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Abstract _
Objective: To evaluate the function of the superior and infe-
riof vestibular nerve systems in children with profound sen-

sorineural hearing loss, and to assess the influence of dys-

function of each vestibular nerve system on the develop-
~ ment of gross motor function. Study Design: Retrospective
study. Setting: A tertiary referral center. Methods: Eighty-
nine children (age range: 20-97 months) with profound sen-
sotineural hearing loss who were due to undergo cochlear

implant surgery were recruited. Function of the superior ves-

tibular netve system was evaluated by the damped rotation
test and the caloric test, whereas functions of the inferior
vestibular nerve systems were evaluated by the vestibular
evoked myogenic potential (VEMP) test. Gross motor devel-
opment was assessed using the age of acquisition of head
control and independent walking. Results: Among the chil-

dren able to complete the vestibular function tests, abnor- .

malities were found in 20% (16 of 84 children) in the damped
rotation test, 41% (31 of 75 children) in the caloric test and
429% (26 of 62 children) in the VEMP test. Children who
showed abnormal responses in the vestibular function tests

showed significantly delayed acquisition of head control
(p < 0.05) and independent walking (p < 0.05) in comparison
with children with normal responses. The children who
showed abnormal responses in all 3 vestibular tests showed
the greatest delay in acquisition of gross motor function in
comparison with the other groups. Conclusions: Children
with profound hearing loss tend to have dysfunction in the
superior as well as the inferior vestibular nerve systems. Both
the superior and inferior vestibular nerve systems are impor-
tant for the development of gross motor function in chil-
dren. Copyright © 2013 S. Karger AG, Basel

Introduction

The development of balance and gross motor func-
tions such as head control and independent walking are
intimately related and dependent on inputs from the ves-
tibular, visual, proprioceptive and motor systems [Kaga,

" 1999; Suarez et al., 2007]. During the early stages of de-

velopment, children primarily depend on the visual sys-
tem to maintain-balance. As they grow older, they pro-
gressively begin to use somatosensory and vestibular in- -
formation until these systems reach full maturity around
the age of 10 years [Kaga, 1999; Wallacott et al., 2004;
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Suarez et al., 2007]. Since vestibular function plays an im-
~ portant role in the development of balance and locomo-
- tion, impairment of the vestibulospinal system in infancy
may lead to delayed achievement of gross motor mile-
stones [Eviatar et al., 1979; Kaga, 1999; Kaga et al., 2008].
A close relationship exists between the cochlea and the
_peripheral vestibular end organs with respect to embryol-
ogy, physiology and anatomy [Jin et al., 2006; Cushing et
al., 2008a], hence they may be similarly affected by em-
bryological factors, or by viral or bacterial infections.
Therefore, children with profound sensorineural hearing
loss may also exhibit peripheral vestibular impairments
[Shinjo et al., 2007; Cushing et al., 2008a; Kaga et al., 2008;
Jacot et al., 2009]. It has been reported that children with
profound hearing loss tend to display balance dysfunc-
tion and delayed acquisition of gross motor skills, such as
head control, sitting and walking, compared with chil-
dren with normal hearing [Potter and Silverman, 1984;
Butterfield, 1986; Crowe and Horak, 1988; Suarez et al,,
2007; Cushing et al., 2008a]. The incidence of véstibular
dysfunction in children with profound hearing loss has
been reported to be between 31 and 75% [Diepeveen and
Jensen, 1968; Jin et al., 2006; Cushing et al., 2008a; Zagdl-
ski, 2008].

Several previous studies have investigated the relation-
ship between vestibular function and gross motor devel-
opment in children with profound hearing loss [Kaga et
al,, 1981; Potter and Silverman, 1984; Crowe and Horak,
1988; Suarez et al., 2007; Cushing et al., 2008a]. Kaga et
al. [1981] showed that the age of acquiring head control
and independent walking in children with vestibular dys-
function was significantly delayed compared with normal
controls [Kaga et al., 1981]. Rine et al. [2000] reported
delayed gross motor development in children with ves-
tibular dysfunction. In these studies, vestibular function
in infants and children was evaluated using the rotation-
al test and/or the caloric test, which reflect function in the
lateral semicircular canal and superior vestibular nerves
[Kaga, 1999; Suarez et al., 2007; Cushing et al.,, 2008a].
Vestibular evoked myogenic potentials (VEMPs) in re-
sponse to air-conducted sound have recently been used
to evaluate vestibular function [Colebatch and Halmagyi,
1992; Murofushi et al,, 1996, 1998; Welgampola and
Colebatch, 2005]. Physiological and clinical studies have
suggested that VEMPs are generated by activation of the
saccule and the inferior vestibular nerves [McCue and

- Guinan, 1994; Murofushi et al., 1995, 1996]. Combined
‘use of VEMP and rotational and/or caloric tests has en-
abled examination of the inferior and superior vestibular
nerve systems separately [Murofushi et al., 1996, 1998;
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Twasaki et al., 2005]. Although VEMPs have been studied
mainly in adults, it has been shown that the VEMP can be
recorded from infants and children in almost the same
way as adults [Kelsch et al., 2006].

In the present study, we assessed vestibular function in
children with profound hearing loss, before they under-
went cochlear implantation, using VEMPs as well as ca-
loric and rotational testing, and compared the results
with the development of gross motor function. The pur-

* poses of the present study were to evaluate the function

of the superior and inferior vestibular nerve systems in
children with profound hearing loss, and to investigate
the effect of each vestibular nerve system on the develop-
ment of gross motor furiction.

Methods

‘We enrolled 101 consecutive new children (20-97 months old)
who presented at the University of Tokyo Hospital between Janu-
ary 2003 and June 2010 with profound hearing loss and who sub-
sequently underwent cochlear implant surgery. We excluded 11
children with acquired hearing loss (4 due to meningitis, 2 due to
severe neonatal infections, and 5 who had passed the newborn
hearing screening test). We also excluded 1 child with extremely
low birth weight. We did not exclude 8 children with cytomegalo-
virus (CMV) infection or 2 with Waardenburg' syndrome because
they did not show any neurological abnormalitics ckcept for hear-
ing loss. As a result, 89 children (45 male, 44 female; age range
20-97 months, mean age 40 months) were included. The data of

. individual children are listed in the online supplementary table 1

(see www.karger.com/doi/10.1159/000346344 for all online suppl.
malerial). All these patients underwent high-resolution computed
tomography of the temporal bone and magnetic resonance imag-
ing of the brain. Screening for the connexin 26 (GJB2) mutation in
the peripheral blood and screening for CMV DNA in the umbilical
cord blood were performed in 31 and 28 patients, respectively. The
etiologies of hearing loss in the 89 children are listed in table 1.
Classification of the inncr car malformation [Sennaroglu and Saat-
ci, 2002] in 19 patients is listed in the online supplementary table2. -
This study was-approved by the ethics committee in the Fac-
ulty of Medicine at the University of Tokyo and was conducted
according to the tenets of the Declaration of Helsinki. Written in-
forrncd consent was obtained from the parents of each pdruapdnt

Evaluation of the Etiologies of Hearing Loss
High-resolution computed tomographic scans,(slice thickness

1.0 mm), screening for CMV DNA in the umbilical cord blood,

and screening for the GJB2 mutation were performed. High-reso-
lution computed tomographic scans were checked by both otolar-
yngologists and radiologists. Both homozygous and heterozygous
mutations of G/B2 were classified as positive. There was no patient
selection protocol with regard to the performance of these tests,
which may cause a bias in the etiology results. A family history of
significant perinatal problems was checked by having parents
complete questionnaires (open-ended questions). These proce-
dures were approved by the local ethics committee.

Inoue/Iwasaki/Ushio/ Chlhara/Fu)unoto/
Egami/Yamasoba '



Table 1. Etiologics of hearing loss in 89 children

Number  Meanageat

% evaluation, months
Inner ear malformation 19(21%) 43 (25-87)
(JB2 mutation 13 (15%) 27 (20-33)
Congenital CMV infection 8 (9%) 38 (24-63)
Waardenburg syndrome 2(2%) 51 (27-75)
Unknown 47 (54%) 42 (24-97) -
Total 89 (100%) 40 (20-97)

Age ranges are indicated in parentheses.

Vestibular Function Tests

Damped Rotation Test

The children were hield upright on their mother’s knees on a
rotational chair with their heads bending down 30°. The rotation-
al chair was accelerated to a maximum rotational velocity of 200°/s
with-a maximum acceleration of 300%s” and then decayed to 0°/s
by a deceleration of —4°/s%. The test was conducted twice in both

clockwise and counterclockwise directions. Fye movements were

recorded by electronystagmography. Since calibration for accurate
velocity measurements could not be performed in most children,
we calculated the number of beats of per-rotatory nystagmus. The
number of beats was measured and compared with age-matched
controls according to the results of the damped rotation test in
normal children reported by Kaga et al. [1981] for children up to
6 years old. If the number of per-rotatory nystagmus beats was
more than 2 standard deviations smaller than the average value at
each age, as reported by Kaga et al. [1981], it was considered ab-

normal, For children older than 6 years, the normal limit of the-

number of per-rotatory nystagmus beats was set as 23. This value
is based on the number of per-rotatory nystagmus beats in 15 not-
mal children between the ages of 7 and 9 years (31 + 3.9 beats) re-
corded in this laboratory.

Caloric Test

The caloric test was performed using 4°C ice water. Horizontal
and vertical eye movements were recorded using electronystag-
mography. We measured the duration of induced nystagmus and
compared it with age-matched controls since calibration of eye
movements was difficult in most children. The duration of induced
nystagmus in 112 normal control children was 94.7 £20.7 s for the
age range 13-24 months, 103.8 + 28.4 s for 25-36 months, 109.2
28.4 sfor 37-48 months, 98.1 + 20.3 s for 49-60 months, 105+ 28.4
for 61-72 months, and 123.3 + 35.1 s for >72 months. If the dura-
tion of induced nystagmus was more than 2 standard deviations
smaller than the average value at cach age, it was considered abnor-
mal. Therefore, normal limits were set as 53.3 s for 13-24 months,
54.3 s for 25-36 months, 52.4 s for 37-48 months, 57.4 s for 49-60
months, 48.1 s for 61-72 months and 35.1 s for >72 months.

Vestibular Evoked Myogenic Potentials
Each subject was placed in the supine position. The active elec-
trode was placed over the upper half of the sternocleidomastoid

Vestibular Dysfunction and Gross Motor
Function in Profound Hearing Loss

muscle (SCM), the reference electrode on the upper sternum and
the ground electrode on the midline of the forehead. Subjects were
instructed to raise their heads off the pillow to activate the SCM.
In children who could not follow this instruction, the examiner
helped them to raise their body with their head hanging down to
induce contraction of the SCM. Electromyographic activity in the
SCMs was monitored to confirm sufficient normal muscle activity
(>150 V). Sound stimuli of 500-Hz tone bursts (95 dB nHL) were
presented to each ear through calibrated headphones (DR-531,

Elega Acoustic Co. Ltd., Tokyo, Japan). Electromyographic signals
from the SCM on the stimulated side were amplified using Neuro-
pack Sigma (Nihon Koden, Tokyo, Japan). The stimulation rate

-was 5 Hz, the band-pass filter intensity was 20-2000 Hz, and the

analysis time was 50 ms. VEMPs in response to 50 stimuli were
averaged twice. VEMPs were considered to be present when there
was a reproducible short-latency biphasic wave (p13-n23) [Shey-
kholeslami et al,, 2005; Kelsch et al., 2006]. We calculated the
asymmetry ratio for the amplitude of VEMPs (VEMP AR) with the
following formula using the peak-to-peak amplitude of p13-n23
(V) on the right side (A7) and that on the left side (A):

VEMP AR (%) = 100 - |(Ar — AD/(Ar + AD)].

VEMP AR (%) <33.3 was considered to indicate a significant
asymmetry [Jin et al., 2006; Shinjo et al., 2007].

- Gross Motor Development

To assess gross motor development, we interviewed parents
about the age at which the children started to acquire head control
and to walk by themselves. We also checked the ages given against
the relevant data recorded in the Maternity Health Record Book
provided by the Japanese government.

If the age of acquiring head control was >5 months and the age
of independent walking was >18 months, the development of the
gross motor function was considered to be delayed according to
the modified version of DENVER II for Japanese children pub-
lished by the Japanese Society of Child Health (Nihon Sheni Lji
Shuppansha, Tokyo, Japan).

Statistics

For comparison of two groups, the Mann-Whitney U test was
used. For comparing multiple groups, the nonparametric Kruskal-
Wallis test was used. Variables that showed a significant difference
in this test were then compared in pairs using the nonparametric
Steel-Dwass multiple-comparison method. Values were expressed”
as means & SD. A p value <0.05 was considered significant.

Results

Vestibular Function in Children with Profound

Hearing Loss

A summary of the results of the damped rotation test,
caloric test and VEMPs in the children with profound
hearing loss is shown in table 2. Since these vestibular
tests need a certain amount of cooperation, they could not
be completed in some children. Among the 89 children
recruited, 51 were able to complete all 3 vestibular tests
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Table 2. Resultsof vestibular function testing

-~ Normal  Unilateral Bilateral: Total
dysfunction dysfunction
Inner ear malformation .
Rotation test 9 (50%) . 0 (0%) 9 (50%) 18.(100%)
Caloric test 4(27%) 4 (27%) 7 (47%)  15(100%)
VEMP 6(40%) 2 (13%) 7 (47%) 15 (100%)
GJB2 mutation ‘
Rotation test 13 (100%) ~ 0 (0%) 0 (0%) 13 (100%)
Caloric test 13 (100%) 0 (0%) 0 (0%) 13 (100%)
VEMP 10 (83%) 0 (0%) 2(17%) 12 (100%)
Congenital CMV infection
Rotation test 3 (60%) 1 (20%) 1 (20%) 5 (100%)
Caloric test 4(67%) 1(17%) 1(17%) 6 (100%)
VEMP ' 2(33%) 1(17%) 3(50%)  6(100%)
Others ;
Rotation test 42 (88%) 0 (0%) -6(13%) 48 (100%)
Calorictest = 23 (56%) 8(20%) - 10 (24%) 41 (100%)
VEMP 18(62%) 2 (7%) 9(31%) 29 (100%)
All children :
Rotation test 67 (80%) 1 (1%) 16 (19%) 84 (100%)
Calorictest 44 (59%) 13 (17%) 18 (24%) 75 (100%)
VEMP - 36(58%) 5(8%)  21(34%) 62 (100%)

Table 3. Relationship between sup«.rwr and inferior vestibular
function tests

Rotation test/caloric test Total
normal asym-  bilateral ‘
"~ metry.  dysfunction
- VEMP .
Normal 26 7 1 36
Asymmetry 1 3 5
Bilateral dysfunction 9 0 11 20
Total ' 36 10 15 61

whereas the other 38 children were only able to complete
1 or 2 of the tests.
The damped rotation test was completcd in 84 of the
89 children (94%). Among these 84 children, 16 (19%)
showed reduced or absent per-rotatory nystagmus on
both clockwise and counterclockwise rotations, whereas
- 67 children (80%) showed normal responses during rota-
tion in both directions. One child (1%) showed reduced
per-rotatory nystagmus in the clockwise rotations only
(patient No. 36 in the online suppl. table 1).
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Caloric testing was completed in 75 of the 89 children
(84%). Among them, 18 children (24%) showed reduced
or absent nystagmus induced in both ears, whereas 44
children (59%) showed normal responses in both ears.
Thirteen children (17%) showed abnormal responses in
one ear only.

VEMP testing was completed in 62 of the 89 children
(70%). Among them, 21 children (34%) showed no re-
sponses on either side whereas 36 children (58%) showed
normal responses on both sides. Five children (8%)
showed responses on one side only.

Most children with the G/B2 mutation showed normal
responses bilaterally in the damped rotation test, caloric
test and VEMP test. On the other hand, more than half of
the children with inner ear malformations and congenital
CMYV infection showed abnormal responses in these 3
vestibular function tests (table 2).

The relationship between the results of the damped
rotation test, caloric test and VEMP test are shown in ta-
ble 3. Since both the damped rotation and caloric tests
reflect the function of the superior vestibular nerve sys-
tem, we combined the results of these two tests. If cases
showed abnormal responses in either of these two tests,
we classified them as having abnormal superior vestibular
function. Cases which showed abnormal VEMP respons-

‘es were classified as having abnormal inferior vestibular

function. Among the 61 children who were able to com-
plete all 3 vestibular tests, 26 (43%) showed normal re- -
sponses in both the superior and inferior vestibular func-
tion tests whereas 15 children (25%) showed abnormal
responses in both of these tests. Ten children (16%)
showed abnormalities in the superior vestibular function
tests while sparing inferior vestibular function. On the
other hand, 10 children (16%) showed abnormalities in
the inferior vestibular dysfunction tests while sparing su-
perior vestibular nerve function.

Gross Motor Development in Children with Profound

Hearing Loss ,

The distribution of ages at which children with pro-
found hearing loss started acquiring head control and in-
dependent walking are shown in figure 1 and table 4. We
were unable to obtain information regarding the age of
acquisition of head control in 10 children, and the age of
independent walking in 13 children.

The age at which the children acquired head control
was delayed to later than 5 months of age in 24 (30%) of
79 children. The age at which children began to walk in-
dependently was delayed to later than 18 months of age
in 20 (26%) of 76 children.

Inoue/Twasaki/Ushio/Chihara/Fujimoto/
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Fig. 1. Distribution of the age of acquiring head control and independent walking in children with profound hearing loss. a Distribu-
tion of the age of acquiring head control. Ages greater than 5 months were considered to be delayed. b Distribution of the age of inde-
pendent walking. Ages greater than 18 months were considered to be delayed.

~ Table 4. Age of acquiring head control and independent walking

1Icad control Independent Walking Total
normal  delayed  unknown normal delayed unknown
Inner ear malformation 8 (42%) 8 (42%) 3 (16%) 8 (42%) 7 {37%) 4 (21%) 19 (100%)
GJB2 mutation 11(85%) . 1(8%) 1(8%) 13 (100%) 0 - 0 13 (100%)
Congenital CMV infection 6 (50%) 1(13%) 1 (13%) 4 (50%) 2 (25%) 2 (25%) 8 (100%)
Others 30 (4%) 14 (29%) 5(10%) 31 (63%) 11 (22%) 7 (14%) 49 (100%)
All children 55 (62%) 24 (27%) 10 (11%) 56 (33%) 20 (22%) 89 (100%)

13 (15%)

In most children with the GJB2 mutation, the age of
acquiring head control and independent walking was
within normal limits {11 of 12 children with available in-
" formation for head control; all children with available in-
formation for independent walking; table 4). On the oth-
er hand, approximately half of the children with inner ear
malformations showed delayed head control (8 of 16 chil-
dren) and delayed independent walking (7 of 15 chil-
dren). In children with CMV infection, the age of inde-
pendent walking was delayed in one third (2 of 6 chil-
dren) whereas the age of acquiring head control was
delayed in one seventh of them (1 of the 7 children).

Vestibular Function and the Development of Gross

Motor Function

To estimate the effect of vestibular dysfunction on the
development of gross motor function, we compared the
age of acquiring head control and independent walking
with the results of each of the vestibular function tests
(table 5). The age of acquiring both head control and in-

Vestibular Dysfunction and Gross Motor
Function in Profound Hearing Loss

dependent walking was significantly delayed in children
who showed abnormal responses bilaterally in compari-
son with those who showed normal responses bilaterally
(p < 0.05 in the rotation test, caloric test and VEMP test
for both head control and independent walking). On the
other hand, there were no significant differences in the
age of acquiring head control and independent walking

‘between the children who showed asymmetric responses

and those with normal responses in the caloricand VEMP
testing (p > 0.05 for both tests). ‘

To clarify the effect of dysfunction of the superior and
inferior vestibular nerve systems on the development of
gross motor function, we classified the children accord-
ing to the involvement of the superior and the inferior
vestibular nerve systems into the following 4 groups: (1)
normal group, i.e. children who showed normal respons-
es bilaterally in both the superior vestibular function
tests (caloric testing and damped rotation test) and the

- inferior vestibular function test (VEMPs) (n = 26); (2)

superior dysfunction group, i.e. those with abnormal re-

Audiol Neurotol 2013;18:143-151 147
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Fig. 2. Comparison of the age of acquiring head control and inde-
pendent walking in children with profound hearing loss classified
according to the involvement of the superior and inferior vestibu-
lar nerve systems. * p < 0.05, ** p'< 0.01. a The age of acquiring
head control in children with normal vestibular function, those
with involvement of the superior vestibular nerve system sparing
_ the inferior vestibular nerve system (superior dysfunction), those

Table 5. Age (moriths) of gross motor development in relation to
vestibular function test results

Normal

Asymmetry  Bilateral
dysfunction
" Head control
Rotation test ~ 3.8+1.1 (59) 3(Q1) 5.6+2.3 (14)
Caloric test 3.7£1.0(37) 4.0+1.0(12) 52+22(17)
- VEMP 3708 (31) 4.8+1.1(5) 5.3£2.2 (19)
Independent walking
Rotation test  14.6+3.5(59) 14 (1) 19.1+4.8 (12)
Caloric test 14.5+3.8 (39) 14.0+2.1(12) 18.4+5.0 (15)
VEMP 13.7£2.7 (29) 158+4.6(4) 18.8+4.7(17)

Data are shown as means + SD; numbers of children are indi-
cated in parentheses.

sponses bilaterally in either of the superior vestibular
function tests in the presence of normal VEMP respons-
es bilaterally (n = 9); (3) inferior dysfunction group, i.e.
those with abnormal VEMP responses bilaterally in the
presence of normal superior vestibular function tests (n
= 3), and (4) combined dysfunction group, i.e. those with
abnormal responses bilaterally in both the superior and
inferior vestibular function tests (n = 11). Ten patients
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with involvement of the inferior vestibular.nerve system sparing
the superior vestibular nerve system (inferior dysfunction) and
those with involvement of both the superior and inferior vestibular
nerve systems (combined dysfunction). b The age of independent
walking in the normal, superior, inferior and combined dysfunc-
tion groups.

I

who showed unilateral vestibular dysfunction in either
the damped rotation test or the caloric test (patients No.
12,14, 15, 38, 50, 51, 57, 62, 64 and 69 in the online sup-
pl. table 1) and 5 patients who showed abnormal VEMP
responses on one side (patients No. 12, 14, 38, 77 and 83)
were excluded from this analysis. Among them, 2 chil-
dren (patients No. 14 and 38) showed dysfunction on the
same sides in both caloric and VEMP tests, whereas the
other children showed dysfunction on different sides in
these tests. The age of acquiring head control was sig-
nificantly delayed in the combined dysfunction group in
comparison with the normal group (p < 0.01), whereas
there were no significant differences among the normal
group, the superior dysfunction group and the inferior
dysfunction group (p > 0.1; fig. 2a). The age of indepen-
dent walking was significantly delayed in the combined
dysfunction group and in the inferior dysfunction group
compared with the normal group (p < 0.01 and p < 0.05,
respectively), whereas there were no significant differ-
ences between the normal group and the superior dys-
function group (p > 0.8) or between the inferior dysfunc-
tion group and the combined dysfunction group (p > 0.5;
fig. 2b). '

- Inoue/Iwasaki/Ushio/Chihara/Fujimaoto/
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Discussion

- In the present study, we have shown that approxi-
mately 40% of children with profound hearing loss have
dysfunction of the superior vestibular nerve system, ap-
proximately 40% have dysfunction of the inferior ves-
tibular nerve system, and approximately 20% have dys-

function of both vestibular nerve systems. Acquisition of |

head control and independent walking in children with
bilateral vestibular dysfunction was significantly delayed
in comparison with those with normal vestibular func-
tion.

In previous studies, vestibular function in infants and
children has been evaluated by rotation and caloric tests,
which reflect the function of the lateral semicircular ca-
nals and superior vestibular nerve [Diepeveen and Jen-
sen, 1968; Kaga et al., 1981; Kaga, 1999; Buchmann et al,,
2004; Shinjo et al., 2006; Jacot et al., 2009]. Kaga et al.
[1981] examined vestibular function using the damped
rotation test in 22 children with congenital deafness and
found hypoactivity of the vestibulo-ocular reflexes in 12
children (55%). Shinjo et al. [2007] assessed vestibular
function in 20 children with severe hearing loss using the
damped rotation and caloric tests, and reported that ab-
normalities were found in 85% of these children with ca-
loric testing and in 30% with the rotation test. Jacot et al.
[2009] examined 224 children with profound hearing
loss, using the caloric and rotation tests. They showed
that 50% of the children tested have unilateral or bilat-
eral vestibular dysfunction. In the present study, 41% of
the children tested showed abnormal caloric responses
and 20% showed abnormal responses in the damped ro-
tation test. This prevalence of vestibular dysfunction was
lower compared to that of previous studies [Kaga et al,,
1981; Shinjo et al., 2007; Jacot et al., 2009]. This discrep-
ancy might be caused by differences between the patient
groups since the number of children with the G/B2 muta-
tion was relatively higher in our study compared to those
previous studies [Buchman et al, 2004; Shinjo et al,
2007]. In the present study, most children with the G/B2
mutation showed normal responses bilaterally in the
damped rotation test, caloric test and with VEMPs. This
result is Consistent with previous reports showing that
vestibular function is rarely affected in patients with the
GJB2 mutation [Todt et al., 2005; Tsukada et al., 2010].
On the other hand, more than half of the children with
. inner ear malformations and congenital CMV infection
showed abnormal vestibular function in at least 1 of the 3
kinds of vestibular function tests used in the present
study.

Vestibular Dysfunction and Gross Motor
Function in Profound Hearing Loss

VEMPs in response to air-conducted sound have been
used to evaluate vestibular function, especially that of the
saccule and inferior vestibular afferents [Welgampola
and Colebatch, 2005]. Combined use of VEMPs and the
caloric test has enabled examination of the superior and
inferior vestibular nerve systems separately [Murofushi et
al., 1998; Iwasaki et al., 2005]. VEMPs have been exten-
sively studied primarily in adult subjects since VEMPs
require neck contraction- during recording. However,
several recent studies have shown that VEMPs can be re-
corded from infants and children in almost the same way
as adults [Tribukait et al., 2004; Jin et al., 2006; Kelsh et
al., 2006; Shinjo et al., 2007]. Tribukait et al. [2004] re-
corded VEMPs in 39 deaf children between the agesof 15
and 17 years and reported that VEMPs were absent bilat-
erally in 22% and asymmetric in 19%. Shinjo et al. [2007]
recorded VEMPs in 20 children with profound deafness
with ages ranging from 2 to 7 years and reported that 20%
of patients showed no responses bilaterally and 30%
showed asymmetric.responses. In the present study, we
attempted to record VEMPs from children by helping
them to raise their heads during the recording. Further-
more, we used a 95-dB nHL tone burst instead of 90-dB
nHL clicks, which were used in the study by Kelsch et al.
[2006], as a stimulus for eliciting VEMPs, since it has been
shown that tone bursts are superior to clicks in eliciting
VEMP responses [Murofushietal., 1999; Viciana and Lo-
pez-Escamez, 2012]. Of the children tested in this study,
with an age range of 2-8 years, 70% were able to generate
sufficient neck muscle activity (>150 uV) to successfully
complete VEMP testing. Among these children, 8%
showed asymmetric VEMP responses and 34% showed
no VEMP responses on either side, indicating that ap-
proximately 40% of these children with profound hearing
loss have dysfunction of the inferior vestibular system on
atleast one side. This finding is compatible with the find-
ing in previous studies in terms of the percentage of chil-
dren showing inferior nerve system dysfunction [Tribu-
kait et al., 2004; Shinjo et al., 2007].

In the present study, both the ages of acquiring head
control and independent walking were significantly de-
layed in children with vestibular dysfunction in compar-
ison with those with normal vestibular function. All the
children were able to walk independently within 30
months. A few previous studies have shown that gross
motor development is delayed in children with bilateral
vestibular dysfunction [Kaga etal., 1981; Rine et al., 2000].
Kaga et al. [1981] reported that the age of acquiring head
control and independent walking in children with bi-
lateral vestibular dysfunction was significantly delayed
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when compared with normal controls. They also reported
that all children of preschool age with vestibular dysfunc-
tion were able to achieve head control, independent walk-
ing and running, suggesting the substitution of vestibular
function by other sensory inputs such as visual and so-
matosensory cues [Kaga et al, 1981; Wallacott et al,
2004]. The development of gross motor function is af-
fected by various factors including the functioning of the
visual, vestibular, proprioceptive and motor systems
[Kaga, 1999; Wallacott et al., 2004; Suarez et al., 2007]. It
has been shown that a substantial proportion of children
with profound hearing loss show balance dysfunction, es-
pecially when visual and/or somatosensory information
is disturbed [Suarez et al,, 2007; Cushing et al., 2008b].
Since the relative importance of visual, vestibular and so-
matosensory inputs to head stabilization and balance

control has been shown to change dynamically during

preschool ages [Berger et al., 1987; Assaiante and Am-
brad, 1992], it is possible that the contribution of visual
and somatosensory inputs steadily increases with age in
children with vestibular dysfunction. Several studies have
shown that children with bilateral vestibular dysfunction
show postural instability in conditions with reduced vi-
sual and/or somatosensory cues [Enbom et al, 1991;
Cushing et al., 2008b].

The contribution of the superior and inferior vestibu-
lar nerve systems to the development of gross motor func-
tion has not been studied previously. We classified chil-
dren with profound hearing loss into 4 groups according
to the results of 3 vestibular tests (normal function, supe-
rior dysfunction, inferior dysfunction, combined dys-
function) and compared the gross motor development
among these groups. The age at acquisition of both head
control and independent walking in the combined dys-

References

function group was the latest among the 4 groups, sug-
gesting that the inferior as well as the superior nerve sys-
terns play an important role in gross motor development.
Furthermore, the age of acquiring independent walking
was significantly delayed in the inferior dysfunction
group as well as the combined dysfunction group in com-
parison with the normal group, whereas it was not sig-
nificantly different between the superior dysfunction
group and the normal group. The inferior vestibular -
nerve system, which has an input to neck and leg muscles,
may have a greater influence on the acquisition of inde-
pendent walking than the superior vestibular nerve sys-
tem. '

In conclusion, we have shown that a substantial pro-
portion of children with profound hearing loss have dys-

-function of the inferior as well as the superior vestibular

nerve system and that they show delayed acquisition of
gross motor function. Since the development of gross
motor function varies according to the extent of the in-
volvement of each vestibular nerve system, it is preferable
to evaluate both the superior and inferior vestibular func-
tion separately in order to form an individualized treat-
ment plan for each child with profound hearing loss.
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Abstract The way that the development of the innet ear
innervation is regulated by various neurotrophic factors and/
or their combinations at different postnatal developmental
stages remains largely unclear. Moreover, survival and neu-
ritogenesis in deafferented adult neurons is important for
cochlear implant function. To address these issues, develop-
mental changes in the responsiveness of postnatal tat spiral
ganglion neurons (SGNs) to neurotrophin-3 (NT-3), brain-
derived neurotrophic factor (BDNF) and leukemia inhibito-
ry factor (LIF) were examined by using a dissociated cell
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culture system. SGNs at postnatal day (P) 0, P5 and P20
(young adult) were cultured with the addition of NT-3,
BDNF, or LIF or of a combination of NT-3 and BDNF
(N + B) or of NT-3, BDNF and LIF (ALL factors). SGNs
were analyzed for three parameters: survival, longest neurite
length (LNL) and neuronal morphology. At P0, SGNs re-
quired exposure to N + B or ALL factors for enhanced

- survival and the ALL factors combination showed a syner-

gistic effect much greater than the sum of the individual
factors. At P5, SGNs responded to a wider range of treat-
ment conditions for enhanced survival and combinations
showed only an additive improvement over individual fac-
tors. The survival percentage of untreated SGNs was highest
at P20 but combinations of neurotrophic factors were no
more effective than individual factors. LNL of each SGN
was enhanced by LIF alone or ALL factors at PO and P5 but
was suppressed by NT-3, BDNF and N + B at P5 in a dose-
dependent manner. The LNL at P20 was enhanced by ALL

" factors and suppressed by N + B. Treatment with ALL

factors increased the proportion of SGNs that had two or
more primary neurites in all age groups. These findings
suggest that NT-3, BDNF, LIF and their combinations pre-
dominantly support different ofitogenetic events at different
developmental stages in the innetvation of the inner ear.

Keywofds NT-3 -BDNF - LIF - Age-related changes - Inner '
ear - Rat (Sprague Dawley)

Introduction

In the auditory system, various growth factors are known to
play roles in the development of the innervation of the inner
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ear (Fritzsch et al. 1997b, 2004; Rubel and Fritzsch 2002).

For example, studies of transgenic mice have shown that
" two members of the nerve growth factor (NGF) family

of proteins, namely brain-derived neurotrophic factor

{(BDNF) and neurotrophin-3 (NT-3), play essential roles
in the normal development of innervation (Agerman et
al. 2003; Ernfors et al. 1995; Farinas et al. 2001;

Fritzsch et al. 1997a, 2004; Tessarollo et al. 2004). In

vitro studies of spiral ganglion neurons (SGNs) have
revealed that both NT-3 and BDNF can promote SGN
survival and newitogenesis in organotypic SG explants
(Aletsee et al. 2001; Hartnick et al. 1996; Mou et al.

1997; Mullen et al. 2012; Pirvola et al. 1992) and in’

dissociated cultures (Gillespie et al. 2001; Hartnick et al. 1996;
Hegarty et-al. 1997; Malgrange et al. 1996; Marzella et al.
1999; Pirvola et al. 1994; Vieira et al. 2007; Wei et al. 2007;

Whitlon et al. 2006; Zheng et al. 1995). Recent studies have

shown that neurotrophins also regulate the physiological prop-
erties of SGNs (Adamson et al. 2002; Davis and Liu 2011).
Other peptide growth factors, such as ciliary-derived neuro-
trophic factor and leukemia inhibitory factor (LIF), also pro-
mote survival and neuritogenesis in SGNs in vitro (Gillespie et
al. 2001; Hartnick et al. 1996; Marzella et al. 1997; V1e1ra etal.
2007; Whitlon et al. 2006).
In various peripheral nervous systems, the magnitude and
manner of the neuron’s response to neurotrophic factors is
known to be age-dependent. For example, sympathetic neu-
rons require NGF for their survival in early development.
After they become mature, they are less dependent on NGF
for survival (Easton et al. 1997; Putcha et al. 2000) but still
respond to NGF with increased neutite growth (Orike et al.
2001b). Moreover, the survival dependence of trigeminal
ganglion neurons has been shown to swiich from BDNF
and NT-3 to NGF during the early stages of target field
" innervation (Buchman and Davies 1993). Similarly, a sub-
population of dorsal root ganglion (DRG) neurons depends
on NGF during embryonic development but switches its
dependence to glial-cell-derived neurotrophic factor in early
postnatal life (Molliver et al. 1997). These data suggest that
various neurotrophic factors can exert their effects on the
same neuronal population, either simultaneously or sequen-
tially, at different phases of their development and further,
that each factor might regulate different ontogenetic events
at different developmental stages. Although a few studies
have addressed this issue in the vestibular system (Chihara
etal. 2011; Hashino et al. 1999), the degree to which similar

. age-dependent regulation of SGNS by neurotrophic factors
occurs remains unclear.

Accordingly, we have performed a systematic develop-
mental study of rat SGNs by culturing dissociated SGNs
hatrvested at various postnatal stages from birth to the age at
which the hearing function is mature. We have tested the
responsiveness of these SGNs to NT-3, BDNF and LIF,
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alone or in various combinations, focusing mainly on SGN
survival, neuritogenesis and the neuronal morphology of
individual SGNs.

Materials and methods

All animal procedures were approved by the relevant local
animal subjects committees (Graduate School of Medicine,
The University of Tokyo, #P08-029) and performed in ac-
cordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Preparation of tissue culture plates

Circular coverslips (13 mm; Matsunami glass, Tokyo, Japan)
were incubated with a mixed solution of fibronectin (Sigma
Aldrich Japan, Tokyo, Iapah; 10 pg/ml in phosphate-buffered
saline [PBS; pH 7.4]) and laminin (Sigma Aldrich Japan;
10 pg/ml in PBS) at 4°C overnight and then washed three’
times in PBS (pH 7.4). The coverslips were then incu-
bated with poly-L-lysine (Sigma Aldrich Japan; 20 pg/
ml in Dulbecco’s modified Eagle’s medium [DMEM;
Invitrogen life technologies, Tokyo Japan]) at 37°C for
1 h, washed three times in PBS (pH 7.4), air-dried and
placed in each well of 24-well plates (BD Biosciences,
Tokyo, Japan).

Animal dissection and dissociated cell culture of SGNs

Cultures of dissociated SGNs were prepared from Sprague
Dawley rats (Saitama experimental animals, Saitama, Japan)
at postnatal day 0 (P0), day 5 (P5) and day 20 (P20). We
chose these developmental ages for the following reason:
the period of PO culture (equivalent to PO-P4 in vivo)
corresponds to the time of naturally occurring SGN death
(Echteler et al. 2005; Rueda et al. 1987); P5 culture (equiv-
alent to P5-P9 in vivo) corresponds to the terminal stage of
the remodeling of afferent projections within the sensory
epithelium (Echteler 1992; Wiechers et al. 1999); and P20 -
culture (equivalent to P20-P24 in vivo) corresponds to the
stage in which all of the major developmental events for
SGNs are complete and the hearing function has achieved
maturity (Pujol et al. 1998).

For the dissociation of SGNs, rats were deeply anesthe-
tized with an intraperitoneal injection of ketamine hydro-
chioride (100 mg/kg) and xylazine hydrochioride (9 mg/kg)
and then decapitated. The mandible was removed and skulls
were opened mid-sagitally. Under a dissecting microscope,
the brain was removed and the temporal bones were har-
vested and transferred to Petri dishes containing sterile PBS
(pH 7.4). The membranous labyrinth was exposed by re-
moval of the bony or cartilaginous cochlear capsule. After



Cell Tissue Res (2013) 351:15-27

17

the removal of the spiral ligament, stria vascularis and organ
of Corti, the SG was carefully dissected from the modiolus
by using fine forceps and placed in calcium/magnesium-free
Hank’s balanced salt solution (HBSS, Invitrogen life tech-
nologies). Pooled ganglia (n=10-16) were then enzymati-
cally digested in HBSS with 0.1% collagenese and then in
HBSS with 0.25% trypsin (both from Invitrogen life tech-
nologies) in a gently shaking 37°C water bath. Incubation
times vatied depending on the age of the tissue (see Table 1).
Enzymatic digestion was terminated by the addition of fetal
bovine serum (Invitrogen life technologies) to a final concen-
tration of 10% and the digested ganglia were centrifuged at
1,500 rpm for 5 min at room temperature (RT). The superna-
tant was discarded and fresh primary growth medium consist-

~ing in DMEM (Invitrogen life technologies), fetal bovine
serum (10%; Invitrogen life technologies), HEPES buffer
(10 mM; Invitrogen life technologies) and penicillin (300 U/
ml; Sigma Aldrich Japan) was then added, following which
the ‘ ganglia were dissociated by mechanical trituration through
a plastic pipette tip. In this procedure, a maximum of four
triturations were carried out before the cells were removed by
decanting the supernatant medium. Fresh medium was added,
a further four triturations were carried out and the cells were
again removed. These sequential triturations were repeated
until the majority of the neurons were removed, with the
number of repeats depending on the age of the donor. This
method of avoiding excess mechanical damage to the disso-
ciated SGNs enhanced the survival of SGNs several fold,
especially in P20 SGNs, as demonstrated in the dissociation
of superior cervical ganglion neurons (Orike et al. 2001a).

Each cell suspension was again spun at 1,500 rpm for 5 min

and the resultant pellet was resuspended in fresh primary
growth medium. Cell counts were made by using a hemocy-

tometer and dissociated cells were plated onto the center of the -

glass coverslips at a density of 20,000 cells/100 1l per well.
The cultures were maintained at 37°C in a humidified atmo-
sphere containing 8% CO5 for 2 h to promote the attachment
of the neurons to the bottom of the coverslips. The cultures
were then incubated in 300 ul primary growth medium for
10 h for the complete attachment of the SGNs, followed by

incubation in a serum-free maintenance medium consisting in.

DMEM, N2 supplement (10 ul/ml; Invitrogen life technolo-
gies), HEPES buffer (10 mM), penicillin (300 U/ml), glucose
" (at a final concentration of 6 g/l; Sigma Aldrich Japan) for an
additional 72 h. Te compare the effects of neurotrophic

Table 1 Conditions for dissociation. of spiral ganglion neurons
(SGNs) at postnatal day 0 (P0), P5 and P20

Treatment PO P5 P20
Duration of collagenase incubation (min) 15 - 20 30
Duration of trypsin incubation (min) 20 30 - 40

facfom, cultures in each age group were further divided into
six subgroups and supplemented with the following factors:

(1) recombinant human NT-3 (catalog number 480875; EMD

biosciences, La Jolla, Calif., USA; 50 ng/ml), (2) recombinant
human BDNF (catalog number 01-194; Upstate Biofcchnqlo-
gy, Lake Placid, N.Y., USA; 50 ng/ml), (3) LIF (catalog
number LIF3005; Chemicon, Temecula, Calif., USA; 50 ng/
ml), (4) a combination of NT-3 and BDNF (50 ng/ml each;
referred to as the N + B group), (5) a combination of NT=3,
BDNF and LIF (50 ng/ml each; referred to as the ALL factor
group). One group was cultured without addition of any of the
factors to serve as an untreated control. The concentration of
each factor was determined based on previous studies that had
examined the responses of SGNs from postnatal mice and rats
in vitro (Gillespie et al. 2001; Hegarty et al. 1997; Malgrange
et al. 1996; Marzella et al. 1999; Vieira et al. 2007; Wei et al.
2007; Whitlon et-al. 2006). To assess the effects of concen-
tration on SGN neurite extension (see Results), additional P5
cultures were treated with NT-3 (10 ng/ml), BDNF (10 ng/ml),
or N + B (10 ng/ml each).

To determine the initial yields of plated SGNs, cultures (n=4
in each age group) were maintained in primary growth medium
for 4 h after plating, followed by fixation for immunostaining.

Inunundhistochcnﬁstry

Cultured cells were fixed by immersion in 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min at RT.
After several PBS (pH7.4) washes, endogeneous peroxidase
activity ‘was blocked by treatment with 0.3% hydrogen
peroxide in methanol for 30 min at RT. The cells were then
incubated with blocking solution (PBS, pH 7.4, containing
4% fetal bovine serum [Invitrogen life technologies], 0.2%
Triton X-100 and 0.1% sodium azide) for 30 min each at RT
to reduce non-specific antibody binding, followed by incu-~
bation with anti-neurofilament (NF) 200 mouse monoclonal
antibody (clone NR52, Sigma; 1:500 in blocking solution)
at 4°C overnight. After three washes in PBS (pH 7.4), the
tissues were incubated with biotinylated -horse anti-mouse
IgG secondary antibody (Vector Laboratories Japan, Tokyo,
Japan) for 1 h at RT. Following three washes in PBS (pH
7.4), the tissues were then reacted with ABC solution (Vec-
tastain BElite kit; Vector Laboratories Japan) for 30 min at
RT, according to the manufacturer’s instructions. After fur-
ther washing steps in PBS (pH 7.4), immunoreactivity was
visualized by using the diaminobenzidine (Vector Laborato-

ries Japan) reaction. After additional washes in distilled =

water, the cells were dehydrated throﬁgh graded ethanol
and xylene and then mounted on glass slides. The primary

antibody was omiited from the procedure as a negative

control; this gave no labeling corresponding to the immu-
nostaining of the primary antibody.
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Image presentation

Photomicrographic images of the immunostained SGNs
. were taken on a Nikon E800 microscope (Nikon, Tokyo,
Japan) under brightfield illumination and phase-contrast
optics with a digital microscope camera (AxioCam, Carl
Zeiss Japan, Tokyo, Japan). Digital images were edited with
Adobe Photoshop CS1 software (Adobe Systems Incorpo-
rated, Tokyo, Japan). The images were not modified except
for minor adjustments of size, orientation, brightness, con-
trast and conversion to grayscale consistent with analysis.

Data analysis

We used the following indices for evaluation of the effects
of neurotrophic factors on SGNs: the number of surviving
neurons in each culture, the number of surviving SGNs
relative to the initial seed number the length of the longest
neurite extending from each SGN and neuronal morpholo-
gy. Data were collected from at least four independent
experiments with at least duplicate wells for each of the
experimental conditions. Quantitative analyses described
below were performed by independent observers in a
blinded manner.

To evaluate SGN survival, we counted all neurons pres-
ent on each coverslip. Every cell that was labeled with the
anti-NF200 antibody and also had a visible nucleus was
counted as a surviving neuron, without regard to morphol-
ogy or the number of processes.

To evaluate the length of the longest neurite on SGNS,
- neurons, were sampled from the center field of view (4x
objective) within each coverslip. Two additional sampling
fields adjacent to the center field were employed in P20
cultures, because of the small number of SGNs in each field.
The neurons within each 4X microscopic field were individ-
ually photographed and every SGN inside each field was
included for analysis. All processes that emanated from the
cell body of the SGNs were traced and their lengths were
measured by using image analysis software (Microanalyzer,

Polaroid Japan). The length of the longest neurite from each -

SGN was defined as the longest neurite length (LNL). The
length of the neurite in SGNs without a neurite was listed as
0. When measuring neurite length, only those neurons
whose processes could be clearly traced were included. This
might have biased our results toward cells with shorter
neurites, as some neurites exited the microscopic field. A
total of 1247, 1355 and 953 neurons were analyzed from PO,
P35 and P20 cultures, respectively.

Neuronal morphology was assessed for the same SGN:,
evaluated for the neurite extension. Each neuron analyzed
was cafegorized into monopolar, bipelar, multipolar, or no
processes. Neurons exteriding only neurite(s) shorter than
the diameter of their cell body were categorized as having
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no processes. The percentage of the various morphologies

. was calculated from the total number of neurons analyzed.

Statistical analysis

Results were presented as the mean =+ SE of samples in each
experimental group. Statistical analyses for the number of
surviving neurons and LNL were performed by using one-
way analysis of variance (ANOVA) followed by Dunnet’s
post hoé test with GraphPad Prism 5 (GraphPad Software,
La Jolla, Calif., USA) to compare each newrotrophin sub-
group with the untreated control group. For the statistical
analysis of the effect of neurotrophic factors on neuronal
morphology, neurons were divided into two categories, i.e.,
SGN without or one neurite {referred to as the 0-1 neurite
group) and SGN with two or more neurites (referred to as
the >2 neutite group) and a chi-square test was used. Differ-
ences associated with P valuesof <0.05 were considered as
statistically significant. ' o ’

Results
General appearance of cultures

Immﬁnostaining of the cultured cells at 4 I after plating
revealed that the mean seed number of SGNs per well
was 2387+88 in the PO group, 889465 in the P5 group
and 164=£18 in the P20 group.

Figure la illustrates an example of cultured SGNs after
12 hin primary growth medium containing serum and a
further 72 h in serum-free maintenance medium. The sut-
viving SGNs were identified as NF200-positive cells. As
described in previous studies of murine dissociated SGN
cultures (Vieira- et al. 2007; Whitlon et al. 2007), cultured
neurons either had no neurite (Fig. 1b) or showed monop-
olar (with one neurite emanating from the cell body;
Fig. 1c), bipolar (with two neurites emanating from the cell
body; Fig, 1d), or multipolar (with three or more neurites
emanating from the cell body; Fig. 1e) morphologies.

We also examined the cultures under phase-contrast op-

-tics to evaluate the appedrance of SGNs and non-neuronal

cells {possibly consisting in glial cells and fibroblasts that
were unlabeled). As shown in Fig, 2, non-neuronal cells in
each culture exhibited two morphologies, i.e., flat-shaped
cells with large nuclei and spindle-shaped cells with small
nuclei and processes that extended from the cell body. This
difference was most readily observed in P20 cultures
(Fig. 2¢). The density of non-neuronal cells decreased with
increasing age of the donor animals; in PO and P5 cultures,
the non-neuronal cells formed a confluent layer on the glass
surface (Fig. 2a, b), whereas the glass surface was partially
free of non-neural cells in P20 cultures (Fig. 2¢).



