas
at the mid and apical turns of the cochlea, the outer hair
cell loss was less than 10% of counted hair cells (Table 1).
At one year old, approximately 50% outer hair cell loss
was observed at the apical turn of the cochlea and over
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Figure 3 Vlgrl mutant mice showed a
hearing defect. (A) Auditory brainstem
response (ABR) pattern of 3-week-old

(dB) normal littermate of a Vlgr{-mutated mouse
0 - induced by 8 kHz tone at 100, 80, 60, 40,
- ' . . § it 30 and 20 dB. (B) ABR pattern of a 3-
E : week-old gri-mutated mouse induced
40 by 8 kHz tone at 100, 90, 80 and 70 dB.
60: (C) Average ABR threshold for 2-month-
] < —= old Vigri-mutated mice (n = 12) and their
80 '_/..A—r—"_" littermates (n = 13). These data were
| obtained from bilateral ears. The blue line
lllﬂ: shows the ABR threshold of control mice
120 r . consisting of normal and heterozygous
4000 10000 32000 (Hz) mice (+/—, +/+). The red line shows the
D ABR threshold of Vigri-mutated mice (—/
(dB SPL) 3 —). At 5.6 kHZ, .the ABR  threshold of
30 Vigrl-mutated mice was over 90 dB. The
results represent the mean * standard
20 deviation (SD). (D) Mean emission levels
of DPOAE for Vigri-mutated mice (red
0 line,—/—) and their normal and heterozygous
0 littermates (blue line, +/—, +/+). The data
were obtained from 12 Ilgrl-mutated mice
-10 and 13 of their normal and heterozygous
littermates. The pale red area and pale
-201 i ] blue area show mean noise levels + SD of
_30 . . Vigri-mutated mice and their normal and
3000 10000 20000 (Hz)  heterozygous littermates.

80% of the outer hair cells were lost at the mid turn of
the cochlea in Vgrl-mutated mice (Table 1).The inner hair
cells of the Vigr1-mutated mice were retained well com-
pared to the outer hair cells of the Vgri-mutated mice
(Table 1). Furthermore, the spiral ganglion neurons and
nerve bundles under the sensory epithelium of the cochlea
were missing at the basal turn of the cochlea in 12-month-
old Vigri-mutated mice (Fig. 4]). By contrast, there

Genes to Cells (2007) 12, 235-250

were no apparent abnormalities in the morphology of the
stria vascularis in the cochleae of Igri-mutated mice.

Stereocilia were not properly developed in the
Vigri-mutated mice

Since no apparent malformation was observed in the
cochlea of the Ilgri-mutated mice by hematoxylin-eosin
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Figure 4 Organ of Corti of Vigrl-
mutated mice degenerated with the advance
of age. (A-D) The morphology of the
organ of Corti of Vlgri-mutated mice
could not be distinguished from that of
control littermates at postnatal day 25.
Squares shown in (A, B, E, E I, ]J) were
magnified and shown in (C,D, G, H, K, L).
(A) The morphology of the basal turn of
cochlea of the heterozygous littermate of a

Vlgr1-mutated mouse. (B) The morphology
of the basal turn of cochlea of a Vigri-
mutated mouse. (C) High magnification of
(A). (D) High magnification of (B). An
arrow indicates the outer hair cells and
an arrowhead indicates the inner hair cell.
(E-H) At postnatal day 67, some outer
hair cells of Vigrl-mutated mice were lost.
(E) The basal turn of the cochlea of the
heterozygous littermate of a Vlgri-mutated
mouse. (F) The basal turn of the cochlea
of a Vigrl-mutated mouse. (G) High
magnification of (E). An arrow indicates
the outer hair cells and an arrowhead
indicates the inner hair cells. (H) Higher
magnification of (F). An arrow indicates
the outer hair cells and an arrowhead
indicates the inner hair cells. (I-L) At
postnatal day 396, almost all of the cells of
the organ of Corti (arrow) of Vlgri-mutated
mice and their nerve fibers (arrowhead)
were lost. (I) The basal turn of the cochlea
of a wild-type littermate. (J) The basal turn
of the cochlea of a Vgri-mutated mouse.
(K) High magnification of (I). (L) High
magnification of (J). Asterisks indicate the
stria vascularis. (A, B, E, E I, J) Scale
bar = 100 um (shown in (J)). (C,D, G, H,
K, L) Scale bar = 50 um (shown in (L)).
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Table 1 Number of missing hair cells

Apical turn Mid turn Basal turn

Number of Number of Number of Number of Number of Number of Number of

tested mice observed cells lost cells observed cells lost cells observed cells lost cells
Outer hair cells
P27 control n=1 72 2(2.8) 162 0 (0) 123 1(0.8)
P27 —/— n=4 366 13 (3.6) 570 4 (0.7) 396 2 (0.5)
P58 control n=1 90 0 (0) 87 0 (0) 93 1(1.1)*
P58 —/— n=3 209 2 (0.1) 570 16 (2.8) 279 123 (44.1)%
P102 control n=73 261 1(0.3) 395 2 (0.5)* 192 2 (1O
P102 —/— n=3 261 2 (0.8) 412 85 (20.6)* 371 209 (56.3)*
1-year-old n=2 162 15 (9.3)% 144 2 (1.4)% 87 2(2.3)
control
1-year-old =/— n=2 186 89 (47.8)* 78 65 (83.3)* n.d. n.d.
Inner hair cells
P27 control n=1 32 0 (0) 52 0 (0) 15 0 (0)
P27 —/— n=4 118 0 (0) 209 0 (0) 128 1(0.8)
P58 control n=1 31 0 (0) 28 0 (0) 20 0 (0)
P58 —/— n=73 81 0 (0) 183 0 (0) 115 1(0.9)
P102 control n=3 64 0 (0) 106 0 (0) 52 0 (0)*
P102 —/— n=>3 88 0 (0) 144 5 (3.5) 109 25 (22.9)%
1-year-old n=2 20 1(5.0) 36 2 (5.6) 20 0 (O)*
control
l-year-old —/— n=2 61 2(3.3) 26 5(19.2) 25 12 (48.0)%

Figures in parentheses indicate the percentages of lost cells relative to total observed cells. Control means wild-type and heterozygous

littermates and —/— means IVlgri-mutated mice.“n.d.” means that the structures of the organ of Corti were damaged and the number of
hair cells could not be counted. Asterisks indicate that there is a statistical difference (P < 0.01) between the control and —/—.

staining at P25, we further studied the development of
the hair bundles of hair cells using scanning electron
microscopy. At birth, the arrangements of hair bundles
were not markedly abnormal in the grl{-mutated mice
(Fig. 5B,S).The kinocilium was located on the strial side
of the surface of outer hair cells, and a semi-circular con-

Figure 5 Hair bundles of outer hair cells in Ilgri-mutated mice
were disoriented. (A, B) Scanning electron micrographs of apical
surfaces of the organ of Corti located in mid-turn of cochlea
dissected out from normal littermate (A) and Vigri-mutated
mouse (B) at postnatal day 0. (C) High magnification of (A). (D)
High magnification of (B). Arrows indicate the kinocilium. (E, F)
Scanning electron micrographs of apical surfaces of the organ of
Corti located in mid-turn of cochlea dissected out from
heterozygous mouse (E) and Vigri-mutated mouse (F) at postnatal
day 4. (G) High magnification of (E). (H) High magnification of
(F). (I ]) Scanning electron micrographs of apical surfaces of the
organ of Corti located in the mid-turn of the cochlea dissected out
from a heterozygous mouse (I) and a Vgri-mutated mouse (J) at
postnatal day 8. (K) High magnification of (I). (L) High
magnification of (J). (M, N) Scanning electron micrographs of
apical surfaces of the organ of Corti located in the mid-turn of the

Genes to Cells (2007) 12, 235-250

figuration of stereocilia characterized by a gradation in
height toward the kinocilium was observed in the gri-
mutated mice (Fig. 5D), as in their heterozygous litter-
mates (Fig. 5C). At P4, hair bundles of the outer hair
cells formed regularV or W shapes in the heterozygous
littermates (Fig. 5E), while those of Igri-mutated mice

cochlea dissected out from a heterozygous mouse (M) and a
Vigri-mutated mouse (N) at postnatal day 15. (O, P) High
magnification of the hair bundle of outer hair cells of a heterozygous
mouse (O) and a Vgrl-mutated mouse (P). (Q, R) Scanning
electron micrographs of apical surfaces of outer hair cells dissected
out from a heterozygous mouse (M) and a Ilgrl-mutated mouse
(N) at 2 months old. (A, B, E, E I, J, M, N) Scale bar =5 um
(shown in (B, EJ, N)). (C,D, G, H, K, L, O, P) Scale bar = 1 um
(shown in (D, H, L, P)). (Q, R) Scale bar = 1.2 um (shown in
(N)). IH shows the row of inner hair cells. The upper side of the
figures is the modiolar side and the bottom side of the figures is
the strial side. (S) The ratio of normal alignment of hair bundles.
The X-axis shows the age of the tested mice and the Y-axis
shows the ratio of normal hair bundles to observed whole hair
bundles. Asterisks indicate that there is a significant difference
(P < 0.01).
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were malaligned and the hair bundles of the stereocilia
on the outer hair cells were disoriented (Fig. 5ES). Hair
bundles stood on the top of the outer hair cells almost
vertically, and the stereocilia of these cells were arranged
in three rows with a staircase-like shape in the hetero-
zygous littermates (Fig. 5G), whereas the stereocilia were
dispersed and slanted to the modiolar side in the gr1-
mutated mice (Fig. 5H). Some stereocilia of the outer
hair cells of the Vigri-mutated mice were thicker and
shorter than those of control littermates. The hair bun-
dles of the inner hair cells of Ilgrl-mutated mice were
not so much disturbed at P4 (Fig. 5ES). At P8, the hair
bundles of the outer hair cells were disarranged in the
cochleae of Vlgri-mutated mice (Fig. 5]J,L,S). Their
stereocilia slanted toward the modiolar side to the same
extent as at P4 (Fig. 5]). The hair bundles of outer hair
cells in the cochlea of Ilgrl-mutated mice were disori-
ented and disarranged at P15 (Fig. 5N,S). The hair bun-
dles of the inner hair cells of Ilgrl-mutated mice were
not so much disturbed at P15 (Fig. 5N,S). In postnatal
2-month-old mice, the hair bundles of the outer hair
cells were regularV or W shaped in the heterozygous lit-
termates as well as in the wild-type littermates (Fig. 5Q).
By contrast, the hair bundles of the outer hair cells were
malaligned in the Vgri-mutated mice (Fig. 5R). The
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stereocilia on the top of each outer hair cell were arranged
in three rows in the wild-type and heterozygous litter-
mates, forming a staircase-like shape (Fig. 5Q), whereas
the stereocilia in the homozygous Vlgri-mutated mice
were not arranged in a row and did not form a staircase-like
shape (Fig. 5R).We further investigated the morphology
of the hair bundles in the vestibular system of Igr1-
mutated mice. We could not detect apparent abnormal-
ities at the hair bundles of the maculae of the utricle and
sacculus in the Vgrl-mutated mice (data not shown).

The links of stereocilia were observed in
Vigri-mutated mice

Transmission electron microscopy was employed to
investigate the structure of the stereocilia of Vlgrl mutated
mice. The arrangement of stereocilia was regular in het-
erozygous littermate mice at P2 (Fig. 6A), whereas it was
not regular in Vlgri-mutated mice (Fig. 6B). The inter-
stereocilial space of some regions (shown in the left half
of Fig. 6B) was narrow, while that of other regions
(shown in the right half of Fig. 6B) was as broad as that
of heterozygous littermate mice (Fig. 6A). We further
studied the interstereocilial links using transmission
electron microscopy. We could observe links between

Figure 6 Interstereocilial links were not
well developed in Vigri-mutated mice.
(A, B) Transmission electron microscope
images of stereocilia on outer hair cells of a
heterozygous mice (+/-) (A) and a Vigr1-
mutated mice (—/-) (B) at P2. Arrows
indicate interstereocilial links. Scale bar =
100 nm. (C, D) Transmission electron
microscope images of stereocilia on mid-
turn outer hair cell of heterozygous mice
(+/-) (C) and Vigrl-mutated mice (—/-)
(D) at P8. Arrows indicate interstereocilial
links. Scale bar = 100 nm.
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the stereocilia on the outer hair cells of Vigri-mutated
mice at P2 (Fig. 6B). Links were also observed between
the stereocilia of heterozygous IlgrI-mutated mice at P8
(Fig. 6C). Although links were sparse, we observed inter-
stereocilial links between the stereocilia on the outer hair
cells of Vlgri-mutated mice (Fig. 6D).

There were no apparent abnormalities in the
Vigrl-mutated mice in the Rota-rod test

‘We studied the motor coordination of the lgr{-mutated
mice (9—12 months old) using the Rota-rod test. The
average duration until the Ilgrl-mutated mice dropped
off the test-bar was 47.0 £ 41.0 s (n = 6),and the average
duration until the heterozygous mice dropped off the
test-bar was 53.8 £ 26.0 s (n = 8). There was no signifi-
cant difference between homozygous and heterozygous
mice (P > 0.05, t-test).

There was no apparent morphological change in the
retina of Vigrl-mutated mice

As Usher syndromes are characterized by congenital
hearing loss and retinitis pigmentosa, we checked the
retinas of Vgrl-mutated mice histologically. Usually in
Usher type 2, vision loss starts in the teenage years and
progresses during life. We studied the eyes of 5- to 12-
month-old Vlgri-mutated mice. There were no apparent
abnormalities in the retinas of Igri-mutated mice. The
layers of the retina were clearly identified and spontane-
ous fluorescence of the rods and cones was observed in
Vlgr1-mutated mice as well as in the wild-type mice and
heterozygous littermates (data not shown).

Discussion

Our finding in this study that no EYFP signals were
observed in any auditory relay neurons to the inferior
colliculi in Vigrl-EYFP knock-in mice suggests that a
defect of Vlgrl in the inner ear, more precisely a defect
of Vlgrl in the hair cells, is responsible for the hearing
impairment of Fgrl-mutated mice. This is consistent
with our results obtained by testing the ABR.The latency
times of wave I to wave III of the ABR_, which reflect the
conduction through the proximal eighth nerve and
caudal segment of the brainstem auditory pathway, did
not differ between the Ilgri-mutated and the wild-type
mice (Markand 1994).This observation was further rein-
forced by the results of the DPOAE, which showed the
malfunction of outer hair cells in Vigri-mutated mice.
Ryan and Dallos reported that loss of the outer hair cells
results in elevation of the 40-50 dB hearing threshold
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(Ryan & Dallos 1975), which is similar to the threshold
elevation seen in our ABR results.

Transient expression of Vlgrl was limited to the base
of hair bundles of the hair cells in the inner ear from E18
to P8, according to our immunohistochemical results.
Hair bundles develop from the late embryonic age to
around P15 in the rat (Zine & Romand 1996), while
auditory function is initiated at around P8 and is mature
by P14 in mice (Alford & Ruben 1963; Forge et al. 1997).
These reports indicate that the maturation of auditory
function is closely related to the establishment of hair
bundles and it is likely thatVlgr1 is involved in this pro-
cess. The development of the hair bundles of hair cells in
the cochlea is a four-step process. First, numerous pre-
cursor microvilli emerge around a single primary cilium
and grow along with neighboring microvilli. Second,
precursor microvilli stop elongating and increase in width,
while the kinocilium migrates to the edge of the apical
surface. After this step, stereocilia are locked in place.
Third, nascent stereocilia elongate sequentially to form
a staircase-like bundle. Finally, excess microvilli on the
apical cell surface are resorbed (Kaltenbach et al. 1994;
Zine & Romand 1996; Forge et al. 1997; Frolenkov et al.
2004). At birth, when the stereocilia are undergoing
a second developmental process consisting of kinocilium
movement and the organization of stereocilia into semi-
circular structures, no obvious disturbance of the stereo-
cilium development was observed. In contrast, the hair
bundles on the outer hair cells of Ilgri-mutated mice
were disturbed at P4. The fact that microvilli remained
on the apical surface of the outer hair cells in gri-mutated
mice whereas they were there only transiently in normal
mice indicated that microvilli resorption was defective in
the former.The staircase formation of stereocilia was also
compromised and microvilli resorption was abnormal.
Therefore,Vlgrl is likely to be involved in the maturation
of stereocilia, especially in the positioning of stereocilia
and the formation of staircase structures by stereocilia.

The temporal pattern of Vlgrl expression, in which
Vlgrl is localized in the base of hair bundles and is
expressed during the early postnatal period, overlapped
well with the pattern of the existence of the ankle link,
which is observed transiently from P2 to P9 (Goodyear
et al. 2005). As reducing the calcium level causes the dis-
appearance of the ankle link (Goodyear & Richardson
1999), the disappearance of Vlgrl immunoreactivity
upon BAPTA treatment indicated that the extracellular
domain of Vlgrl was involved in the ankle link forma-
tion.Vlgrl has a G-protein coupled receptor proteolytic
site that is located at the extracellular domain near the
transmembrane domain. Ig-Hepta, which is a member
of the LNB-TM7 family (a subfamily of secretin type
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receptors that includesVigr1), was reported to be cleaved
at this G-protein coupled receptor proteolytic site (Abe
et al. 2002). Since we observed links between the stere-
ocilia of cochlear outer hair cells of Vigr{-mutated mice
at P2 and P8 andVlgr1 has many Calx-} domains, whose
function is related to calcium binding (Schwarz &
Benzar 1997), we suppose that Vlgrl was digested at the
G-protein coupled receptor proteolytic site and the
digested extracellular domain of Vlgrl bound to other
link formation proteins in the presence of calcium ion.

Vlgrl was distributed in the base of stereocilia in the
inner hair cells as well as the outer hair cells. However,
our results of ABR tests and DPOAE show that the inner
hair cells functioned in the Vgrl-mutated mice, as those
mice could hear sounds, whereas the outer hair cells
were almost completely dystunctional. This indicates
that the requirement forVlgr1 difters between the outer
hair cells and the inner hair cells. Actually, the hair bun-
dles on the outer hair cells were much distorted in the
Vlgr1-mutated mice compared with those on the inner
hair cells. The shape of the hair bundles on the inner hair
cells is nearly linear and the hair bundles there consist of
two rows of stereocilia, while the hair bundles on the
outer hair cells are V- or W-shaped, and the hair bundles
there consist of three rows of stereocilia. This ordered
orientation of V- or W-shaped hair bundles is necessary
for normal auditory perception (Yoshida & Liberman
1999). We speculate that the malformed hair bundles led
to the dysfunction of outer hair cells and the dysfunction
of the outer hair cells was related to the outer hair cell
loss. It is also assumed that the requirement for Vlgrl is
less stringent for hair cells in the vestibule than for the
outer hair cells.

Recently, a mutation of VLGR1 was discovered in
Usher type 2C patients (Weston ef al. 2004). Usher type
2 patients suffer from a moderate loss of hearing in the
lower sound frequency range and severe loss of hearing
in the higher sound frequency range (Keats & Corney
1999). There have been several reports about the mor-
phology of the cochlea of patients with Usher syndrome
type 2 (Cremers & Delleman 1988; Wagenaar et al.
2000).These reports showed that the organ of Corti and
spiral ganglia were severely degenerated in Usher syndrome
type 2 aged and adult patients. There is no discrepancy
between those reports and our observation that the
outer hair cells were missing at an older age in Vigr1-
mutated mice.

BUB/BnJ mice show early onset of hearing insuffi-
ciency and abnormal hair bundle morphology of coch-
lear hair cells in the inner ear (Johnson et al. 2005). The
splayed and disorganized morphologies of stereocilia in
the inner ear of BUB/BnJ at P14 were similar to our
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results. BUB/BnJ mice have a point mutation of cadherin
23 (Cad23™%7"), which is a cause of age-related hear-
ing loss (ahl), as well as the Mass 1" mutation, one type
of spontaneous mutation of Vlgrl (Johnson et al. 2005).
As cadherin 23 mutation was identified in patients with
Usher syndrome type 1D (Bolz et al. 2001), cadherin 23-
mutated mice are considered to be a model for Usher
syndrome type 1D, in which one of the traits is profound
deafness from birth (Hone & Smith 2001). Therefore, it
is difficult to conclude that the abnormalities of BUB/
BnJ mice are due to the mutation of Mass1/Vigrl. Our
Vlgr1-mutated mice have an advantage for model studies
of Usher syndromes since their wild-type and hetero-
zygous littermates have the same genetic background as
the Ilgri-mutated mice.These littermates of Ilgr{-mutated
mice showed normal hearing ability and normal coch-
lear morphology in histological examinations even
past 2 months of age. Only Igrl-mutated mice showed
abnormal morphology of the inner ear. Recently, McGee
et al. (2006) reported the morphological change of the
hair cells of Vlgrl knockout mice in which the trans-
membrane domain of Vlgrl was lost. These knockout
mice, in which the genomic locus of Vlgrl retained the
intact extracellular domain of Vigr1, and our Igrl-mutated
mice were different with regard to the part of the Vlgrl
protein that remained.

It was reported recently that Vlgrlb is co-localized
with DFNB31, Ush2a, and Harmonin (Reiners et al.
2005; van Wijk ef al. 2006). These molecules have been
reported to be encoded by “deatness genes,” and Ush2a,
Harmonin and Vlgrl are responsible genes for Usher
syndromes. These molecules are reported to be co-localized
at the inner ear and retina, especially at the synapse
(Reiners et al. 2005; van Wijk et al. 2006). The localiza-
tion of Vlgrl at the synapse is observed at P26 (van Wijk
et al. 2006). We used Vlgri-mutated mice as negative
controls for staining with anti-Vlgrl antisera, and observed
that the base of stereocilia was stained in normal mice but
not in Vlgri-mutated mice at P8 (data not shown). This
result was almost the same as that reported by Reiners et
al. (2005). In Fig. 2C, aVlgr1-like signal was observed at
the neurites under the outer hair cells. As we could observe
almost the same signals in the Igrl-mutated mice, we
suppose that this signal at the neurites was background
signal at P8.

Experimental procedures
Animals

Animals were maintained on a 12-h (8:00 a.m. to 8:00 p.m.) light/
12-h dark schedule at constant temperature and humidity and
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provided with food and water ad libitum.The day that the presence
of a vaginal plug was confirmed was defined as embryonic day
0 (EO). For pups, the day of birth was designated postnatal day
0 (P0). Before experiments, all animals were deeply anesthetized
by hypothermia (for PO—P5), or by intraperitoneal injection of
sodium pentobarbital (40 mg/kg). For embryos, their dams were
deeply anesthetized with sodium pentobarbital (40 mg/kg). All
experiments were conducted in accordance with the guidelines
for animal experiments of the University of Fukui.

Construction of targeting vectors

To generate EYFP (enhanced yellow fluorescent protein; BD Bio-
sciences Clontech, Palo Alto, CA) knock-in mice, a targeting vec-
tor was constructed in which EYFP followed the first 20 bp of
exon 2 of Vlgrl in frame and the rest of exon 2 and exons 3—4
were replaced by the PGK-neo cassette (Yagi et al. 1998).To construct
the targeting vector, a BamHI-Spel fragment that contained 20 bp
of exon 2 was ligated to the EYFP gene followed by the PGK-neo
cassette. We inserted this 5’ region of exon 2-, EYFP-, PGK-neo-
containing fragment, and a 5.0-kb Sall-Nofl fragment, which
consisted of intron 4, exon 5 and intron 5, into the Clal site and
the Sall-Kpnl site of pBluescript SK (Stratagene), respectively, in
which the Sspl fragment was replaced with the PGK-tk cassette
(Yagi et al. 1998).

Antisera against Vigr1

Antisera were raised against the N-terminal region (VLRG-
KDSDGN aa 282-291) of Vlgr1 in rabbits.

Histological examination

For histological examination, whole embryos or inner ears were
fixed in 0.1 M phosphate buffer (PB) (pH 7.2) containing 4%
paraformaldehyde (PFA) at 4 °C. After fixation, the cochleae were
decalcified with 0.1 M PB containing 10% EDTA. For normal
histological examination, the decalcified materials were dehy-
drated and embedded in paraffin. The inner ears were cut at 5-Uum
thickness with a microtome and the sections were stained using
hematoxylin-eosin  stain. Conventional protocol was used for
immunohistochemical studies. The sections were incubated with
the antibody-dilution-buffer (0.01 M phosphate buffered saline (PBS)
containing 1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis,
MO), 1% normal goat serum (NGS; Sigma-Aldrich) and 0.25%
Triton X-100) for 30 min, and then were incubated overnight at 4 °C
with rabbit anti-GFP antisera (Tamamaki ef al. 2000) diluted 1:400,
rabbit anti-Math1 antisera (Chemicon, Temecula, CA) diluted
1:200 or rabbit anti-Vlgr1 antisera diluted 1:500 in antibody-dilution-
buffer. The signals were visualized with DAB using a Vectastain
Elite ABC kit (Vector Laboratories, Burlingame, CA) and Histofine
Simple Stain DAB solution (Nichirei, Tokyo Japan).

For fluorescent immunohistochemical staining, the sections
were incubated with antibody-dilution-buffer for 30 min, and
then with rabbit anti-Vlgrl antisera diluted 1:200 overnight at
4 °C. After the sections were rinsed with 0.01 M PBS, they were
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incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG
diluted 1 : 1000 and Alexa Fluor 568 phalloidin (Molecular Probes
Inc., Eugene, OR).The images were obtained using a confocal laser
scanning microscope (LSM5 Pascal, Carl Zeiss Japan, Tokyo Japan).

Wholemount preparation of cochlea

Inner ears were fixed as described above. After fixation, the coch-
leae were decalcified with 0.1 M PB containing 10% EDTA.The
bone was removed from around membranous cochlea. Reissner’s
membrane was removed next and the stria vascularis and spiral
ligament were picked away from supporting bone at a level slightly
above that of the basilar membrane. The specimens were incu-
bated with 0.01 M PBS containing 0.25% Triton-X 100 for
30 min and then incubated with anti-Prestin antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) diluted 1:200 overnight at
4 °C. After the specimens were rinsed with 0.01 M PBS, they
were incubated with Alexa Fluor 488-conjugated rabbit anti-goat
IgG (Molecular Probes Inc.) diluted 1 : 1000 and Alexa Fluor 568
phalloidin. The images were obtained using a confocal laser scan-
ning microscope (LSM5 Pascal). The outer hair cells were counted
as lost if the hair bundles and the expression of Prestin (Belyantseva
et al. 2000; Zheng et al. 2000) could not be observed. The inner
hair cells were counted as lost if the hair bundles and the cuticular
plate could not be observed.

Scanning electron microscopy

After being perfused with 0.1 M PB containing 4% PFA, mouse
temporal bones were removed and immersed in 0.1 M PB con-
taining 4% PFA and 2% glutaraldehyde. The cochleae were pro-
cessed using the osmium tetrahydrate-thiocarbohydrazide method
(Hunter-Duvar 1978).The specimens were finally dehydrated and
dried in a critical point dryer. We observed specimens of four
Vigr1-mutated mice and specimens of three wild-type littermates
and one heterozygous littermate at PO, specimens of three Vigri-
mutated mice and specimens of two wild-type and two hetero-
zygous littermates at P4, specimens of three Vlgri-mutated mice
and specimens of five of their heterozygous littermates at P8, spec-
imens of four Vgri-mutated mice and specimens of three of their
heterozygous littermates at P15, and specimens of three Igr{-mutated
mice and specimens of three of their heterozygous littermates at 2
months. The low-magnification scanning electron microscopic
images were obtained using the scanning electron microscope S-
450 (Hitachi, Tokyo Japan) at 3000X magnification. The hair bundles
were analyzed in the low-magnification images. The hair bundles
were classified as abnormal if the direction of the hair bundles was
shifted by more than approximately 30 degrees from the stria-
modiolus line, the difference of the length of two sides of the hair
bundles was over 50%, or alignments of stereocilia were not in line.

Transmission electron microscopy

After being perfused with 0.1 M PB containing 4% PFA, mouse
temporal bones were removed and immersed in 0.1 M PB containing
4% PFA and 2% glutaraldehyde. The specimens were post-fixed
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for 90 min in 1% OsO,, and then dehydrated with ethanol, equil-
ibrated in propylene oxide, and embedded in Durcupan ACM
resin (Sigma-Aldrich).To visualize links between stereocilia, Ruthe-
nium Red staining was performed (Goodyear et al. 2005).
Ultrathin sections were cut and mounted on Formvar-coated single
slot grids. Contrast in the specimens was developed with uranyl
acetate and lead citrate. Electron micrographs were obtained at
80 kV. Samples were obtained from three Ilgri-mutated mice and
three of their heterozygous littermates at P2 and three Igri-
mutated mice and three of their heterozygous littermates at P8.

Immunoelectron microscopy

Mouse temporal bones were removed and immersed in 0.1 M PB
(pH 7.2) containing 4% PFA and 0.02% glutaraldehyde. The
cochleae were dissected out from the temporal bones and tectorial
membranes were removed. After being rinsed with 0.01 M PBS 3
times, the specimens were incubated with the antibody-dilution-
bufter for 1 h at room temperature. The specimens were incubated
with rabbit anti-Vlgrl antisera diluted 1 :100 in the antibody-
dilution-buffer overnight at 4 °C. After five rinses with 0.01 M
PBS, the specimens were incubated with 10-nm gold-conjugated
goat anti-rabbit IgG (BBInternational, Cardiff, UK) diluted 1 : 50
in the antibody-dilution-buffer overnight at 4 °C. After five rinses
with 0.01 M PBS, the specimens were incubated with 0.1 M
cacodylate buffer (pH 7.4, Nakalai Tesque, Kyoto, Japan), contain-
ing 2% glutaraldehyde for 1 h at room temperature. The speci-
mens were washed with 0.1 M cacodylate buffer 3 times and then
washed in distilled water 2 times. They were immersed in fresh
silver enhancing solution (BBInternational) for 2 min. After being
washed in distilled water, the specimens were dehydrated with a
graded ethanol series, equilibrated in propylene oxide, and embedded
in Durcupan ACM resin. Ultrathin sections were cut and mounted
on Formvar-coated single slot grids. Contrast in the specimens
was developed with uranyl acetate and lead citrate. Electron
micrographs were obtained at 80 kV.

Incubation of cochleae with a chelator of calcium

Cochleae were obtained from four normal mice at P2 and the bony
walls of the cochleae were opened. Tectorial membranes of the
cochleae were removed in ice cold HBSS(-) (Sigma-Aldrich). One
side of the cochlea was incubated in HBSS(-) and the other side of the
cochlea was incubated in HBSS(-) containing 5 mM BAPTA (Sigma-
Aldrich) for Thour at 37 °C. After the incubation, the cochleae
were subjected to immunohistochemical analysis as described above.

ABR threshold measurements

The auditory evoked response was recorded with stainless steel
needle electrodes inserted subcutaneously into the vertex (active),
both of the retroaulicular regions (inactive) and the opposite thigh
(ground). The stimulus sound in peak equivalent sound pressure
level (peSPL) of tone pips with 0.1-ms slope, 1-ms duration,
70-ms repeat interval with 5.6, 8,12, 18, 24 kHz frequencies were
given by free field in an electrically shielded room. A microcom-
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puter (ER-2104, GE Marquet) was used to analyze the response.
Auditory thresholds were obtained for each stimulus by varying
the stimulus at 5-dB steps up and down to identify the lowest level
at which an ABR pattern could be recognized.

For measurements for postnatal 3-week-old mice, the mice were
stimulated with sine waves at 8 kHz frequency with a duration of
0.3 ms using a sound stimulator (DA-502AM, Dana Japan, Japan).
The signals were filtered with a band pass between 0.5 and 3 kHz.

Distortion product oto-acoustic emission (DPOAE)

In order to test the function of outer hair cells (Schrott ef al. 1991),
DPOAEs were obtained using a DPOAE measurement device
DP-2000 with CUBEDIS v.2.43 software (Mimosa Acoustics). All
mice were anaesthetized with ketamine and xylazine at concen-
trations of 100 and 10 mg/kg, respectively, via intraperitoneal
injection and fixed to stereotaxic head gear (SR-5N, Narishige)
with a stereotaxic micromanipulator (SM-15, Narishige) supple-
mented with a DPOAE probe with an attached plastic ear tip con-
taining three sound tubes leading from two loudspeakers and a
miniature microphone. This ear tip was inserted into the mouse
external auditory canal using the micromanipulator. The primary
tone levels L1 and L2 were adjusted as follows: L1 — L2 = 10 dB
SPL, L2 =5 to 55 dB SPL. Their frequency ratio f,/f; was fixed
at 1.25 with f, = 16,12, 10, 8, 6, 4 kHz for standard measurements.

Rota-rod test

Mice were subjected to trials on a Rota-rod treadmill (Stoelting
Co, Wood Dale, IL). They were tested 3 times per day for three
consecutive days on a rod that was accelerated from 4 to 40 rpm.
On the final day, the latency to fall from the rod was recorded, and
the longest latency was taken as the result.

Statistical analysis

To analyze the duration in the Rota-rod test of Vlgri-mutated
mice, we used Student’s t-test. To analyze the ratio of normal hair
bundles of Vigri-mutated mice and the viability of hair cells of
Vlgrl-mutated mice, we used the 2-sample test for equality of
proportions using Fisher’s exact test.
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