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Clinical Question
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FEEHEDLAEMBECTH LD, MERORELIERICBITA8EIT. BEoH#EL s, =0
Bt e LTE, ETERROER, 72bbRBEOMRELZLNIT S, SR T FM
WIEEBI A Y AT ADIER AR, o, TEDT DX VMR O M MEIEEE. B
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Clinical Question

N AN SEBNZ®R LT, ATRNEERFEH
[#gEx]

EARRICIE, BARBFEEMERFS0/NEN TN E#EIGEEIZR] - 7288 B T3 L TCHIT
BHEATEN D, WRIREICT, EERE (CT. MRD) THOMREENENZ & (RFOR
BBITIEE ©. WBEHERAHEZR SN 5) . Electrically evoked ABR (EABRIWC CIEFKIGTH D
ZE1) k. ATRNERERTHIAIREEEZRES RS, £z, BETHREICT OTOF &=
FEENRBD ONDEFMIATHNERFRTH L AREMENE, D72 & bR ToRR
BIREMNZGAIR. ATNEBRERDBREDO—DEEZLND,

[3ciR]

Gibson WP, Sanli H. Auditory neuropathy: an update. Ear Hear. 2007 Apr;28(2
Suppl):102S-1068S.

(4]
wE E-

42



6. I —TaglEEOIANELYTF— gy

Clinical Question
FOXIala=b—a X5 4 B8RTIT VT,
[HedEC]

BN IZZ OB ORGSR EOHELNRETH D, ZDD, TIHENAEICE
WTCIEEH WD aIa=mlr—arEF ) T4 BT ABREPEETRETHE, FELD
TS BREORBZHE L LT, SIS ATREZRET 00, IHED
FEB (B, FHRERY) Z28RL WL OB OWTRAEHIZEHETT 5,

AP ALNEFIC L ABBEAZITOHRACL. RENEEROEARNEUEESLH S
7o, FERIICOEH., AT & TH S,

[#g7i]

AN ER2lr sz RICBW T, MR CATAEIZLVRIROSH 5 R RE D2 WIR,
AR & SEMBEOSENNEBTE IR L, TOERCRIBIZZLETH S (Berlin
etal, 2010), ZD7=®, HLHEHNTIT, F L OBEMETEICEEIHERBIC OV TEME L
LT, @ alasr—va BT ANBIRTES L HICT A, ZODITi, Fik
FEEIR LR, O AFEEEEZRE L2 BRIBHALEL 25D,

F7z, AN RizBWTid, g CAINEZ ANV T LR BERNL 52 WRAN A
TEEZEBEL, BEIIRBOTX, REMNLRFEAEBICEY ANSZ & (Berlin, 2003)
TEELWVWZD,

(k]
1)Berlin, Hood, Morlet, Rose & Brashears. Auditory neuropathy/dys-synchrony:
diagnosis and management. Ment Retard Dev Disabil Res Rev. 9, 225-231, 2003.
2) Berlin, Hood, Morlet, Wilensky, Li, Mattingly,Taylor-Jeanfreau, Keats, John,
Montgomery, Shallop, Russell, & Frisch. Multi-site diagnosis and management of 260
patients with auditory neuropathy/dys-synchrony (auditory neuropathy spectrum
disorder). International Journal of Audiology. 49, 30-43, 2010.
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Clinical Question
EDOLIBRNAEY T —Ya VAR TRELZITIL LN T
[#e3E]
EARRIEE LT, EREERICHTIAE ) T—va v ERkEVWR D, 2L, B
REAORIZZELLT, e RRENFELEDTERA LRV EEZTONETH D,
T, BRECHAEE LT TR, HETOEMIZATIERELER~OBDLY BEETH
2o
EHR, SEERE L. FHXEBEREG 2 EOZBEM TCOBIBARFARENVZ S,

[cir]
Berlin, Hood, Morlet, Wilensky, Li, Mattingly, Taylor-Jeanfreau, Keats, John,
Montgomery, Shallop, Russell, & Frisch. Multi-site diagnosis and management of 260
patients with auditory neuropathy/dys-synchrony (auditory neuropathy spectrum
disorder). International Journal of Audiology. 49, 30-43, 2010.
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Clinical Question
Al a=g—va O EDCMET S LTI DXk LTk

A A P AN G VN
[#e3gr]

BEFESHEOH COBRTIIEMTERNLBH D7D, DRERED, FHREZHRT
5. FEHPBETIXFEZRED, REDOREZITo72 LT, FHMiZEE T H5HERDH D,

[#&8]

AN OZMEZIT T, MHEHRL LR ATIRNEZERLTYH, BEOALTOEZTRE/ITIX
BAZERKE, 207D, FHEIZBWTIE, FHEESCXFE, OB REREZFIHEL
FETCITOZEREELELEZBND,

[ziR]
Berlin, Hood, Morlet, Wilensky, Li, Mattingly, Taylor-Jeanfreau, Keats, John,
Montgomery, Shallop, Russell, & Frisch. Multi-site diagnosis and management of 260
patients with auditory neuropathy/dys-synchrony (auditory neuropathy spectrum
disorder). International Journal of Audiology. 49, 30-43, 2010.
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Clinical Question
HERBEARAZ7 ) —=27T AN ZBRETA0IE2THIELWT
R
[#:3E3C]
FAERBERER Y V—=0 7% BE) ABR TEME L. refer & 725723812 OAE 217V %7,
OAE 78 pass THIUL AN REEILFE T, OAE 73 refer DBFAITITBHMET F 472 ¥ T refer
272 5 TWVRW DRSS E T,

[fE=i]

AN 2 ABR DNESUSEEEZ R LET, OAEIXEEAZRLE T, HAERIEER Y U —
=M OAE T ThivE T & pass &72 0, AN IR ENEYA, FEREER 7 J—
=VIRBEEABRICTITONET & AN BRHIT refer & 720 4, refer RITE B2 5K
&L LTOAE 2R1Thbi, OAE BRIEFEICHIIE AN 238 Ed, OAE MRMOEAICIE
BHMESRE R ECRIGHEIEIZ 2 > TW R W HFEERSLE T,

FrAERBEREARAZ V—=273 OAE TiThbipass &2 o> 72 BA1E, ANIZBELTDOAA Y
27 B CTHNTEE) ABR RSE/NEHRKEBRENTONDERE TT, B/NEHRANEMEE
IXEE LR THNIT AN b E T,

AN OB - REANADTOWICHAERBE A7 ) —= 712HE) ABR & OAE Ol )7
TITHOONINVEDER LDV T3,

[#]
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Clinical Question
FAERD AN IZBEHLTONA Y RATERIZIZEDOL D2 b 0RH Y
ECRE

[#E523C]

B, EHAMKE, anoxia, mE Y AVEVIE, BULE, 7 ¥~vA Ty« Rravf v
v TukwA FEA, MERE, BEROFKE, AIRERSIZANDOY RS 777 Z—
EEZBIVTWET, NICU R AN NE#EE T,

INODERZFOFERDOEEAZ U —=7IXEE) ABR Thanb & T1,

[#%]
INRATTR 5
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Clinical Question
—i@M: AN Tix ABR IZWOHELKET S Z LB TE 50

[#52]
NA Y R7RTIEER 6—8 » ALUINICD LIZWET 5 2 LI C& 5,

(&)
NA YR IBO—BME AN Tid ABR OXERROLND DN, A% 46 v (EH 55D
H) (Psarommatis) ¥ 5.8 7 H (Madden) & DFENLZ N, BT o & B30 5 4
LD HNAMN, — RN 1RO O bizkEB L 2R, — @O RREMEIZERW,

[3c#R]

Psarommatis Iet al‘Transient infantile auditory neuropathy and its clinical
implications. Int. J. Pediatr Otorhinolaryngol 2006, 1629-1637

€80
TR T

Clinical Question
ABR RNHET D[N E WY R T 7 7 7 F — X H
[#e32 ]
BHEVLEVME & IREARER T ABR BED RIAHBE N,

[#&3]
METD L~V Th DA, ABR UE LTCHEOFIEE 1.89kg 123 L, lE LD - 2BET
3.00kg THY . HWEBELEHTIHE I AL MELEIBEEZELEANRSE Do SR TWS,
7272L, EUNEEE ABR BHEIZIZFHEENR 2V E SN TV A,

[3zmR]

Madden C, et al: Clinical and audioogica features in auditory neuropathy. Arch
Otolaryngol Head neck Surg 128, 1026-1030,2002
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Clinical Question
AN @ 5 H—iEMED AN OBEE X

[#E3E3C]

40%735 80%, IONETIEIETHY ., BZH AN OEENILBICEE b7V L HHE
LN B EBEbis,

[#E7]

AN BZIrOEHRTH S ABR BEM 756dB< (psarommatis). 70dB< (morimoto).
absent(Rance G L #7220 | TNEN—1BMOHEEIT 90%, 80%. 40% Th oz, = D=
BRRALEEZBELNCTAZENEEETH S,

[ciRk]

DRance G,et aliclinical findings for a group of infants and young children with
auditory neuropathy. Ear Hear 1999,20:238-252

2)Psarommatis I, et al:Transient infantile auditory neuropathy and its clinical
impications. Int J pediatr otorhinoaryngol 2006,70:1629-1637

3)Morimoto N, et al:Risk factors for elevation of ABR threshold in NICU treated
infants.Int J pediatr otorhinoaryngol2010,74,786-790
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Clinical Question
FHHT DA ) U FE, HERTHIRETLL O D
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C BEOFHMIIFENTOOTL X 90
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FENFEAFEEICBWTTE 3EME LT, EAMICITITEE - SEHEEIRISET5

BA~OBELY FRBETHD, BELYV BREDT, B2, BERELERETTOR
P, R =RV T 7V a Vi BEEEENRTIRLTUIT) L) REL2FETHLER
TEBLHIETTH5E, NEOREZERT LTIE, B 20L7ET TR KN ELE
L., LRAEEZER LZETNIEE LU,

[84]
BE DOEM

48



0. BFFEREOHITICET I —EFR

49



MERROTUTICEAT 2 —BHR LA 7T b

5
FERL | XA vk [ EREeEO | FE OB 4 (Hids | B RS | -
TmEE 4
Matsunaga |Trends in geneticKaga K, Neuropathies of|Springer |[London {2009 |43-50
T research on Starr A the Auditory
auditory and Vestibular
neuropathy. Eighth Cranial
Nerves.
Kaga K, Neuropathies ofSpringer |London [2009 [1-159
Starr A f the auditory
and vestibula
r eighth crani
al nerves.
Heeh
HRE R4 FLH A M4 FFRFEA BE | = |HARE
Matsunaga T Value of genetic testingKeio J Med | 58(4) |216-222| 2009
in determination of the
rapy for auditory disord
ers.
Mizutari K, Matsunaga T, |Vestibular dysfunction i|J Neurol Sci | 293 | 23-28 | 2010
Inoue Y, Kaneko H, Yagi n a Japanese patient wit
H, Namba K, Shimizu S, Kah a mutation of the gene
ga K, Ogawa K OPAL.
Morimoto N, Taiji H, TsuRisk factors for elevati|Int J Pediatr| 74 |786-790( 2010
kamoto K, Morimoto Y, Naklon of ABR threshold in N} Otorhinolary
amura T, Hommura T, Ito Y|ICU-treated infants. ngol
HHFIE, SFAMF, 2k Auditory neuropathy  lAudiology Jap| 53(1) | 76-83 | 2010
T spectrum disorder MF.%H AN
RHICIS1T 5 ASSR BIE
AR ERE Auditory Neuropathy DI Clinical Neur|29(12)|1409-14| 2011
(=P oscience 11
KIFER, RHFE, FAMOTOFEIR FER % F8® dAuAudiology Jap| 54(4) |289-297| 2011
F. AMEIF, WAERE  [ditory neuropathy spectrian
um disorder DELNIEHFIZ
BITAHATAFERAR
RHFHE FL5h R EETE O BRI EE 22 AORTAudiology Jap| 54 |185-196| 2011
%fﬂ%‘iﬁfﬁﬁélﬁb‘é%ﬁ%an
ll\\.J'
T, HAKZEF, K 0toferliniBinF 2R A FEOtol Jpn 22(1) | 47-52 | 2012
RERE, TR ﬁéﬂf:/bﬁ%ﬁﬁﬁﬁﬁ%@*ﬁ
ﬁ\

50




. WFFERRROFIATY - Bk

51



Reprint from

Kimitaka Kaga, Arnold Starr (Eds.)
Neuropathies of the Auditory and Vestibular E1ghth Cranial Nerves

© Springer 2009
Printed in Japan. Not for Sale.

A Springer



Trends in Genetic Research

on Auditory Neuropathy \

Tatsuo Matsunaga

Summary

Various etiologies of auditory neuropathy (AN) have been reported, including
genetic causes. Genes such as OTOF and pejvakin cause AN without other associ-
ated symptoms, that is, nonsyndromic auditory neuropathy. Syndromic AN, in
which AN is associated with other related symptoms, has been frequently reported
in hereditary neurological disorders such as Charcot-Marie~Tooth disease and
mitochondrial disease. In these neurological disorders, specific genes and mutations
that are related to AN are being revealed. AN may be caused by dysfunction
of synapses in inner hair cells. For an example, function of inner hair cells is
impaired but that of spiral ganglion cells is maintained in knockout mice of the
OTOF gene. This finding implies that surgery for cochlear implants may be indi-
cated in patients with AN caused by OTOF gene mutations because the spiral gan-
glion cells are preserved.

Key words Auditory neuropathy, Cochlea, Spiral ganglion, Hereditary hearing
loss, Genetic test

History of Genetic Research on Auditory Neuropathy

Auditory neuropathy (AN) is a novel clinical concept of auditory disorder that is
distinguished from general sensorineural hearing loss and is characterized by audio-
logical test results indicating normal function of outer hair cells and impairment
of auditory neurons [1,2]. Various causes have been reported for AN. In approxi-
mately half of AN patients, hearing loss is syndromic as a part of symptoms associ-
ated with known causes such as hyperbilirubinemia, anoxia, viral infection, high

Laboratory of Auditory Disorders, National Institute of Sensory Organs, National Tokyo
Medical Center, 2-5-1 Higashigaoka, Meguro-ku, Tokyo 152-8902, Japan

Neuropathies of the Auditory and Vestibular Eighth Cranial Nerves. Kaga, Starr (eds) 43
doi: 10.1007/978-4-431-09433-3_5, © Springer 2009
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Table 1. Genetic causes related to nonsyndromic auditory

- neuropathy (AN)
Autosomal recessive OTOF
Pejvakin
GJIB2
Autosomal dominant AUNAT locus (13q14-21)
X related AUNXI locus (Xq23-27.3)
Mitochondrial T1095C in12S ribosomal RNA

fever, hereditary neurological disorders, and immunological disorders [3].
In the other half, hearing loss is nonsyndromic, that is, the symptom is isolated. In
some of the latter patients, autosomal recessive inheritance has been noted. Recently,
OTOF gene mutations were found as the cause of such autosomal recessive non-
syndromic AN [4]. Then, various mutations, genes, or loci such as the pejvakin
gene [5], GJB2 gene, T1095C mutation in mitochondrial 12S ribosomal RNA gene,
and AUNAI locus (13q14-21), were also found to be related to nonsyndromic AN
(Table 1). .

Some types of hereditary neurological disorders are known to be associated with
AN, and these include Charcot-Marie-~Tooth disease, Friedreich’s ataxia, Refsum
syndrome, Mohr—Tranebjaerg syndrome, mitochondrial disease, and autosomal
dominant optic atrophy (ADOA). Recent progress in genetics has changed the
classification of these neurological disorders. Details about subtypes of neurologi-
cal disorders in association with AN are now becoming clear. As an instance,
peripheral myelin protein 22 (PMP22), myelin protein zero (MPZ), gap junction
protein beta-1 (GJBI), early growth response 2 (EGR2), and N-myc downstream
regulated gene (NDRGI) were found as the genes causing Charcot-Marie—Tooth
disease [6]. PMP22, MPZ, and NDRG], at least, have been reported to be associ-
ated with AN.

Epidemiology of Genetic AN

The prevalence of AN in children with severe or profound hearing loss has been
reported to be 7% to 15%. AN occurs in bilateral ears in most patients. According
to a study about the causes of AN, 42% of patients are associated with hereditary
neurological disorders, 10% with toxic, metabolic, immunological, and infectious
causes (anoxia, hyperbilirubinemia, drug reaction, demyelination, viral infection),
and 48% with no known causes [3]. Many nonsyndromic AN cases with no
known causes probably have a genetic basis. The inheritance pattern of such
AN is mostly sporadic or autosomal recessive [4], rarely X-linked or autosomal
dominant.
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Pathophysiology, Diagnosis, and Treatment for Genetic AN

Pathophysiology

Because AN is diagnosed on the basis of audiological test results showing normal
function of outer hair cells and impairment of auditory neurons, the pathophysiology
of AN may be impairment of synapses in inner hair cells, auditory neurons, or both.
In addition, impairment of central auditory pathways may be associated with such
disorders. Hearing loss caused by impairment of inner hair cells is not compatible
with the term “auditory neuropathy.” However, impairment of inner hair cells is
usually referred to as auditory neuropathy because current clinical tests cannot
discriminate impairment of synapses in inner hair cells and auditory neurons.

Among nonsyndromic AN, some mutations in the OTOF gene cause impairment
of inner hair cells [7], some mutations in the pejvakin gene may cause impairment
of the organ of Corti and peripheral and central auditory neurons [5], and some
mutations in the GJB2 gene may cause impairment of inner hair cells and nerve
endings beneath the hair cells. Among syndromic AN, studies on temporal bones
from Friedreich’s ataxia and Charcot—Marie-Tooth disease showed degeneration
of spiral ganglion cells with or without degeneration of inner hair cells and demy-
elination of auditory neurons. A recent study on the temporal bones from an AN
patient having a mutation in the MPZ gene revealed prominent loss of spiral gan-
glion cells and auditory neurons, and incomplete remyelination, as well as almost
normal inner and outer hair cells. In this patient, detailed audiological evaluation
demonstrated that hearing loss is mainly caused by decreased auditory input through
a diminished number of auditory neurons [8].

Diagnosis

In clinical diagnosis of genetic AN, patients first undergo audiological evaluation
to detect AN, followed by otological, genetic, and neurological evaluation of the
etiology of AN. For audiological evaluation, diagnosis of sensorineural hearing loss
is made by pure tone audiometry. A loss of speech comprehension that is out of
proportion with pure tone hearing thresholds raises a suspicion of AN. Identifica-
tion of preserved outer hair cell function by transient evoked otoacoustic emissions
(TEOAE) or distortion product otoacoustic emissions (DPOAE), and confirmation
of absent or prominently abnormal auditory brainstem response (ABR), lead to the
diagnosis of AN. For diagnosis of etiology, patients or parents of AN children are
first carefully asked about nongenetic factors, that is, risk factors during pregnancy,
delivery, and neonatal and infantile periods such as anoxia, hyperbilirubinemia,
prematurity, low birth weight, use of drugs, demyelinating disorders, or viral infec-
tion. Then, hereditary neurological disorders such as Charcot-Marie—Tooth disease,
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Friedreich’s ataxia, and mitochondrial disease are evaluated by neurological exami-
nation to make diagnosis of syndromic AN or nonsyndromic AN, Genetic tests for
appropriate genes are conducted to identify genetic cause after obtaining informed
consent.

Treatment

There has been no fundamental treatment for AN. Thus, auditory rehabilitaton
using hearing aids or cochlear implants plays a central role for most AN patients.
However, hearing aids are not as effective in AN patients compared to non-AN
patients with equivalent level of pure tone thresholds because of poor speech com-
prehension, which is a characteristic feature of AN. Furthermore, in general,
cochlear implants have also been thought to be ineffective for AN patients because
auditory neurons cannot respond correctly upon stimulation. However, this is not
the case for AN caused by OTOF gene mutations because the auditory neurons are
normal in this type of AN. Theoretically, a cochlear implant, which directly stimu-
lates auditory neurons within the cochlea, should be effective in AN caused by
OTOF gene mutations. In fact, successful results of cochlear implants have been
reported in this type of AN [4,9]. Cochlear implant was also reported to be effective
for a family with AN mapping to the AUNAT locus.

Representative Genes Causing Nonsyndromic
Auditory Neuropathy

OTOF Gene

The OTOF gene is the first gene identified as the cause of nonsyndromic AN. The
OTOF gene was originally found as a locus (DFNB9: 2p22-23) that is linked to
autosomal recessive, congenital, severe to profound hearing loss. Then, it was
identified as a gene coding the cell membrane protein otoferlin, which is expressed
in the cochlea, vestibule, and brain [10]. OTOF consists of 48 exons, and has mul-
tiple isoforms, by alternative splicing combined with the use of several translation
initiation sites. Otoferlin belongs to a family of membrane-anchored cytosolic
proteins containing six repeats of a structural module that binds calcium (the C2
domain), and they are involved in vesicle membrane fusion.

Mutant mice lacking otoferlin are profoundly deaf, with no detectable ABR
across all sound frequencies tested. However, DPOAE show that outer hair cell
function is maintained, as was seen in human AN patients. In these mice, the
structure of the inner ear including hair cells and spiral ganglion cells is normal,
but complete abolition of inner hair cell synaptic exocytosis in response to
cell depolarization is detected, which is consistent with a failure of inner hair
cell neurotransmitter release.
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Genetic tests of OTOF gene were conducted in 65 American families with auto-
somal recessive nonsyndromic hearing loss, including 9 families with AN. Eight
mutations that were related to hearing loss were found in 6 families, including 5
families with AN. One of these families, which had the I515T mutation, showed
temperature-sensitive AN in which hearing loss is aggravated with elevation of body
temperature and returns to mild hearing loss with normalization of the temperature.
A nonsense mutation Q829X in OTOF gene was first identified in a Spanish popula-
tion and was found in approximately 3% of autosomal recessive hearing loss in
Spanish children, making it the third most frequent mutation in this population [11].
Later studies in other populations showed that the Q829X mutation also caused
dysfunction of outer hair cells. Thus, it is necessary to explore the significance of
this frequent mutation in both AN and non-AN sensorineural hearing loss.

Pejvakin gene

Pejvakin gene is the second gene to be identified as the cause of nonsyndromic AN
[5]. This gene was identified in the DFNB59 (2q31.1-q31.3) locus by linkage analy-
sis in two Iranian families with autosomal recessive, severe to profound, congenital
hearing loss, in which T541 and R183W missense mutations were detected. Pejvakin
protein consists of 352 amino acids, but its function has been unknown. Pejvakin
protein is localized in the cochlear hair cells, supporting cells, spiral ganglion cells,
and the first three relays of the central auditory pathway. On the other hand, dys-
function of outer hair cells was reported in a Moroccan family with insertion of T
at 113-114 as well as in a Turkish family with homozygous nonsense mutation
R167X and another Turkish family with homozygous missense mutation R1I83W
which is the same mutation as in the Iranian family with non-syndromic AN. Fur-
thermore, mutant mice that have an abnormal pejvakin gene demonstrated progres-
sive hearing loss with or without the loss of otoacoustic emissions (OAE), depending
on the mutation introduced in the pejvakin gene. These findings indicate that the
pejvakin gene may cause both AN and non-AN sensorineural hearing loss, depend-
ing on the type of mutation and different background factors.

Representative Genes Causing Syndromic
Auditory Neuropathy

Charcot—Marie—Tooth Disease

Charcot—Marie-Tooth disease is the most common hereditary peripheral neuropa-
thy, characterized by slowly progressive weakness, muscle atrophy, and sensory
impairment, all most marked in the distal part of the legs. Charcot-Marie-Tooth
disease is classified into subtypes based on clinical features and causative
genes, and hearing loss has been known to be associated with some of these
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subtypes. Recently, AN was found in some of such Charcot-Marie~Tooth disease
patients with hearing loss and established as a syndromic AN. The following
three subtypes of Charcot—Marie-Tooth disease have been reported in association
with syndromic AN.

Mutations in PMP22 genes cause the CMT1A subtype of Charcot-Marie-Tooth
disease, which shows autosomal dominant inheritance. PMP22 protein encoded by
PMP22 gene is a cell membrane protein that consists of approximately 5% of
components of myelin sheath. AN has been reported in an American CMTI1A
family in which the A67P mutation was identified [12].

Mutations in the MPZ gene cause the CMT1B subtype of Charcot-Marie-~Tooth
disease, which shows autosomal dominant inheritance. MPZ protein coded by MPZ
gene 1s a glycoprotein specific to Schwann cells, consists of approximately 50%
myelin sheath components, and constitutes the myelin sheath as a complex with
myelin basic protein and PMP22 protein. AN with an onset after 40 years of age
has been reported in an American CMT1B family in which the Y145S mutation
was identified. A study of temporal bone pathology in one member of this family
revealed prominent loss of spiral ganglion cells and auditory neurons as well as
well-preserved inner and outer hair cells [8].

Mutation in the NDRGJ gene causes the CMT4D subtype of Charcot—
Marie-Tooth disease, which shows autosomal recessive inheritance [13]. The
NDRGI gene is highly expressed in Schwann cells and is expected to play a
role in inhibition of mitosis and promotion of differentiation. R148X mutation in
the NDRGI gene was identified in many European families in which AN was
also found. In a CMT4D family, 25 of 39 family members complained of hearing
loss that developed between 13 and 26 years of age.

Autosomal Dominant Optic Atrophy (ADOA) with
Sensorineural Deafness

ADOA is a dominantly inherited disorder characterized by symmetrical optic
atrophy, central visual impairment, and color vision defect. Although ADOA gener-
ally appears as an isolated disorder, it is sometimes associated with sensorineural
deafness. Furthermore, some ADOA patients may be associated with not only
sensorineural deafness but also several other phenotypes such as ataxia and periph-
eral neuropathy. Mutations in the OPAI gene have been found in a majority of
patients with ADOA, and such mutations have also been reported in ADOA with
sensorineural deafness and ADOA with deafness and other phenotypes.

The OPAI gene encodes a dynamin-related GTPase, which is targeted to mito-
chondria by an N-terminus import sequence motif and is anchored to the inner ear
membrane facing the intermembrane space [14,15]. OPA1 protein is involved in
the regulation of mitochondrial fusion and remodeling of mitochondrial cristae, the
apoptotic process through the control of cytochrome C redistribution, and the
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maintenance of mitochondrial DNA [16]. The OPALl protein is expressed in all
tissues examined, but most strongly in the retina and brain. In the ear, OPA1 protein
was found to be widely expressed in the sensory and neural cochlear cells. Although
the exact pathological mechanism is unknown, an abnormality of the OPA1 protein
may cause an abnormality of the mitochondria, leading to insufficient energy
support. This lack could then result in a dysfunction of axoplasmic transport in the
nerve fibers.

In patients with ADOA and sensorineural deafness, AN was first identified
in two subjects by audiological evaluation including OAE and ABR in a study of
five subjects from four families having this disorder [17]. Skin fibroblasts from
these subjects showed hyperfragmentation of the mitochondrial network, decreased
mitochondrial membrane potential, and ATP synthesis defect, indicating that
AN in these patients may be related to energy defects caused by a fragmented
mitochondrial network.
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