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Abstract

This investigation addressed the effect of germanium dioxide (se@uced mitochondrial dysfunction on hearing acuity. Guinea pigs were
fed chow that contained 0%, 0.15%, or 0.5% Gethe animals that were fed 0.5% Ggfor 2 months developed hearing impairment chiefly due
to degeneration of stria vascularis and cochlear supporting cells, which exhibited electron-dense mitochondrial inclusions. Cytoghtasee
activity was decreased in the skeletal muscles and kidney, which also exhibited electron-dense mitochondrial inclusions. No apparent pathologic
changes were observed in the utricle, semicircular canal, or among the vestibular nerve fibers, or in the liver or heart. The untreated animals ar
those treated with 0.15% Ge@id not exhibit hearing impairment or pathological changes in any organs. These findings suggest that administration
of 0.5% GeQ induces mitochondrial dysfunction in the stria vascularis and supporting cells in the cochlea, as in the skeletal muscles and kidney;,
thereby causing hearing impairment in the guinea pigs.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Mutations in mitochondrial DNA (mtDNA) are reported to patients with SNHL associated with mtDNA lesidiisl3,20] in
be closely associated with both syndromic and nonsyndromiwhich the stria vascularis (SV) exhibited degeneration but other
forms of sensorineural hearing loss (SNHL13]. SNHL occurs  cochlear tissues such as hair cells were not always affected. Itis
in approximately 70% of the three most common mitochondriatherefore unclear which cochlear cells are preferentially affected
disorders: mitochondrial myopathy, encephalopathy, lactic aciby chronic mitochondrial dysfunction associated with mtDNA
dosis and stroke-like episodes (MELAS), myoclonus epilepsyesions.
associated with ragged-red fiber, and chronic progressive exter- There are several animal models, including genetically mod-
nal ophthalmoplegia (CPEQ)L4]. SNHL is also frequently ified mice, that exhibit certain forms of mitochondrial dys-
manifested in subjects with other mtDNA mutations, partic-function [15]. Auditory function has been studied in mice
ularly those in 12S rRNA and tRN&E'UCN) [2]. In general, with mutant mtDNA carrying a 4696-base pair deletion, which
SNHL due to mtDNA lesions primarily involves the cochlea, develop hearing loss when the heteroplasmy is greater than
while the vestibular system and retrocochlear auditory path80%][8]. To date, cochlear histopathology has not been studied
way are well preservefd,11,17] The fact that mtDNA lesions in these mice. Other animal models can be created by intro-
frequently cause SNHL of cochlear origin suggests that cerducing harmful agents into the mitochondria. Hoya et[3].
tain sets of cochlear cells have a high metabolic demand arabplied a mitochondrial toxin, 3-nitropropionic acid (3-NP),
are strongly dependent upon mitochondrial function. Humaropically to rat cochlea and found that animals treated with
temporal bone histopathology has been reported only in foub00 MM of 3-NP exhibited permanent threshold shifts. His-
tologically, there was degeneration of fibrocytes in the spiral
ligament and spiral limbus, which indicated that these tissues
* Corresponding author. Tel.: +81 3 5800 8924; fax: +81 3 3814 9486. may be vulnerable to acute mitochondrial dysfunction. Another
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dioxide (GeQ@). This model is of special interest since in  The controls and animals that were administered 0.15%,GeO
humans, long-term administration of high doses of gefluses  were sacrificed 6 months later. The animals that were adminis-
renal failure, emaciation, and muscle weakr8st0]. Germa- tered 0.5% Ge@were sacrificed after 2 months because most
nium compounds are readily absorbed following oral exposurepf them became very inactive and seemingly unhealthy at that
distributed throughout the body tissues, particularly the kidneyime. Under anesthesia with xylazine hydrochloride (10 mg/kg,
and thyroid, and excreted largely in the urine. Rats that are fedm.) and ketamine hydrochloride (40 mg/kg, i.m.), the bulla in
chow containing Ge®exhibit body weight loss, myopathy, and the left ear was exposed, a small opening was made in the scala
nephropathy, and their skeletal muscles show numerous raggetyimpani, and the perilymphatic spaces were perfused with a fix-
red fibers, cytochrome oxidase (COX)-deficient fibers, and ative containing 2% paraformaldehyde and 2.5% glutaraldehyde
accumulation of electron-dense material in the mitochondrian phosphate buffer. This was followed by immediate excision of
[3,4,9,16] These pathological findings resemble those observethe soleus and extensor digitorum longus (EDL) muscles, liver,
in patients with mitochondrial encephalomyopathy. Althoughkidney, and heart. A part of these organs was quickly frozen in
the precise mechanism of toxicity of Ge@ unknown, recent isopentane chilled in liquid nitrogen, and the remaining spec-
study demonstrated that rats treated with Gé@ 24 weeks imens were immersed in the fixative. The left temporal bone
showed increased free radical generation and decreased miteas then excised, immersed in the same fixative, decalcified in
chondrial DNA copies in the skeletal muscles compared td 0% ethylenediaminetetraacetic acid, and divided into cochlear
controls given normal dig6]. Thus, chronic administration of and vestibular parts. The cochlea was incised parallel to the
GeQ may provide a controlled model for assessment of mito-modiolus and the utricular macula and ampulla of the lateral
chondrial dysfunction-induced SNHL and allow analysis of thesemicircular canal were obtained. For electron microscopy, all
specific histopathology underlying this clinically significant dis- the fixed specimens (muscle, liver, kidney, heart, cochlea, utricle,
order. and lateral semicircular canal) were post-fixed in 1% osmium
Thirty-six albino male guinea pigs (250-300g, approxi-tetroxide, dehydrated in a graded ethanol series, and embed-
mately 4 weeks after birth) with auditory brainstem responsealed in epoxy resin. Ultrathin sections were double stained with
(ABR) thresholds within the normal laboratory range were useduranyl acetate and lead citrate and examined with a transmis-
Twelve animals were assigned to one of the three groups arglon electron microscope (TEM), as previously descrilié.
fed standard guinea pig chow containing 0% (control), 0.15%Serial frozen sections of the skeletal muscle, heart, kidney, and
or 0.5% GeQ. The controls and animals that were administerediver were also stained with hematoxylin and eosin (H&E) and
0.15% GeQ were allowed to survive for 6 months, but ani- an antibody to COX, as previously descritj&6é].
mals administered 0.5% GeQvere sacrificed after 2 months In the controls and animals that were administered 0.15%
because many became inactive and appeared less healthyGeQ, the body weight increased gradually from 280 to 780 g
that time. Animals were caged singularly in an ambient roonduring a period of 6 months. In contrast to this, the weight of
under a 12-h light:12-h dark cycle beginning at 06:00 h. Foodanimals that were administered 0.5% Ge@creased slightly
and water were available ad libitum. Clinical manifestationsto 310 g in the first month and reduced to 2959 in the second
and the body weight of each animal were observed every thonth Fig. 1). The weight loss was accompanied by muscle
weeks. Pure-tone ABRs were measured every 4 weeks. Theeakness and atrophy, but none of the animals exhibited appar-
experimental protocol was approved by the Committee for thent neurological abnormalities such as ataxia or convulsions.
Use and Care of Animals at the University of Tokyo and con- The controls and animals that were administered 0.15%,GeO
formedtothe NIH Guidelines for the Care and Use of Laboratorydid not demonstrate shifts in the ABR threshold compared with
Animals. their baseline values at any frequency during the experiment,
The method for ABR measurement has been previouslyhereas the animals that were administered 0.5%Gs®@ib-
described [19]. In brief, the animals were anesthetized ited significant increasge& 0.01) in the ABR thresholds at all
with xylazine hydrochloride (10mg/kg, i.m.) and ketamine frequencies 2 months latefig. 1).
hydrochloride (40 mg/kg, i.m.). Following anesthetization, nee- The most prominent findings in the animals that were admin-
dle electrodes were placed subcutaneously at the vertex (actiistered 0.5% Ge®were marked degeneration of the SV and
electrode), beneath the pinna of the left ear (reference electrodes)ipporting cells in the organ of Corfrig. 2). Vacuolar degen-
and beneath the right ear (ground). The sound stimulus consistedation, accompanied by abnormal mitochondria containing
of a 15-ms tone burst, with a rise-fall time of 1 ms at frequencie®lectron-dense inclusions, was predominantly observed in the
of 2,4, 8, and 16 kHz. The responses of 1024 sweeps were ave3V of the basal turns of the cochlea. Electron-dense mito-
aged at each intensity level (5 dB steps) to assess the threshotdhondrial inclusions were also observed in the Hensen cells,
Hearing threshold was defined as the lowest stimulus intensitBoettcher cells, and Claudius cells, all of which showed marked
that produced a reliable peak 3 or 4 in ABR waveforms. Thedegenerative changes. The inner and outer hair cells (IHCs and
effect of GeQ on the ABR thresholds was analyzed by com-OHCs, respectively), pillar cells, and Deiters cells, as well as
paring the final thresholds, measured 2 month later for animalhe basilar and tectorial membranes, showed no obvious signs
that were administered 0.5% Gg@nd 6 month later for those of pathology. A small amount of electron-dense material was
given 0.15% Ge@and controls, among the three groups usingobserved along the intact cochlear nerve fibers. No electron-
one-way ANOVA followed by a multiple comparison procedure dense material or pathological changes were observed in the
(Student—Newman—Keuls method). utricle, lateral semicircular canal, or among the vestibular nerve
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