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4. Experimental procedures
4.1. Culture of spiral ganglion neurons

Surgical procedures were approved by the animal subject
committee of the San Diego VA Medical Center in accordance
with the guidelines laid down by NIH regarding the care and
use of animals for experimental procedures. Three to five
day old Sprague-Dawley rat pups (P3-P5) were decapitated
and the skulls were opened midsagitally under sterile condi-
tions. The membranous labyrinth was exposed by peeling off
the cartilaginous cochlear capsule under a dissecting micro-
scope. The stria vascularis and the organ of Corti were re-
moved to expose the SG. The ganglion was excised from
the entire length of the cochlea and divided into explants
that were approximately 300x 300 ym. These individual ex-
plants were cultured in 24-well plates previously coated with
fibronectin (Sigma-Aldrich, St. Louis, MO) and poly-L-lysine
{Sigma-Aldrich). The tissue was incubated in 17014 of an at-
tachment media consisting of DMEM (Invitrogen/Gibco, Grand
Island, NY, USA), 10% FCS (Invitrogen/Gibco), 5% HEPES
(Invitrogen/Gibco) and 30 units/ml penicillin (Sigma-Aldrich)
for 24 hours at 37 °C, 5% CO,. After 24 hours, the culture me-
dium was changed to 200 pl of a maintenance media con-
sisting of DMEM supplemented with 1X N2 and 5 g/L glucose
{Invitrogen/Gibco). For neurotrophin stimulation, the mainte-
nance media contained BDNF (10 ng/ml; Calbiochem, La Jolla,
CA, USA). BDNF control cultures received maintenance media
alone. It should be noted that hearing in the rat cochlea begins
on about postnatal day 10 (Henley et al, 1989; Rybak et al,
1992). Prehearing neurons were studied since older neurons
are more difficult to culture and neurite development is ongoing
at this age (Emfors et al., 1995; Echteler and Nofsinger, 2000).

Experimental cultures contained BDNF with different con-
centrations of signaling inhibitors: 0.01, 0.1 or 1 mM of the
general G-protein inhibitor GDPRS (Sigma-Aldrich); 0.1, 1 or
10 uM of the Ras inhibitor FTI-277 (Calbiochem); 10, 100 or
1000 oM of the MEK/Erk inhibitor U0126 (Calbiochem); 1, 10
or 100 nM of the p38 inhibitor SB 203580 {(Calbiochem); 1, 5,
or 10 ng/ml of the Rac/cde42 inhibitor C. difficile toxin B (an up-
stream activator of JNK; Calbiochem); 10, 100 or 1000 nM of the
PI3K inhibitor Wortmmannin (Calbiochem); 0.1, 1.0, or 100 nM of
the Akt inhibitor Akt inhibitor IT {Calbiochem: 124008); 10, 200
or 1000 nM of the PKA inhibitor KT5720 (Cell Signaling Tech-
nology, Beverly, MA). Inhibitor control media contained the
lowest effective dosage of the inhibitor alone. For each condi-
tion, 12 explants were studied, except Rac/cdc42 inhibitor
C. difficile toxin B 18 explants were studied.

4.2, Fixation and immunohistochemistry

After 3days of incubation, cultures were fixed with 4%
paraformaldehyde for 20 min and then washed with PBS.
The samples were blocked with 1% donkey serum (Sigma-
Aldrich) for 10 min at room temperature to reduce nonspecific
binding. Specimens were incubated with rabbit polyclonal
anti-200 kDa neurofilament antibody (Sigma-Aldrich) diluted
1:500 at 4 G overnight. Explants were then incubated in FITC-
conjugated donkey anti-rabbit secondary antibody (Jackson

ImmuhoResearch, West Grove, PA) diluted 1:100 in PBS, Immu-
nolabeling controls in which rabbit serum was substituted for
the primary antibody exhibited no labeling.

The explants were digitally imaged on a fluorescence
inverted microscope (Olympus, IX 70) and the number and
length of neurites were determined by image analysis soft-
ware (Spot) as previously described (Brors et al., 2003b). Briefly
neurites were traced from the edge of the explant to the tip.
All neurites on all explants were measured.

43.  Quantitation of neuronal survival

To assess BDNF effects on neuronal survival, half~tum SG ex-
plants were cultured as above with and without 25ng/ml
BDNF for 72 hours, except that the explants were grown on
glass cover slips. In order to provide higher penetration and
potential for effects on the ganglion body, we used 25 ng/ml
in our Western Blot and neuronal studies. The explants were
fixed as above, treated with 0.5% peroxide in methanol to
block endogenous peroxidases, reacted with a mouse mono-
clonal antibody IgG against rat neurofilament 200 (Sigma-
Aldrich), followed by a biotinylated secondary anti-mouse
1gG and developed by an avidin and DAB procedure (Vector
Laboratories, Burlingame, CA). The tissue was cleared with
citrosol {Fischer Scientific, Waltham, MA, USA) to allow vi-
sualization of the cell soma and mounted for evaluation of-
neuronal survival and neurite number. Soma survival re-
sults from cultured explants were compared to those from
freshly dissected explants.

4.4. Assessment of signaling protein activation

To assess the activation of signaling pathways, intact SG were
harvested and placed in attachment media for 24 hours. They
were then placed in maintenance media, with or without
25ng/ml BDNF for 5min. Explants were collected from
media, and lysed with 100 pl T-Per Tissue Protein Extraction
Reagent (Thermo Scientific, Rockford, IL) in 1X phosphatase/
proteases inhibitors (Roche, Indianapolis, IN) and sonicated
for 10 min to shear chromosomal DNA. Samples were centri-
fuged at 10,000x g for 10 min to separate the cytosolic from
the membranous components. Equal quantities of these ly-
sates were separated by Bis-Tris Mini Gels 4-12% gels, and
electrotransferred to polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad, Hercules, CA). The membranes were blocked
with 5.5% nonfat dried milk in TBS-Tween [50 mM Tris—HCl
{pH 7.4), 150 mM NaCl, 0.05% Tween 20] for 60 min at room
temperature. Blots were incubated with primary antibodies
in blocking buffer overnight at 4 °C and then incubated with
horseradish peroxidase-linked secondary antibodies (Jackson
ImmunoResearch) followed by chemiluminescent detection
(GE Healthcare, Piscataway, NJ). Blots were evaluated with
antibodies against phosphorylated Akt (Cell Signaling Tech-
nology), phosphorylated p38 (Cell Signaling Technology),
phosphorylated Erk (Santa Cruz Biotechnology, Santa Cruz,
CA) and to an internal control protein actin (BD Transduction
Laboratories, San Diego, CA). After chemiluminescent expo-
sure each membrane was placed inside a dark chamber, an
autoradiography film 5x7 was laid over the membrane to
capture light emission and scanned with an Agfa Arcus
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I scanner. The intensity of the bands corresponding to
phosphorylated-p38, phosphorylated-Akt and phosphorylated-
Erk were quantified using Image ] software. Band intensity
for the phosphoproteins was corrected for intensity of our
internal control protein (actin) and then expressed as the
percentage increase, compared with non-treated tissue.
Western blotting was replicated three times with indepen-
dent biological replicate. With each biological replicate,
Western blotting was performed twice. Six whole SG were
used per individual blot. Ratio data were analyzed using the
Mann-Whitney nonparametric statistical test.

4.5. Quantitation of neurite outgrowth

Statistical analysis, using a one-way analysis of variance
(ANOVA) followed by a Tukey least significant difference
post hoc test was performed, including a correction for the
use of multiple post hoc tests (Statview 5.0).
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Age-related hearing loss (AHL), also known as presbycusis, is a universal feature of mammalian aging and
is characterized by a decline of auditory function, such as increased hearing thresholds and poor fre-
quency resolution. The primary pathology of AHL includes the hair cells, stria vascularis, and afferent
spiral ganglion neurons as well as the central auditory pathways. A growing body of evidence in animal
studies has suggested that cumulative effect of oxidative stress could induce damage to macromolecules
such as mitochondrial DNA (mtDNA) and that the resulting accumulation of mtDNA mutations/deletions
and decline of mitochondrial function play an important vole in inducing apoptosis of the cochlear cells,
thereby the development of AHL. Epidemiological studies have demonstrated four categories of risk
factors of AHL in humans: cochlear aging, environment such as noise exposure, genetic predisposition,
and health co-morbidities such as cigarette smoking and atherosclerosis. Genetic investigation has
identified several putative associating genes, including those related to antioxidant defense and
atherosclerosis. Exposure to noise is known to induce excess generation of reactive gxygen species (ROS)
in the cochlea, and cumulative oxidative stress can be enhanced by relatively hypoxic situations resulting
from the impaired homeostasis of cochlear blood supply due to atherosclerosis, which could be accel-
erated by genetic and co-morbidity factors. Antioxidant defense system may also be influenced by ge-
netic backgrounds. These may explain the large variations of the onset and extent of AHL among elderly
subjects.
This article is part of a Special Issue entitled “Annual Reviews 2013".
© 2013 Elsevier B.V. All rights reserved.

Potential sites of pathology include the inner and outer hair cells,
the stria vascularis, and afferent spiral ganglion ueurons

1. Introduction

Age-related hearing loss (AHL), or presbycusis, is a complex
degenerative disease and is one of the most prevalent chronic
conditions of the aged, affecting tens of millions of people world-
wide. AHL is a multifactorial condition, representing the end stage
sequela of multiple intrinsic (e.g. genetic predisposition) and
extrinsic (e.g. noise exposure) factors acting on the inner ear over a
lifetime that cumulatively lead to impairments in cochlear trans-
duction of acoustic signals (Ohlemiller, 2009; Schuknechit, 1955).
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{Schuknecht et al., 1993). The stria vascularis and hair cells are
particularly susceptible to injury. The stria-vascularis is highly
metabolically active and depends on an elaborate cellular machinery
to maintain the steady-state endocochlear resting potential.
Consequently, injury from multiple different pathways (e.g. age-
related cell losses within the stria, oxidative stress from noise
exposure, genetic polymorphisms leading to inefficient oxidative
pathways or dysfunctional supporting cells, or microvascular disease
in the strial vessels) could all affect strial function (Ohlemiller, 2009).
The resulting loss of the endocochlear potential would impair the
function of the cochlear amplifier and lead to an increase in hearing
thresholds (Schmiedt et al., 2002; Schuknecht et al,, 1974).

A similar multimodal pathway of injury and dysfunction is also
observed in the cochlear hair cells and cochlear nerve. Post-mitotic
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hair cells are susceptible to accumulated injury over time from a
combination of poor cellular repair mechanisms associated with
aging, direct mechanical or mitochondrial oxidative injury from
noise, and toxicity from aminoglycosides or other ototoxic medi-
cations (Liu ef al., 2007; Ohlemiller, 2004; Pickles, 2008). Neuronal
degeneration of spiral ganglion afferents can also be triggered by
cumulative exposures to loud noise leading to glutamate excito-
toxicity and loss of the afferent dendrites {(Kujawa et al., 2006).
Interestingly, such a mechanism of injury may allow for relative
preservation of pure tone threshold sensitivity but dispropor-
tionate effects on speech perception in noise and speech under-
standing given the complexity of speech sounds and the need for
precise temporal and frequency coding by the spiral ganglion
afferents.

The complexity of factors (aging, genetic, epigenetic, environ-
mental, health co-morbidity) and importantly the interaction of the
different mechanistic pathways that can cause AHL have greatly
complicate our interpretation of basic and clinical research into
AHL (Van et al., 2007) and have led to some latent cynicism about
the precise value of key factors contributing to AHL (Chlemiller,
2009). In particular, the same functional consequences of
increased hearing thresholds and poor frequency resolution generally
occur regardless of etiology of AHL or the cochlear mechanistic
pathway (Pickles, 2008). Consequently, for elderly with AHL, the
main issue is often the inability to understand words rather than
the inability to hear, leading to the refrains of “I can hear you but I
can't understand you” or perhaps more commontly, “My hearing is
fine. You're just mumbling”. Most importantly, AHL gradually
impairs an individual's ability to understand the meaning of
everyday language (e.g. “I'll see you Sunday” versus “I'll see you
someday”), in which fine auditory cues encoding semantic
meaning are critical for understanding communicative meaning.

In this review, we have chosen to focus on recent works that
have improved our understanding of the cellular and molecular
mechanisms that could cause age-related degeneration of the co-
chlea. Particularly, we have emphasized the role of oxidative stress
and mitochondrial dysfunction due to accumulation of mitochon-
drial DNA (mtDNA) mutations/deletions in the development of
AHL, :

2. Human studies
2.1. Prevalence of ARHL

Estimating hearing loss prevalence and identifying epidemio-
logic risk factors can be ascertained from large cohorts where
audiometric testing was performed. A sampling of such studies
include Beaver Dam (Cruickshanks et al., 2003), Framingham {Gates
et al, 1990), Blue Mountains (Gopinath et al., 2009), Baltimore
Longitudinal Study of Aging (BLSA) (Brant et al., 1990), and National
Health and Nutrition Examination Survey (NHANES) (Agrawal et al,,
2008). Reports of hearing loss prevalence across these studies vary
because of different tonal frequencies utilized to obtain a pure tone
average (PTA), menaural or binaural definition of hearing loss, and
audiometric cutoffs used to define hearing loss. Differences in
cohort characteristics (volunteer cohort or recruitment of popula-
tion sample) and the age of the cohort also limit comparisons
across studies.

A useful audiometric definition of hearing loss has been adopted
by the World Health Organization as a speech-frequency pure tone
average of thresholds at 0.5, 1, 2 and 4 kHz tones in the better-
hearing ear of >25 dB (World Health Organization). The selected
tonal frequency range and the use of the better-hearing ear are
useful from a pragmatic perspective that emphasizes communica-
tion since 0.5—4 kHz represents the critical frequency range of

speech, and the better-hearing ear would be the principal deter-
minant of a person’s communicative abilities. Using this definition
of hearing loss and NHANES data (representing a cross-section of
the non-institutionalized U.S. population), hearing loss prevalence
approximately doubles every decade of life from the second
through seventh decades (Fig. 1) (Lin et al., 2011a). Using the same
definition of hearing loss, national Institute for longevity sciences-
ongitudinal study of aging (NILS-LSA) in Japan has reported that
the prevalence rates of AHL are 29% in late sixties, 39% in early
seventies, and 65% in late seventies in male, and 23%, 37%, and 59%
in female, respectively (http://wwwncgg.go.jp/department/ep/
monographbth/sensory.htm). '

Other reports of hearing loss prevalence have generally focused
on older adults using differing definitions of hearing loss. Preva-
lence rates have been 29% {>>26 dB in the standard PTA [0.5~2 kHz]
in the better ear, subjects >60 years), 73% (>25 dB in the speech
frequency [0.5—4 kHz] PTA in the worse ear, subjects >70 years),
and 60% (>25 dB in the standard PTA in the worse ear, subjects
73—84 years) in the Framingham (Gates et al., 1390), Beaver Dam
(Cruickshanks et al., 1998b), and Health ABC (Helzner et al,, 2005)
studies, respectively, Using identical definitions of hearing loss and
age ranges from the latter two studies, prevalence figures calcu-
lated using the 2005—2006 NHANES dataset would be 76% and 64%,
respectively (Lin et al,, 2011a). However, comparing results acrass
different studies is difficult even when applying the same definition
of hearing loss given the different demographic characteristics
across cohorts particularly with regard to age and race. For
example, both the Framingham cohort and Beaver Dam cohorts
included few African American individuals, but the Health ABC
cohort included 36.3% African American. Age distributions and
ranges also varied across these study cohorts. Strength of using
NHANES estimates of hearing loss prevalence is that these results
are generalizable to the entire civilian, non-institutionalized U.S.
population.

2.2. Risk factors for AHL

Epidemiologic studies also provide insight into the modifiable
and non-modifiable risk factors associated with, hearing loss and
provide further insight into the mechanistic pathways underlying
AHL. Studied risk factors can generally be divided into four cate-
gories as discussed previously (Cooper, 1994; Cruickshanks et al.,
19984, 2003): cochlear aging {individual age), environment (occu-
pational and leisure noise exposure, ototoxic medications, socio-
econormnic status), genetic predisposition (sex, race, specific genetic
loci/genes), and health co-morbidities (hypertension, diabetes,
stroke, cigarette smoking). Strong and consistent associations of

~ hearing loss have generally been found with the non-modifiable
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Fig, 1. Prevalence of hearing loss in the United States by age, 20012008, Hearing loss
is defined by a PTA of 0.5—4 kHz thresholds in the better-hearing ear >25 dB.
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risk factors of increasing age (increased risk), male sex (increased
risk), and African American (decreased risk) (Agrawal et al., 2008;
Brant et al., 1990; Gates et al., 1990; Helzner et al.,, 2005; Ishii et al.,
1998; Jerger et al., 1986).

Genetic predisposition as shown by heritability studies among
twins and longitudinal studies of family cohorts have also shown
heritability indices of 0.35—~0.55 (Christensen et al., 2001; Gates
et al;, 1999; Karlsson et al.,, 1997), indicating that genetic pheno-
type accounts for a substantial portion of hearing loss risk. Using
general estimation equation analysis, Shimokata (2008) found that
28 out of 177 single nucleotide polymorphisms (SNPs) were asso-
ciated with impaired hearing in the elderly subjects. Of these, 5
SNPs were significantly related to hearing impairment at low fre-
quencies (125—500 Hz) and other 5 SNPs at high frequencies
(2—8 kHz), respectively. The SNPs associated hearing loss at low
frequencies were distinct from those at high frequencies, but all
these SNPs are known to be associated with atherosclerosis or
obesity. The odds ratio of hearing impairment between subjects
with all 5 SNPs and those with none of them was 18.6 (95% confi-
dence interval, 4.9-70.8) at low frequencies and 6.5 (95% confi-
dence interval, 3.3—12.7) at high frequencies.

Other factors that have associations with the risk of hearing loss
include hypertension and cardiovascular disease, cerebrovascular
disease, smoking, diabetes; noise exposure, and alcohol consump-
tion, with all factors being associated with increased risk of hearing
loss except for alcohol consumption (Cruickshanks et al.,, 19983,
1998b; Dalton et al., 1998; Gates et al., 1893; Helzner et al.,, 2005;
Van et al,, 2007; Shimokata, 2008). Cruickshanks et al. {1998a)
evaluated the association between smoking and hearing loss in
3753 adults aged 48—92 years, and found that after adjusting for
other factors, current smokers were 1.69 times as likely to have a
hearing loss as nonsmoKers (95% confidence interval, 1.31-2.17),
with weak evidence of a dose—response effect. Similarly, Fransen
et al. (2008) conducted a multicenter study to elucidate the envi-
ronmental and medical risk factors contributing to AHL and found
that in 4083 subjects between 53 and 67 years, smoking signifi-
cantly increased high-frequency hearing loss with dose-dependent
effect. There have been somie inconsistent findings with the latter
group of risk factors, which may be a consequence of how hearing
loss was defined and the characteristics of the study cohort. For
example, noise exposure may primarily lead to high-frequency
hearing loss, whereas cardiovascular risk-factors affect both low
and high-frequencies. Averaging across frequencies when defining
a pure tone average could, therefore, obscure certain associations
depending on which tonal frequencies are selected for the PTA.
Characteristics of the study cohort may also obscure potential as-
sociations depending on the risk factors present in the risk group.
For example, in a study focused on only older adults, the factors
associated with older age and cochlear aging may overshadow as-
sociations with these weaker risk factors. Genetic heterogeneity
within cohorts with consequent variability in gene-risk factor in-
teractions (Liu et al.,, 2007; Van et al., 2007) would also likely bias
any possible association toward the null hypothesis.

Previous research into hearing loss epidemiology has empha-
sized the study of modifiable risk factors in order to form the basis
for possible hearing loss prevention strategies. However, the
contribution of these modifiable risk factors (e.g. hypertension,
etc.) is relatively weak in comparison to the non-modifiable risk
factors of genetic predisposition and race as demonstrated by the
consistency and strength of associations seen in epidemiologic
studies. Further study of these non-modifiable risk factors, partic-
ularly the physiclogic basis of black race being a protective factor
for hearing loss and the identification of the genetic loci and genes
contributing to AHL, could possibly offer the most substantial and
profound insights into actual hearing loss prevention.

2.3. Impact of race on AHL

Previous observational studies investigating the role of race and
hearing loss have consistently demonstrated that black race is
associated with a 60—70% lower odd of noise-induced hearing loss
and AHL compared to white subjects (Agrawal et al., 2008; Cooper,
1994; Helzner et al., 2005; Lin et al., 2011b). Other epidemiologic
studies using a case—control approach recruiting individuals with
similar occupational exposures have also demonstrated a reduced
risk of hearing loss in black subjects (Ishii et al., 1998; Jerger et al,,
1986). A recent epidemiologic study suggests that skin color and
hence melanocytic functioning in the cochlea is the mechanism
underlying the protective association of race with hearing (Lin
et al,, 2011b).

Melanin produced by strial melanocytes (intermediate cells) in
the cochlea has been hypothesized to serve a protective role as a
free radical scavenger, metal chelator, or regulator of calcium ho-
meostasis in the stria vascularis, which is involved with generating
and maintaining the endolymphatic potential necessary for normal
hearing (Murillo-Cuesta et al,, 2010; Riley, 1997). A recent study has
also demonstrated that deficiency in strial melanin is associated
with marginal cell loss and decline in the endocochlear potential
(Ohlemiller et al., 2009). There have not been any further epide-
miologic studies exploring the issue of race and hearing loss and
little basic science research into mechanistic pathways leading to
hearing preservation in individuals with darker skin. The lack of
research exploring these topics is surprising, given the strength of
the epidemiologic association between race and hearing loss and
the fact that melanin pathways in the inner ear could potentially be
pharmacologically targeted for hearing loss prevention.

2.4. Candidate genes associated with AHL

The number of genetic investigations on AHL has increased at a
surprising rate recently. Association studies analyze genetic varia-
tions in unrelated individuals and try to identify those variations
that are more frequent in affected individuals compared to unaf-
fected individuals. The ultimate in association studies is a genome-
wide association study {GWAS), in which hundreds of thousands of
SNPs across the entire genome are analyzed in unrelated in-
dividuals. Although the use of GWAS to understand human disease
is maturing, GWAS remain prohibitively expensive, and sometimes
association studies are limited to a carefully selected set of candi-
date genes. To date, only several GWAS studies have been per-
formed (Huyghe et al., 2008; Konings et al,, 2009; Van et al., 2007,
2008, 2010; Friedman et al, 2009; Girotto et al.,, 2011); however,
these studies have been limited in only studying a certain subset of
potential genes or markers (i.e. those associated with monogenic
forms of deafness) rather than examining a broad array (>10°) of
various polymorphisms.

Candidate-gene-based association studies also have been
extensively carried out recently. This approach is based on the se-
lection of candidate genes, which are usually implicated in a bio-
logical pathway that is plausibly related to a specific disease. A
whele range of candidate genes can be proposed because perception
of sound involves many complex pathways and age-related changes
in any component of one such pathway could contribute to AHL.
Genes causing monogenic forms of hearing loss are candidate sus-
ceptibility genes for AHL and other genes can be candidates because
of a known or presumed function in the inner ear. With these con-
siderations in mind, a number of researchers have speculated that
oxidative stress, and consequently, mitochondrial DNA mutations,
have important causative roles in the development of AHL. Several
genes and loci have been proposed using candidate gene approaches
(see review by Uchida et al., 2011), which included DFNA18 and
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DFNAS loci, chromosome 8g24, 13-kb region of KCNQ4 (Potassium
channel, voltage gated, subfamily Q, member 4), N-acetyltransferase
2 grainyhead like 2, glutamate receptor metabotropic 7, glutathione
S-transferase (GST), apolipoprotein E allele ¢4, endothelin-1 (EDN1),
mitochondrial uncoupling protein 2 (UCP2), and mitochondrial DNA
mutations.

Interestingly, some of the candidate genes are well known to be
associated with oxidative stress and atherosclerosis. For example,
GSTs, one of glutathione-related antioxidant enzymes, catalyze
conjugation of glutathione with Xenobiotics and other compounds
and play an important role in the antioxidant protection of the
cochlea (el Barbary et al, 1993). Decreased glutathione and GST
activity levels cause increased susceptibility of cells to insults and
cell damage. When glutathione level is lower, cochlea becomes
more vulnerable to intense noise {Yamasoba et al, 1998) and
aminoglycoside-induced hearing loss (Lautermann et al,, 1995), Van
Eyken et al. (2007) investigated an association between AHL and
genes related to oxidative stress using a large set of 2111 inde-
pendent samples from two population groups, the general Euro-
pean and the Finnish population. Although they did not detect an
association between GSTM1 (mu, chromosome 1p13.3), or GSTT?
(theta, chromosome 22q11.2) and AHL in the former population,
there were significant associations between both genes and AHL in
the latter population.

UCPs are members of the larger family of mitochondrial anion
carrier proteins They facilitate the transfer of anions from the inner
to the outer mitochondrial membrane and the return transfer of
protons from the outer to the inner mitochondrial membrane and
also reduce the mitochondrial membrane potential in mammalian
cells. UCPs play a role in non-shivering thermogenesis, obesity,
diabetes and atherosclerosis, but the main function of UCP2 is the
control of mitochondria-derived ROS (Arsenijevic et al, 2000).
Recently, Sugiura et al. (2010) reported that UCP2 Ala55Val poly-
morphisms, but not UCP1 A-3826G polymorphism, exhibited sig-
nificant association with AHL in the Japanese population.

Endothelin is a potent vasoactive peptide that is synthesized and
released by the vascular endothelium and the best-characterized
endothelin, EDN1, is involved in the development of atheroscle-
rosis, Several SNPs in EDN?1 gene have been shown to be associated
with atherosclerosis, coronary disease and hypertension (for
example, Yasuda et al., 2007). Further, EDN1 can induce a strong,
long-lasting constriction of the spiral modiolar artery, causing an
ischemic stroke of the inner ear (Scherer et al., 2005). Uchida et al.
(2009) has ebserved significant association between the Lys198Asn
(GJT) polymorphism (rs5370) in the EDNT gene and hearing loss in
middle-aged and elderly Japanese.

2.5. Mitochondrial DNA mutations and AHL

Increases of deletions, mutations, or both in m{DNA have been
reported in human archival temporal bone samples from people
with AHL compared to normal hearing control tissues. Bai et al.
(1997) examined mtDNA from celloidin-embedded temporal
bone sections of 34 human temporal bones, 17 with normal hearing
and 17 with AHL, and found that a 4977-base pair (bp) deletion,
called a ‘common ageing deletion,’ was significantly more frequent
in the cochlear tissues frorn patients with AHL compared to those
with normal hearing. Markaryan et al. (2009) evaluated the asso-
ciation between the common ageing deletion level in cochiear
tissue and the severity of hearing loss in elderly subjects and found
that a mean level of the deletion was 32 = 14% in subjects with AHL
and 12 & 2% in the normal-hearing age-matched controls, with
statistical significance. They also observed the reduction of cyto-
chrome ¢ oxidase subunit 3 (COX3) expression in spiral ganglion
cells from individuals with AHL, and in addition te the mtDNA

common ageing deletion, other deletions involving the miDNA
major arc contributed to the observed deficit in COX 3 expression
(Markaryan et al., 2010). Sporadic mtDNA mutations are also likely
to contribute to the manifestation of AHL. Fischel-Ghodsian et al.
(1997) examined the archival temporal bones from five patients
with AHL for mutations within the mitochondrially-encoded cy-
tochrome oxidase II gene and when compared to controls, the
mutations occurred more commonly with AHL despite great indi-
vidual variability in both quantity and location of mutation
accumulation.

3. AHL studies in animals
3.1 General pathological and physiological findings

As discussed earlier, AHL is generally classified into three major
types based on the relationship between cochlear pathology and
hearing levels: sensory (loss of sensory hair cells), neuronal (loss of
spiral ganglion neurons), and metabolic (strial atrophy) hearing
loss (Schuknecht, 1955). Age-related stria atrophy or degeneration
is one of the common features of AHL in both animals and humans
(Gates and Mills, 2005; Ohlemiller, 2009; Fetoni et al,, 2011). Aged
gerbils display loss of stria capillaries (Gratton and Schulte, 1995),
degeneration of marginal and intermediate cells of the stria vas-
cularis {Gates and Mills, 2005; Spicer and Schulte, 2005), and loss of
Na*K* ATPase (Schulte and Schmiedt, 1992), which regulates stria
function and endcochlear potential (EP) through transporting Na*t
out, while transporting K* into the cell (Spicer and Schulte, 2005).
The loss of function of the cells in the stria vascularis and/or spiral
ligament is thought to result in disruption of inner ear ion ho-
meostasis, thereby causing a decline in EP. Consistent with this
view, aged gerbils display an age-related decline in EP as well as
disruption of ion homeostasis in the cochlea (Schmiedt, 1996).

There are several mouse models of aging and age-related dis-
eases that display a variety of premature aging phenotypes,
including a reduced lifespan and early onset of AHL. C57BL/G]
mouse strain, one of the most widely used models for the study of
aging and age-associated diseases, display loss of the hair cells and
spiral ganglion neurons and increased hearing thresholds by 12
months of age (Zheng et al,, 1999). Aged C57BL/6 mice display an
age-related decline in the density of spiral ligament and stria vas-
cularis (Ichimiya et al., 2000) and also an age-related decrease in
the cross-sectional area of the stria vascularis as well as the survival
of the Type 1V fibrocytes in the spiral ligament (Hequembourg and
Liberman, 2001). Interestingly, an age-related decline in EP was
observed in CBA/Cal mice and BALB/c] mice, but not in C57BL/6 or
CBAJ] (Lang et al, 2002; Sha et al,, 2008), which suggests that
decreased EP may not be a key common feature of AHL. Since
inbred mouse strains have a wide range of noise sensitivities and
rates of hearing loss with age, they may not be good model for the
heterogeneity of the human population. An animal population
featuring a genetically heterogenous background, late onset of
hearing loss and a well defined range of sensitivity to environ-
mental factors might provide a more informative model for human
AHL. Schacht et al. (2012) tested four-way cross mice from 4
parental strains, MOLF/Ei, C3H/He], FVB/NJ, and 129/Svlmj, and
identified several polymorphisms affecting hearing in later life (loci
on chromosomes 2, 3, 7,10, and 15 at 18 months, on chromosomes
4, 10, 12, and 14 at 22 months in noise-exposed mice, and on
chromosomes 10 and 11 in those not exposed to noise). Such four-
way cross mice, in which each in the progeny shares a random 50%
of its genetic heritage with each other, are considered to have the
advantages of providing robustness, reproducibility, and genetic
tractability (Miller et al.,, 1999) and thus are worth for future AHL
studies.
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3.2. Role of ROS in AHL

It has been postulated that reactive oxygen species (ROS) play a
major role in the degeneration of these cochlear cells during aging
(Cheng et al., 2005; Someya et al., 2008). It is now well established
that mitochondria are a major source of ROS (Balaban et al., 2005;
Lin and Beal, 2006; Wallace, 2005) and that the majority of intra-
cellular ROS are continuously generated as a by-product of mito-
chondrial respiration metabolism during the generation of ATP
{Balaban et al., 2005; Beckman and Ames, 1998; Halliwell and
Gutteridge, 2007). These ROS include superoxide (0,7 ) and hy-
droxyl radical (*OH) which are extremely unstable, and hydrogen
peroxide (H507) which is freely diffusible and relatively long-lived
(Balaban et al., 2005; Beckman and Ames, 1998; Halliwell and
Gutteridge, 2007). ROS generated inside mitochondria are hy-
pothesized to damage key cell components such as nuclear DNA,
mitochondrial DNA (mtDNA), membranes, and proteins. Such
oxidative damage accumulates over time and leads to tissue
dysfunction during aging. This by no means is in any way special to
the inner ear, but has been ubiquitously found in all systems. An
elaborate antioxidant system has evolved to control the damaging
effects of those ROS. The system includes the antioxidant enzymatic
scavengers, such as superoxide dismutase (SOD), catalase, GST, and
glutathione peroxidase (Gpx) (see Halliwell and Gutteridge, 2007).
SOD decomposes superoxide (0, ™) into hydrogen peroxide (H203)
and oxygen (03), while catalase and Gpx decomposes hydrogen
peroxide into water (H,0) and oxygen (Halliwell and Gutteridge,
2007).

It has been shown that increased Gpx activity was observed in
the stria vascularis and spiral ligament in the cochlea of aged Fisher
344 rats (Coling et al,, 2009). In the organ of Corti of CBA mice,
glutathione-conjugated proteins, markers of Hy0;-mediated
oxidation, began to increase at 12 months of age and 4-
hydroxynonenal and 3-nitrotyrosine, products of hydroxyl radical
and peroxynitrite action, respectively, were elevated by 18 months,
whereas antioxidant proteins AIF and enzymes SOD2 decreased by
18 months (Jiang et al,, 2007). Age-related cochlear hair cell loss
was enhanced in mice lacking the antioxidant enzyme SODI
(McFadden et al,, 1999), and reduced thickness of the stria vascu-
laris and severe degeneration of spiral ganglion neurons were
observed in middle-aged SOD1 knockout mice (Keithley et al,
2005). Similarly, mice lacking senescence marker protein 30
(SMP30)/gluconolactonase {GNL), which could not synthesize
vitamin C (VC), showed reduction of VC in the inner ear, increased
hearing thresholds, and loss of spiral ganglion cells, suggesting that
VC depletion accelerates AHL (Kashio et al., 2009). Conversely
overexpression of catalase in the mitochondria reduced oxidative
DNA damage in the cochlea and slowed AHL in C57BL/6 mice
(Someya et al, 2008). These findings implicate that oxidative
damage in the cochlea reflects an age-related decline in the anti-
oxidant defenses and/or an age-related increase in ROS levels and
pays a crucial role in the development of AHL.

Several studies have been conducted to examiine the effects of
antioxidants against AHL. Seidman (2000) conducted a randomized
prospective study over a 3-year period, in which Fischer 344 rats
were given vitamin E, VC melatonin, or lazaroid, and observed that
the antioxidant-treated animals had better auditory sensitivities
and a trend for fewer mtDNA deletions compared with placebo
subjects. Seidman et al. {2002) also examined the effects of lecithin,
a polyunsaturated phosphatidylcholine that plays a rate-limiting
role in the activation of numerous membrane-located enzymes
including SOD and glutathione, on aging and AHL. When Harlan—
Fischer rats aged 18—20 months were divided into controls and
experimental group supplemented orally for 6 months with
lecithin, lecithin-treated animals showed significantly better

hearing sensitivities, higher mitochondrial membrane potentials,
and less common ageing mtDNA deletion in the cochlear tissues
including stria vascularis and auditory nerve compared to controls.
Le and Keithley (2007) demonstrated that aged dogs fed a high
antioxidant diet for the last 3 years of their life showed less
degeneration of the spiral ganglion cells and stria vascularis
compared to dog fed control-diet.

In C57BLJ/6 mice, supplementation with VC did not increase VC
levels in the cochlear tissue or stow AHL {Kashio et al., 2009), but
animals fed with diet comprising six antioxidant agents (1-cysteine-
glutathione mixed disulfide, ribose-cysteine, NW-nitro-1-arginine
methyl ester, vitamin B12, folate, and ascorbic acid) exhibited
significantly better hearing sensitivity than controls (Heman-Ackah
et al,, 2010). When C57BL/6 mice were fed with control diet or diet
containing one of 17 antioxidant compounds (acetyl-i-carnitine, ¢~
lipoic acid, carotene, carnosine, coenzyme Q10, curcumin, tocoph-
erol, EGCG, gallic acid, lutein, lycopene, melatonin, poanthocyani-
din, quercetin, resveratrol, and tannic acid), AHL was nearly
completely prevented by a-lipoic acid and coenzyme Qg and
partially by N-acetyl-i-cysteine, but not by other compounds
(Someya et al, 2009). In CBAJJ mice, antioxidant-enviched diet
containing vitamins A, C, and E, -carnitine, and «-lipoic acid given
from 10 months through 24 months of age significantly increased
the antioxidant capacity of the inner ear tissues but did not
ameliorate AHL or loss of the hair cells and spiral ganglion cells (Sha
et al, 2012). These findings indicate that supplementation with
certain antioxidants can slow AHL in animals but that the effects
depends on many factors, including the type and dosage of anti-
oxidant compounds, timing and duration of the treatment, species,
and strains. Defining these factors and those we've yet to identify is
one of the goals in future research.

3.3. Effect of calorie restriction against AHL

Caloric restriction (CR) extends the lifespan of most mammalian
species and is the only intervention shown to slow the rate of aging
in mammals. Maximum lifespan is thought to be increased by
reducing the rate of aging, while the average lifespan can be
increased by improving environmental conditions. In laboratory
rodents, CR delays the onset of age-related diseases such as lym-
phomas, prostate cancer, nephropathy, cataracts, diabetes, hyper-
tension, and hyperlipidemia, and autoimmune diseases (see Sohal
and Weindruch, 1996; Mair and Dillin, 2008). Despite such evi-
dence, the question remains whether CR also acts to retard aging
and disease in higher species such as non-human primates and
humans. In monkeys, CR has been reported to result in signs of
improved health including reduced body fat, higher insulin sensi-
tivity, increase in high-density lipoprotein and reduction in very
low-density lipoprotein levels (Rezzi et al, 2009). Twenty-year
longitudinal adult-onset CR study in rhesus macaques maintained
at the Wisconsin National Primate Research Center (WNPRC)
demonstrated that moderate CR lowered the incidence of aging-
related deaths and delayed the onset of age-associated pathol-
ogies, such as diabetes, cancer, cardiovascular disease, and brain
atrophy (Colman et al,, 2009). Very recently, a CR regimen imple-
mented in young and older age rhesus monkeys at the National
Institute on Aging (NIA) has been shown not to improve survival
outcomes, contrast with an ongoing study at WNPRC, suggesting a
separation between health effects, morbidity and mortality
{Mattison et al., 2012).

It is difficult to determine whether CR has beneficial effects on
longevity and age-related diseases in humans because there are no
validated biomarkers that can serve as surrogate markers of aging
and because it is impractical to conduct randomized, diet-
controlled, long-term survival studies in humans. Nonetheless,
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data from epidemiologic studies suggest that CR may have bene-
ficial effects on the factors involved in the pathogenesis of primary
and secondary aging and life expectancy in humans. Food shortages
during World War in European countries were associated with a
sharp decrease in coronary heart disease mortality, which
increased again after the war ended (Hindhede, 1921; Strom and
Jensen, 1951). Another study among Spanish nursing home resi-
dents undergoing long-term alternate day feeding regimen also
demonstrated decreased merbidity and mertality (Vallejo, 1957). In
addition, inhabitants of Okinawa island, who ate =30% fewer cal-
ories than the rest of Japanese residents, had = 35% lower rates of
cardiovascular disease and cancer mortality than the average Jap-
anese population and had one of the highest numbers of cente-
narians in the world (Kagawa, 1978). Due to the Westernization on
the nutrition, resulting in increased meat intake and fat energy

ratio and decreased intake of beans and vegetables, the longest life -

expectancy at birth for men in Okinawa is now no higher than the
national average in Japan, reflecting increased mortality ratio due
to heart disease and cerebrovascular disease (Miyagi et al., 2003) .It
should be noted, however, that these associations do not prove
causality between decreased calorie intake and increased survival
and that CR studies in humans did not always show influence on
age-related changes.

The preventive effect of CR against AHL has been inconsistent
across reports (see review by Someya et al., 2010a). Fischer rats that
were calorie restricted to 70% of the control intake beginning at one
month of age and then housed for 24—25 months showed signifi-
cantly better hearing thresholds, reduced hair cell loss, and
decreased mtDNA common deletion in the auditory nerve and stria
vascularis of the cochlea compared to controls (Seidman, 2000). CR
also delayed the onset of AHL in the AU, CBA and B6 strains of mice,
but not in the DBA, WB, or BALB strains. Beneficial effects by CR
have been reported in monkeys maintained at WNPRC, but not in
those at NIA. Interestingly, high fat diet given for 12 month, which
is opposite to CR, elevated hearing thresholds at high-frequency
region and increased ROS generation, expressions of NADPH oxi-
dase and UCP, accumulation of mtDNA common deletion, and
cleaved caspase-3 and TUNEL-positive cells in the inner ear of
Sprague—Dawley rats (Du et al.,, 2012).

The underlying mechanisms for the CR-associated benefits
remain unclear. Someya et al. (2007b) observed that C57B/6 mice
that received CR by 15 months of age retained normal hearing and
showed no obvious cochlear degeneration and a significant
reduction in the number of TUNEL-positive cells and cleaved cas-
pase-3-positive cells in the spiral ganglion cells compared to age-
matched controls; microarray analysis also revealed that CR
down-regulated the expression of 24 apoptotic genes, including
Bak (BCL2-antagonist/killer 1) and Bim (BCL2-like 11), suggesting
that CR could prevent apoptosis of the cochlear cells. In addition,
oxidative stress by paraquat induced Bak expression and apoptosis
in primary cochlear cells, which was ameliorated in Bak-deficient
cells (Someya et al, 2009). Furthermore, a mitochondrially tar-
geted catalase transgene and oral supplementation with a-lipoic
acid and coenzyme Qg suppressed Bak expression in the cochlea,
reduced cochlear cell death, and prevented AHL, suggesting that
oxidative stress induces Bak-dependent apoptosis in the cochlear
cells (Someya et al,, 2009). It has recently been reported that CR
failed to reduce oxidative DNA damage and prevent AHL in C57B/6
mice lacking the mitochondrial deacetylase Sirt3, a member of the
sirtuin family (Someya et al, 2010b). In response to CR, Sirt3
directly deacetylated and activated mitochondrial isocitrate dehy-
drogenase 2 (Idh2), leading to increased NADPH levels and an
increased ratio of reduced-to-oxidized glutathione in mitochon-
dria. In cultured cells, overexpression of Sirt3 and/or Idh2 increased
NADPH levels and protected from oxidative stress-induced cell

death. These findings strongly suggest that at least a primary
mechanism underlying the beneficial effects of CR is mediated by
ROS-antioxidant systems and that Sirt3 is essential in enhancing
the mitochondrial glutathione antioxidant defense system in the
cochlea during CR. ) :

3.4. Mitochondrial dysfunction and mitochondrial DNA mutations
in AHL

Recent development of DNA microarray analysis has provided a
global analysis of gene expression in the aging tissues. Someya et al.
(2007a) compared gene expression profiles in the cochlea between
2-month-old and 8-month-old DBA/2] and found that AHL was
associated with profound down-regulation of genes involved in the
mitochondrial respiratory chain complexes in the cochlea of aged
DBA/2] mice. A comparison of cochleae from middle aged C57B/6
mice under CR and normal control diet revealed that genes
involved in apoptosis were down-regulated whereas those
involved in mitochondrial function and DNA repair were up-
regulated as a result of CR (Someya et al., 2007b).

As discussed before, mtDNA mutations and common ageing
deletions have been reported to increase with aging in human
temporal bones (Bai et al, 1997; Markaryan et al, 2009, 2010;
Fischel-Ghodsian et al., 1997). It has been shown that accumulation
of mtDNA mutations leads to premature aging in mitochondrial
mutator mice (Polg knockin mice), indicating a causal role of
mtDNA mutations in mammalian aging (Kujoth et al, 2005;
Trifunovic et al., 2004). The Polg knockin mice were created by
introducing a two base substitution, which results in a defect in
mtDNA proof-reading ability. Young Polg mutator mice were
indistinguishable from wild-type WT littermates, but 9—10 months
old mutator mice displayed a variety of premature aging pheno-
types, including early onset of AHL, severe loss of the spiral gan-
glion neurons, degeneration of the stria vascularis, and increase of
TUNEL-positive spiral ganglion cells, while age-matched wild-type
mice displayed only minor loss/degeneration of the cochlear cells
(Someya et al., 2008). DNA microarray analysis revealed that
mtDNA mutations were associated with transcriptional alterations
consistent with impairment of energy metabolism, induction of
apoptosis, cytoskeletal dysfunction, and hearing dysfunction in the
cochlea of aged Polg mutator mice. Niu et al. (2007) also reported
that the mtDNA mutator mice showed progressive apoptotic cell
loss in the spiral ganglion, increased pathology in the stria vascu-
laris, and accelerated progressive degeneration in the neurons in
the cochlear nucleus compared to wild-type mice. These findings
imply that accumulation of mtDNA mutations lead to mitochon-
drial dysfunction, an associated impairment of energy metabolism,
and the induction of an apoptotic program in the cochlea.

4. Putative mechanisms of AHL

As discussed above by reviewing recent human and animal
studies, it is now well established that oxidative stress and mtDNA
mutations/deletions play a crucial role in the development of AHL,
Substantial evidence has accumulated from animal studies that
cumnulative effect of oxidative stress could induce damage to
macromolecules such as mtDNA in the cochlea and that the
resulting accumulation of mtDNA mutations/deletions and decline
of mitochondrial function over time progressively induce (Bak-
dependent) apoptosis of the cochlear cells. Epidemiological human
studies have demonstrated four categories of risk factors of AHL,
i.e., cochlear aging, environment such as noise exposure, genetic
predisposition, and health co-morbidities such as cigarette smok-
ing and atherosclerosis. Genetic investigation has identified several
putative associating genes, including those related to antioxidant
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Fig. 2. Conceptuat model of the development of age-related hearing loss.

defense system and atherosclerosis. Exposure to noise is known to
induce excess generation of reactive oxygen species (ROS) in the
cochlea, and cumulative oxidative stress can be enhanced by rela-
tively hypoxic situations resulting from the impaired homeostasis
of cochlear blood supply due to atherosclerosis, which could be
accelerated by genetic and co-morbidity factors. Antioxidant de-
fense system may also be influenced by genetic backgrounds
including race. The conceptual figure of the model for the devel-
opment of AHL has been shown in Fig. 2. This may explain the large
variations of the onset and extent of AHL among elderly subjects.
AHL has been shown to be slowed by certain interventions, such as
CR and supplementation with antioxidants, in laboratory animals.
Large clinical trials are needed to investigate if AHL can be delayed
or prevented in humans and gain insights into the molecular
mechanisms of AHL. Given the social value, quality of life and
economic costs of AHL and the safety of many of the potentially
effective interventions, we hope that such trials will begin in the
near future.
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Abstract

Objective: To evaluate the function of the superior and infe-
rior 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-
sorineural hearing loss who were due to undergo cochlear
implant surgery were recruited. Function of the superior ves-
tibular nerve 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
42% (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 impotr-
tant for the development of gross motor function in chil-
dren. Copyright © 2013 5. 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 vestibular
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; Zagol-
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;

Audiol Neurotol 2013;18:143-151
DOI: 10.1159/000346344

144

Iwasaki 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 function.

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 abnormalities except 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.
material). 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 (GJ/B2) mutation in
the peripheral blood and screening for CMV DNA in the umbilical
cord blood were performedin 31 and 28 patients, respectively. The
etiologies of hearing loss in the 89 children are listed in table 1.
Classification of the inner ear malformation [Sennaroglu and Saat-
€1,2002] in 19 patients is listed in the online supplementary table 2.
This study was approved by the ethics commiittee 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-
formed consent was obtained from the parents of each participant.

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 GJB2 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/Chihara/Fujimoto/
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Table 1. Etiologies of hearing loss in 89 children

Number Mean age at

% evaluation, months
Inner ear malformation 19 (21%) 43 (25-87)
GJB2 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 held 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. Eye 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 nor-
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, 1092 +
28.4 s for 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 each 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 iV). 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 (Ar) and that on the left side (Al):

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

' 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 Shoni ji
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. Results of vestibular function testing

_ Normal Unilateral  Bilateral = Total
dysfunction dysfunction
Inner ear malformation
Rotation test  9(50%) 0 (0%) 9 (50%) 18(100%)
Caloric test 427%) 4(27%) 7 (47%) - 15 (100%)
VEMP 6(40%) 2 (13%) 7 (47%) 15 (1060%)
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%)
Caloric test 44 (59%) 13 (17%) 18 (24%) 75 (100%)
VEMP 36 (58%) 5 (8%) 21 (34%) 62 (100%)

Table 3. Relationship between superior and inferior vestibular
function tests T

Rotation test/caloric test Total
normal -asym- biIatéral
. 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 completed 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 GJB2 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 walkin-
dependently was delayed to later than 18 months of age

in 20 (26%) of 76 children.
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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

"Head 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%) 13 (15%) 89 (100%)

In most children with the GJ/B2Z 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 caloric and 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-
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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 (monﬂlg) of gross motor development in relation to
vestibular function test results

Normal Asymmetry  Bilateral
e . dysfunction

Head control

Rotation test  3.821.1(59)  3(1) 5.6+2.3 (14)

Caloric test 3.741.0(37) 40+1.0(12) 5.2x22(17)

VEMP 37+0.8(31) 48+1.1(5) 53%22(19)
Independent walking

Rotation test  14.6+3.5 (59) 14 (1) 19.1+4.8 (12)

Caloric test 145+3.8(39) 14.0+2.1(12) 18.4+5.0(15)

VEMP 13.7+2.7(29) 15.8+t4.6(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.

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). :
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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 GJ/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 atleast 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 ages of 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], asa stimulus for eliciting VEMPs, since it has been
shown that tone bursts are superior to clicks in eliciting
VEMP responses [Murofushi et al., 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 V) to successfully
complete VEMP testing. Among these children, 8%
showed asymmetric VEMP responses and 34% showed
no VEMP responses on cither 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 [Kagaetal., 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 dystunc-
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-
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function group was the latest among the 4 groups, sug-
gesting that the inferior as well as the superior nerve sys-
tems 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, itis 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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