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of ~100-300 wM. Because it was also shown in many previ-
ous studies that Sch-28080 at the concentration of 100 pM
selectively blocked gastric H* ,K*-ATPase and did not signif-
icantly affect other apparatuses such as Na™,K*-ATPase and
NKCCI (4, 5, 7, 50, 68, 85, 92), EP reduction by Sch-28080
observed in this study would be mainly attributable to suppres-
sion of the H* K*-ATPase.

Putative role of gastric H*,K*-ATPase in cochlear stria
vascularis. The cochlear stria vascularis is known playing
essential roles in generation of EP (Fig. 7A) (83, 90). Salt et al.
(65) found a unique space sandwiched between basolateral
membrane of marginal cells and apical membrane of interme-
diate or basal cells in stria vascularis. This so-called intrastrial
space (IS) is filled with an unusual extracellular fluid that
contains low [K*] ([K*1]is) of ~1-2 mM and exhibits a highly
positive potential of approximately +100 mV with reference to
the body fluid (Fig. 7B) (31, 65). IS is electrically isolated with
two tight-junction shields: the marginal cell layer and the basal
cell layer (19, 33, 39, 40, 78). Intermediate and basal cells are
connected through gap junctions not only to each other but also
to fibrocytes, endothelial cells, and pericytes (38, 80). Thus all
of these cells form an electrical syncytium, which is called the
connective tissue gap-junction network (Fig. 7B) (38, 80). The
membrane potential (E.,) of the syncytium relative to the
perilymph is —5-0 mV (31, 55, 65). The apical membrane of
intermediate cells is highly K* permeable because of abundant
expression of Kir4.1 (1, 23). Takeuchi et al. (81) found that the
resting membrane potential of isolated intermediate cells was

almost identical to the equilibrium potential for K*. They also
examined the effects of Ba?* ([Ba®*]) in bath solution con-
taining low [K™*], similar to [K*]is, on the E, of the interme-
diate cells. The dependence of membrane potential changes on
[Ba?*] was quite similar to the dependence of EP decline on
[Ba*] that was perfused into the artery (81). The E, of
intermediate cells may therefore directly reflect the high po-
tential of IS and this potential as a source of EP. It is also
strongly suggested that Kird.1 is responsible for formation of
the potential difference across the apical membrane of inter-
mediate cell. This idea is also supported by the observation that
Kir4.1-null mice completely lost EP (54). If Kir4.1 is the key
player for establishment of the high potential of IS, the low
[K*lis (1-2 mM) must be constantly maintained to form the
potential difference (65, 81, 91). The NKCC1 and Na* K*-
ATPase that are expressed at the basolateral membrane of
marginal cells are responsible for maintaining low [K*];s (Fig.
7B), and vascular perfusion of respective inhibitor largely
reduces EP (46, 48). It is therefore possible that the H* K *-
ATPase localizing at the basolateral membrane of marginal
cells also participates in maintenance of low [K*);s alongside
NKCC1 and Na*,K*-ATPase.

It is rather surprising that inhibition of any one of the three
K* transport apparatuses, Na*,K*-ATPase, NKCCI, and
H* ,K*-ATPase, results in reduction of EP. This very sensitive
alteration in EP may be related to the features in the control of
[K*Jis. One possibility might be associated with the morpho-
logical feature of IS. The IS between basolateral membrane of
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Fig. 7. Schematic model of cochlear K* cir-
culation and formation of EP in the lateral wall.
A: K* exiting from the hair cells is circulated
to the type I and IV fibrocytes in the spiral
ligament (SL) through the epithelial tissue gap-
junction network, which is composed of ECs
on the basilar membrane and OSC in the liga-
ment. K* is taken up by types I and IV
fibrocytes in the SL and then transported to the
StV via the connective tissue gap-junction net-
work, comprising the fibrocytes, basal cells,
and ICs (see detail in B). MCs secrete K*
across their apical membrane’ to maintain the

endolymph. The concentration of K* ([K*])

KCNQ1

+80mV, +90-~100 m
150 mM [K*] |150 mM [K*,

+100~110 mV,
1-2 mM [K*]

and the potential of each cochlear fluid are
indicated. B: ion transport molecules expressed
in the StV and the SL that participate in co-
chlear K* circulation. The potential and [K*]
in each compartment are indicated. The in-
volvement of H* K+-ATPase in formation of
EP and cochlear K* circulation is described in
text. FC, fibrocytes; BC, basal cells; IS, intras-
trial space; TJ, tight junction. Pink circles,
Na* ,K*-ATPase; blue circles, Na*,K*,2Cl~
cotransporter (NKCC1); yellow cylinders, C1~
channel.

Extraceflular t I L

solution  : Endolymph is

marginal cells and apical membrane of intermediate cells is
very narrow, of ~150 —200A in width (28, 72). Because of this
feature, the amount of fluid in the IS should be very small, and
thus [K*]is can be very easily affected by a very small
alteration in K™ inflow to IS or K* outflow from IS. Inhibition
of any one of the K* transport apparatuses may thus cause
significant increase in [K*];s even though accumulation of K+
in IS is very small. Alteration in [K*]is should be directly
reflected to EP, because the potential difference across the
apical membrane of intermediate cells is determined by Kir4.1.

However, this may not be enough to explain why strong
inhibition of any one of the H*,K*-ATPase, the NKCC1, and
the Na* K*-ATPase expressed in stria vascularis caused com-
plete suppression of EP (Fig. 6) (46, 47). One possibility might
be that, at the basolateral site of marginal cells, the three
apparatuses are functionally coupled to form a complex of
machinery for effective K™ transport, and that disruption of
any one of them would significantly impair K* transport

Peritymph

function of the complex. Further studies are needed to clarify
this possibility.

Putative role of gastric H*,K*-ATPase in cochlear spiral
ligament. Tt is assumed that K* circulation from perilymph to
endolymph through cochlear lateral wall is essential for main-
taining primarily endolymphatic high [K*] and thus EP. Two
functional components are considered to be critically involved
in the K* circulation. They are the epithelial tissue and
connective tissue gap junction networks (Fig. 74). The former
is composed of the supporting cells beneath the hair cells, the
epithelial cells on basilar membrane, and the outer sulcus cells,
whereas the latter comprises the fibrocytes in spiral ligament
and some cells in stria vascularis, as stated above. K™ released
from the hair cells seems to be absorbed by the supporting cells
and then transported to the stria vascularis via the two gap
Jjunction networks. There is no gap-junctional connection be-
tween the two networks. The type I and V fibrocytes contact-
ing with the outer sulcus cells should therefore take up K* by
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an active process for the K* circulation. The NKCC1 and the
Na* K*-ATPase in the fibrocytes may contribute to this pro-
cess (37). Perilymphatic perfusion of K*-free solution, which
may remove the extracellular K* around the NKCC1 and the
Na* ,K*-ATPase and thus cause them to dysfunction, and that
of the inhibitors for these K* uptake apparatuses dramatically
reduce EP (52). This highlights a possible involvement of
polarized K* transport via the fibrocytes in EP formation. In
the present study we have shown that these particular fibro-
cytes also express the gastric type of the H* , K*-ATPase (Fig.
2, A and B) and that a specific blocker for this pump, Sch-
28080, applied to perilymph, caused suppression of EP (Fig. 5,
A and B). Therefore, it may be reasonable to suggest that the
H* ,K*-ATPase in the fibrocytes is also involved in K* trans-
port in the ligament and thus generation of EP. The H* K*-
ATPase would accelerate cochlear K* circulation by taking up
K™ in exchange to H* from perilymph alongside of the
NKCC! and the Na*,K*-ATPase (Fig. 7B). This also may
occur in fibrocytes in the suprastrial zone of the spiral ligament
and in those of the spiral limbus, which are thought to be another
pathway of K* transport from endolymph to perilymph (90).

Future questions and direction. In summary, we have shown
that the gastric type of H* ,K*-ATPase is abundantly expressed
in cochlear stria vascularis and spiral ligament and may be
critically involved in EP formation, probably through control
of the K* circulation in the lateral wall. Several issues, how-
ever, remain to be addressed for comprehensive understanding
of the roles of the H* ,K*-ATPase in auditory function.

The H* , K*-ATPase extrudes H* in exchange to K* from
intracellular milieu to extracellular fluid. Thus this pump also
may be involved in the pH control of cochlear fluids. Whereas
Sch-28080 perfused to the lateral wall largely suppressed EP,
vascular or perilymphatic perfusion of omeprazole, another
specific inhibitor of gastric type H* ,K*-ATPase, did not sig-
nificantly affect EP (Figs. 5 and 6). This observation may
suggest that the extracellular solution in IS or in the ligament
may not be acidic enough, because omeprazole is activated
only in a strong acidic environment of pH <5 (51, 89).
Actually, it has been reported that pH of perilymph is 7.8-8.0
(56). This may be due to the effective neutralization of the
protons by HCO3 secreted via CI7/HCO; exchangers ex-
pressed in the outer sulcus cells neighboring the fibrocytes
(75). Although the pH value of IS solution has not yet been
measured, the following observations in other tissues may
support the idea that the solution would not be strongly acidic.
For example, in the prostate of mice, the secretions are mildly
acidic with a pH value of ~6.4. The slight acidification is,
however, caused by the colonic H* ,K*-ATPase expressed in
the prostate epithelia, because the secretions are alkalinized to
pH ~7 when the as-subunit-gene is ablated (60). In kidney,
although gastric type H* , K*-ATPase is shown expressed in its
epithelia and involved in the control of proton transport in vitro
with omeprazole (17, 41), in vivo application of the inhibitor to
healthy human subjects did not affect their urinary pH (29, 58).
Accordingly, differently from the gastric mucosa, the primary
role of H*,K*-ATPase in these organs, and probably also in
cochlea, would be the absorption of K* from the extracellular
fluid and the pH control of intracellular milieu rather than
extracellular fluid.

However, there remains a possibility that abnormality in the
proton production by the H",K*-ATPase could be linked with

H*,K*-ATPASE AND ENDOCOCHLEAR POTENTIAL

some pathological conditions of inner ear. Indeed, venous injec-
tion of sodium bicarbonate solution is an effective therapy for
vertigo and dizziness induced by different defects in the inner ear,
including Méniere’s disease (21). Thus the relevance of gastric
type H* ,K*-ATPase in various auditory diseases should be ex-

amined. It may therefore be of interest to examine whether the’

H*,K*-ATPase-null mice (61, 62, 74) exhibit hearing disorder or
whether there are hereditary or sporadic mutations of the gene
encoding the ATPase in deaf patients. Further studies on the
subjects described above are needed to clarify the physiological
and pathological roles of the H* K *-ATPase in cochlea.
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In the present study, we first observed up-regulation in
preproenkephalin (PPE)-like immunoreactivity (-LIR), a
precursor of Met- and Leu-enkephalin, in the rat ipsilat-
eral medial vestibular nucleus (ipsi-MVN) after unilateral
labyrinthectomy (UL). By means of double-staining immu-
nohistochemistry with PPE and Fos, a putative regulator
of PPE gene expression, we revealed that some of these
PPE-LIR neurons were also Fos immunopositive. The time
course of decay of these double-stained neurons was
quite parallel to that of UL-induced behavioral deficits.
This suggests that these double-labeled neurons could
have something to do with development of vestibular
compensation. We next examined correlation between
Fos and PPE expression in the ipsi-MVN by means of a
15-min pre-UL application of antisense oligonucleotide
probes against c-fos mRNA into the ipsi-MVN. Gel shift
assay and Western blotting revealed that elimination of
Fos expression significantly reduced both AP-1 DNA
binding activity and PPE expression in the ipsi-MVN after
UL. C-fos antisense study also revealed that depression
of Fos-PPE signaling in the ipsi-MVN caused significantly
more severe behavioral deficits during vestibular compen-
sation. Furthermore, studies with PPE antisense and nal-
oxone, an opioid receptor antagonist, demonstrated that
specific depression of enkephalinergic effects in the ipsi-
MVN significantly delayed vestibular compensation. All
these findings suggest that, immediately after UL, Fos in-
duced in some of the ipsi-MVN neurons could regulate
consequent PPE expression via the AP-1 activation and
facilitate the restoration of balance between bilateral MVN
activities via the opioid receptor activation, resulting in pro-
gress of vestibular compensation.  © 2006 Wiley-Liss, Inc.

Key words: labyrinthectomy; Bechterew’s phenomenon;
Fos; preproenkephalin; medial vestibular nucleus; antisense
oligonucleotides; ge! shift assay

Unilateral labyrinthectomy (UL) induces severe post-
ural and oculomotor asymmetry, such as barrel rotation,
head tilt, and spontaneous nystagmus. However, these
functional deficits recover gradually after the lesion without
any vestibular peripheral regeneration. This phenomenon

© 2006 Wiley-Liss, Inc.

is referred to as vestibular compensation (Llinas and Walton,
1979; Precht and Dieringer, 1985; Aldrich and Peusner,
2002) and has been used as a model of lesion-induced
neuronal plasticity in the central nervous system.

Several lines of evidence have suggested that en-
kephalin, one of the major opiates in the central nervous
system, is a possible neurotransmitter/neuromodulator in-
volved in the central vestibular system. It was reported that
UL induced up-regulation of preproenkephalin (PPE) mRNA,
a precursor of Met- and Leu-enkephalin, in the ipsilat-
eral medial vestibular nucleus (ipsi-MVN) neurons, and
the decay profile of PPE mRNA expression was quite
related to that of vestibular deficits after UL (Saika et al,,
1993). However, the systemic administration of nalox-
one, an opioid receptor antagonist, enhanced vestibu-
loocular compensation (Dutia et al., 1996). Furthermore,
whereas opiates directly activate the MVN neurons (Lin
and Carpenter, 1994), 8-opioid receptors demonstrate
inhibitory effects on the MVN neurons (Sulaiman and
Dutia, 1998). So far, the parts of the central nervous sys-
tem in which enkephalmerglc neurons have effects on
(or how these effects act on) central vestibular neuronal
plasticity have not been determined.

The aim in the present study is to elucidate the
role of preproenkephalinergic neurons in the central ves-
tibular system during vestibular compensation. We first
examined changes in PPE-like immunoreactivity (-LIR)
in the rat brainstem after UL and after two- staged bilat-
eral labyrinthectomy (BL) compared with those in lesion-
induced behavioral deficits. So far, we have focused on
UL-induced Fos expression in the ipsi-MVN in the hope
of understanding neuronal circuits associated with vestib-
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ular compensation (Kitahara et al., 1995, 1997, 2002;
Fukushima et al.,, 2001). Nuclear Fos protein is one of
the immediately early genes and also well known to bind
and activate a DNA binding site called AP-1, which is
located in the PPE promoter region (Sonnenberg et al.,
1989). Therefore, we next examined effects of Fos-PPE
signaling in the ipsi-MVN after UL on vestibular compen-
sation by using antisense oligonucleotide probes against
c-fos or PPE mRINA.

MATERIALS AND METHODS

All procedures were approved by the Animal Care and
Use Committee at Osaka University Graduate School of Medi-
cine, Japan. All efforts were made to minimize the numbers of
animals used and their suffering.

UL and BL

Adult Wistar rats (Japan Clea), weighing about 150 g,
were anesthetized with ether inhalation. The right bulla was
exposed on one side by blunt dissection via a skin incision
near the angle of the mandible, and a pediatric otic speculum
was placed over the bone to maintain retraction of soft tissues.
The ventral surface of the bulla was removed with a fine den-
tal burr and microrongeurs to expose the middle ear cavity.
The base of the cochlea was opened with a dental burr and
small picks to expose the vestibule and the otolith organs, and
the semicircular canal cristae were ablated with a curette and
aspiration. This procedure ablates the neuroepithelium, with-
out involvement of the ossicular chain, tympanic membrane,
internal acoustic canal, cochlear nerve, facial nerve, or Scarpa’s
ganglion (Goto et al., 1997). At the end of surgery, antibiotic
cream (Furacin) was topically applied to the opened labyrinth
to prevent infection, and the temporal bone was sealed with
dental cement. The operative wound was sutured and the ani-
mal allowed to recover in light. Histological examination after
labyrinthectomy showed that the surgical destruction of the
membranous labyrinth had been achieved and that no vestibu-
lar hair cells had regenerated (data not shown).

At each post-UL interval of 6 hr, 1 day, 3 days, 1 week,
or 2 weeks, four animals were deeply anesthetized with so-
dium pentobarbital (60 mg/kg, i.p.) and transcardially perfused
with 100 ml ice-cold saline, followed by 250 ml Zamboni’s
fixative (4% paraformaldehyde and 0.2% picric acid in 0.1 M
PBS, pH 7.4; UL group). Sham-operated animals were used
as controls (n = 4).

At each post-UL interval of 0 hr (simultaneous BL),
3 days, 1 week, or 2 weeks, four animals received left labyrin-
thectomies. One day after the second surgery, animals were
deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.)
and transcardially perfused with 100 ml! ice-cold saline, followed
by 250 ml of the fixative mentioned above (BL group).

Immunohistochemistry Via ABC Method

The avidin-biotin complex (ABC) method was used to
visualize PPE and Fos protein expression after UL and BL.
Briefly, sections were incubated sequentially in the following

solutions at 4°C: 1% bovine serum albumin (BSA) and normal
goat serum (NGS) in 0.3% Triton X-100 in PBS for 3 hr,
antisera against PPE kindly gifted from Prof. Takeshi Kaneko
(Department of Morphological Brain Science, Kyoto Univer-
sity; diluted 1:500; Lee et al.; 1997) and Fos purchased from
Oncogene Science (diluted 1:500; Delogni et al., 1988) in 1%
BSA and NGS in 0.3% Triton X-100 in PBS for 48 hr, 0.1 M
PBS for 15 min, biotinylated goat anti-rabbit IgG (diluted
1:250; Vector Labs., Inc.) in 1% BSA and NGS in 0.3% Triton
X-100 in PBS for 24 hr, 0.1 M PBS for 15 min, Vectastain re-
agent (diluted 1:500; Vector, Burlingame, CA) for 24 hr, and
diaminobenzidine tetrahydrochloride (DAB)/H,O, for approxi-
mately 4 min and then were examined under a light microscope.
Because the DAB reaction can vary in different animals and in
different sections from the same animal, all the sections in which
the DAB reactions were to be compared with one another were
taken into the same process of immunohistochemistry at once.

Cell Counting

To detect PPE- and Fos-LIR cells after UL and BL,
transverse 12-pm-thick brainstem sections were examined under
a brightfield microscope at X40 and X100 magnification. The
mean intensity of five different squares (0.5 X 0.5 pm?) in the
same cell was calculated by using a digjtal image analysis system
(Universal Imaging Software, Japan) and compared with that in
the tissue background. Only cells that had significant intensity,
above the background, of DAB reaction product in cell somata
were counted as PPE immunopositive. The DAB reaction prod-
uct in cell somata in the MVN of sham-operated animals was
adopted as the background for PPE-LIR. Similarly, only cells
that had significant intensity of DAB reaction product in nuclei
were counted as Fos immunopositive. The DAB reaction prod-
uct in nuclei in the MVN of sham operated animals was adopted
as .the background for Fos-LIR. We counted the numbers of
PPE-LIR and Fos-LIR cells in the ipsi-MVN through the ros-
tral (bregma: —10.50 mm) and caudal (bregma: —13.00 mm) parts
of the MVN according to a brain atlas (Paxinos and Watson,
1986). To prevent double counts, we adopted an edge-effects-
unbiased cell counting method (Gundersen, 1978).

Antisense Oligonucleotide Experiments

Sixteen mer phosphorothioate oligodeoxynucleotides were
synthesized on an Applied Biosysterns 381A. DNA synthesizer
and purified by a Hitachi high-pressure liquid chromatography
unit (Hitachi, Tokyo, Japan). The antisense probes against c~fos
mRNA (residues 128-143; Genbank X06769) and PPE mR NA
(residues 118-133; Genbank S49491) were designed as described
by Ziolkowska et al. (1998) and Nicot et al. (1997), respectively.

For injections into the ipsi-MVN, a posterior surgical
approach was adopted. After ether inhalation anesthesia, the
posterior part of the bone situated under the occipital crest
was removed and the dura incised. After lifting of the caudal
part of cerebellum with a spatula, the IVth ventricle was ex-
posed. A glass micropipette (length 56 mm, diameter 26 ga.)
connected to a 1-pl Hamilton syringe (Sigma) was inserted to
inject 0.5 pl of 50 uM of each antisense probe (diluted 1:1 by
trypan blue) into the brain tissue of the ipsi-MVN adjacent to
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the IVth ventricle 15 min before UL (against c-fos mRNA:
n = 8; against PPE mRNA: n = 8). As controls, 0.5 pl of
saline vehicle (n = 8) and random sequence 20 mer oligonu-
cleotides (diluted 1:1 by trypan blue; n = 8) were injected
into the ipsi-MVN 15 min before UL. As antagonist, 0.5 pl
of 100 nM of naloxone (Sigma, St. Louis, MO; diluted 1:1 by
trypan blue) was also injected into the ipsi-MVN 15 min
before UL (n = 8) according to a previous report (Tokuyama
et al., 2001).

To confirm these injection sites in the ipsi-MVN in
each animal, we checked trypan blue on the transverse sec-
tions between the rostral (bregma: —10.50 mm) and caudal the
(bregma: —13.00 mm) levels under a light microscope (Paxinos
and Watson, 1986). Trypan blue (Sigma) was reported to be
quite available and harmless for this kind of antisense experi-
ment (Kaufman et al., 1999).

Western Blotting

Samples of the ipsi-MVN were obtained from antisense~
treated (against c-fos mRINA: n = 8; against PPE mRNA: n =
8) and control (saline vehicle: n = 8; random oligonucleotides:
n = 8) animals 6 hr after UL and stored at —70°C. These samples
were cut on a cryostat at —20°C and trimmed to include only
the ipsi-MVN tissues between genual (bregma: —10.50 mm) and
hypoglossal (bregma: —13.00 mm) levels under a surgical micro-
scope (Paxinos and Watson, 1986).

For each group, samples were homogenized on ice with
a polytron homogenizer (PCU-11; Kinematica) in 20 mM
HEPES (pH 7.2), 25 mM NaCl, 2 mM EGTA, 50 mM NaF,
1 mM Na;VOy,, 25 mM B-glycerophosphate, 0.2 mM dithio-
threitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF),
60 pg/ml aprotinin, 2 pg/ml leupeptin, and 0.1% Triton X-100.
After incubation at 4°C for 30 min, homogenates were soni-
cated (Sonifier 250; Branson Ultrasonics) on ice for 1 min and
centrifuged at 10,000¢ at 4°C for 30 min. The supernatant
was removed (cytoplasmic fraction for PPE), and the pellet
was reomogenized in ice-cold lysis buffer containing 1% Tri-
ton X-100, left on ice for 30 min, and centrifuged, and the
supernatant was collected (nuclear fraction for pCREB and
Fos). Protein concentrations of these supernatants were mea-
sured with a protein assay kit (Pierce, Rockford, IL). Gel sam-
ples were prepared by adding sample buffer, containing final
concentrations of 50 mM Tris (pH 6.7), 2% sodium dodecyl
sulfate (SDS), and 2% mercaptoethanol. Twenty micrograms of
protein extracts were boiled for 10 min, cooled to RT, and
loaded on 10% SDS-polyacrylamide gels. Equal amounts of
protein in each sample were further checked by immunoblot-
ting with B-actin monoclonal antibody (Oncogene Research
Products; diluted 1:500).

Proteins were transferred to Hybond-PVDF membranes
(Amersham, Arlington Heights, IL) by using standard electro-
blotting procedures. Membranes were incubated sequentially
in the following solutions at 4°C: 2% nonfat dry milk, 1% BSA
and NGS in 0.3% Triton X-100 in PBS for 3 hr; antisera against
pCREB (phosphorylated form of cAMP/calcium response ele-
ment binding protein), a transcription factor for immediate early
genes, including Fos (Kim et al., 2000), obtained from Calbio-
chem (La Jolla, CA; diluted 1:200) in addition to PPE (diluted
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1:250) and Fos (diluted 1:200) in 1% BSA and NGS in 0.3%
Triton X-100 in PBS for 24 hr; 0.1 M PBS for 30 min;
horseradish peroxidase (HRP)-conjugated secondary antibody
(Dako, Carpinteria, CA) in 1% BSA and NGS in 0.3% Triton
X-100 in PBS for 3 hr; 0.1 M PBS for 30 min. Protein bands
were visualized by using an ECL detection kit and Hyperfilm
MP (Amersham) and analyzed in Scion Image software (Scion
Corp. Frederick, MD).

Gel Shift Assay

For gel shift assay, portions of the previous samples used
for Western blotting were used. Samples were homogenized
in 20 mM HEPES (pH 7.9) containing 0.4 M NaCl, 1 mM
EDTA, 1 mM EGTA, 1.5 mM MgCl,, 20% glycerol, 10 mM
NaF, 1 mM NazVO,, 0.2 mM DTT, 20 mM B-glycerophos-
phate, 0.5 mM PMSF, 60 nug/ml aprotinin, and 2 pg/ml leu-
peptin; incubated on ice for 15 min; and centrifuged at
10,000¢ at 4°C for 10 min. The resulting supernatant was
assayed for protein concentrations. Twenty micrograms of pro-
tein extracts were incubated with 10 fmol of *?P-labeled oligo-
nucleotide probe for the AP-1 binding sequence as described
elsewhere (Kim et al., 1998) at RT for 30 min in 20 ul of the
binding buffer, consisting of 20 mmol/liter HEPES (pH 7.9),
0.2 mmol/liter EDTA, 0.2 mmol/liter EGTA, 80 mmol/liter
NaCl, 0.3 mmol/liter MgCl,, 1 mmol/liter DTT, 0.2 mmol/
liter PMSF, 6% glycerol, and 2 pg polydeoxyinosinic-deoxy-
cytidylic acid (Pharmacia, Piscataway, NJ) as a nonspecific
competitor. For competition experiments, a mutant AP-1 oli-
gonucleotide competitor as described by Kim et al. (1998) was
also used. The DNA-protein complexes were electrophoresed
on 4% nondenaturing polyacrylamide gels, and the gels were then
dried, subjected to autoradiography, and analyzed with Scanning
Image software (Molecular Dynamics, Sunnyvale, CA).

Behavior

Vestibuloocular and vestibulospinal reflexes are used as
markers of the development of static vestibular compensation.
In the present study, we chose frequency of horizontal sponta-
neous nystagmus as a marker, because it can be reliably mea-
sured with a video camera (Kitahara et al., 1995, 1997, 1998,
2002; Fukushima et al., 2001).

Eye movements were recorded with a Panasonic NV-
M7 video camera with a zoom lens and replayed on a Mitsu-
bishi E7 Black Diamond VCR and a Sony Trinitron color
monitor. The frequency of UL-induced spontaneous nystag-
mus in animals with antisense probes (against c-fos or PPE
mRNA), naloxone, and saline pretreatments into the ipsi-MVN
was measured as the number of quick-phase beats occurring over
periods of 15 sec {n = 8 in each group). Eye movements were
replayed and counted three times for each animal and the means
obtained. These measurements were made just before and 0.5, 1,
2, 4, and 6 hr after UL. )

Statistical Analysis

Differences in data from two groups were examined by
Student’s t-test and among more than three groups by Scheffe’s
F-test. Statistical significances of changes after surgery were eval-
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uated by repeated-measures ANOVA. P < 0.05 was considered
significant.

RESULTS

PPE Expression in the MVN After UL and BL

There were few PPE-LIR neurons in the MVN of
sham-operated animals (Fig. 1A). As a UL study, a sub-
stantial number of PPE-LIR neurons appeared in the
ipsi-MVN by 6 hr with a maximum increase in number
1 day after UL (Fig. 1B) and then gradually disappeared
7 days after surgery (Fig. 1C). There were few UL-induced
PPE-LIR neurons in any other central vestibular regions
(data not shown).

As a BL study, PPE-LIR neurons in the MVN were
observed 1 day after the second labyrinthectomy, because
PPE expression shows a maximal increase 1 day after UL,
as mientioned above. Simultaneous BL did not show any
PPE expression in the MVN (Fig. 2A). More than a 7-day
interval between the two-staged operations induced ob-
vious PPE-LIR neurons in the MVN on the second
operated side (Fig. 2B). In animals with a longer interval
between the two stages, the number of second labyrin-
thectomy-induced PPE-LIR neurons in the ipsi-MVN
was significantly increased (Fig. 2C).

PPE and Fos Expression in the MVN After
UL and BL

After UL, Fos-LIR neurons were observed in several
regions in the central vestibular system, as previously de-
scribed (Kaufman et al., 1992; Cirelli et al., 1996; Darlington
et al., 1996). We have focused on Fos expression mainly
in the 1psi-MVN, with a maximal increase 6 hr after UL
(Kitahara et al.,, 1995, 1997, 2002; Fukushima et al., 2001).
In the present study, PPE-LIR neurons appeared in the
ipsi-MVN by 6 hr, with a maximal increase in number
1 day after UL, as mentioned above. Therefore, we ex-
amined double-staining immunohistochemistry with PPE
and Fos in samples from 9 hr postoperatively (n = 2). PPE-
LIR was recognized mainly in cell somata and Fos-LIR in
cell riuclei. Some of PPE-LIR neurons in the ipsi-MVN
were also Fos immunopositive 9 hr after UL (Fig. 3A) and
9 hr after BL (a 14-day interval between two stages; Fig. 3B).

Western Blotting in Antisense Oligonucleotide
Experiments

To check the appropriate antisense oligonucleotide
probe injection site in the ipsi-MVN in each animal, we
observed trypan blue in the transverse sections between
the rostral (bregma: —10.50 mm) and caudal (bregma:

—13.00 mm; Fig. 4) levels. Animals with inappropriate
injection sites were excluded.

Postoperative 6 hr was selected as a time for West-
ern blotting in the present study, because both Fos and
PPE protein expressions in the ipsi-MVN were abundant
and pCREB expression in the ipsi-MVN had not yet
disappeared (Kim et al, 2000). Furthermore, pre-UL
application of antisense probes into the ipsi-MVN could
still be effective at that tume (Ziolkowska et al., 1998).

Judged from results of Western blotting (Fig. 5),
pre-UL application of the antisense against c-fos mRNA
eliminated UL-induced nuclear Fos protein expression
without any significant changes in nuclear pCREB ex-
pression, resulting in reduction of cytoplasmic PPE pro-
tein expression in the ipsi-MVN. Neither saline vehicle
nor random oligonucleotide application had any signifi-
cant effects on these protein expressions in the ipsi-MVN.
Pre-UL application of the antisense against PPE mRNA
eliminated UL-~induced cytoplasmic PPE protein expres-
sion, without any significant changes in nuclear pCREB or
Fos protein expression in the 1psi-MVN.

Gel Shift Assay in Antisense Oligonucleotide
Experiments

Specificity of AP-1 DNA binding activity and
changes in AP-1 DNA binding activity in the ipsi-MVN
after UL are shown in Figure 6. The ipsi-MVN protein
extracts, collected after sham operaton (lane 1) and UL
with preapplication of saline (lanes 2—6) or antisense grobes
into the ipsi-MVN (lanes 7-9), were incubated with **P-la-
beled AP-1 consensus oligonucleotide probe in the absence
of unlabeled AP-1 oligonucleotide probe (—; lane 2) and
in the presence of 10-fold (lane 3), 100-fold (lane 4),
and 200-fold (lane 5) molar excesses of unlabeled AP-1
probe and 200-fold (lane 6) molar excess of unlabeled
mutant AP-1 probe. Specificity of AP-1 DNA binding
activity in the 1psi-MVN after UL was enhanced in lanes
2—6 (*P < 0.05). The AP-1 DNA binding activity was
significantly increased by UL (lanes 1, 2; *P < 0.05) and
decreased by pre-UL application of the antisense against
c-fos mRNA (lanes 2, 7; *P < 0.05). Pre-UL applica-
tion of the antisense against PPE mRNA or random oli-
gonucleotide probes had no significant effects on the
AP-1 DNA binding activity (lanes 2, 8, 9).

Vestibular Compensation in Antisense
Oligonucleotide Experiments

Antisense oligonucleotide probes or naloxone applied
into the MVN of sham-operated animals did not induce
any static vestibular symptoms, such as barrel rotation, head
tilt, or spontaneous nystagmus (data not shown). The results

Fig. 1. PPE expression in the ipsi-MVN after UL. A: There were
few preproenkephalin (PPE)-like~-immunoreactive (LIR) neurons in
the medial vestibular nucleus (MVN) in sham-operated animals (sham).
B: A substantial number of PPE-LIR neurons appeared in the ipsilateral
MVN (ipsi-MVN), with a maximal increase in number 1 day after uni-
lateral labyrinthectomy (UL1d). Arrowheads indicate typical PPE-LIR.

neurons. C: A substantial number of PPE-LIR neurons appeared in the
ipsi-MVN by 6 hr, with a maximal increase in number 1 day after UL
and then gradually disappeared 7 days after UL (*P < 0.05). Values are
expressed as the mean number * SE of PPE-LIR neurons in the ipsi-
MVN for four animals. Scale bar = 20 pm.
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Fig. 3. PPE and Fos expression in the MVN after UL and BL. Higher magnification view of dou-
ble-staining immunohistochemistry of preproenkephalin (PPE; arrowheads) and Fos (arrows) in the
medial vestibular nucleus (MVN). PPE-like immunoreactivity (-LIR) was recognized in perikarya
and Fos-LIR in cell nuclei. Some of PPE-LIR neurons were Fos-immunopositive 9 hr after uni-
lateral labyrinthectomy (UL9h; A) and also 9 hr after bilateral labyrinthectomy (a 14-day interval
between the two stages; BLint14d; B). Scale bar = 10 pm.

with c-fos antisense (Fig. 7B) suggested that depression of
Fos-PPE signaling in the ipsi-MVN caused significantly
more severe spontaneous nystagmus at the early stage and
significantly more delay of vestibular compensation (0.5 <
h < 6; *P < 0.05). PPE antisense (Fig. 7C) and naloxone
studies (Fig. 7D) both suggested that specific depression of
enkephalinergic effects in the ipsi-MVN significantly de-
layed progress of vestibular compensation at the later stage
4 <h <6;**P < 0.05).

None of the four groups, A-D in Figure 7, showed
any spontaneous nystagmus later than post-UL 48 hr, be-
cause static vestibular compensation in all these groups was

<

accomplished around the same time after UL (data not
shown). It was difficult to keep continuous the injection of
antisense probes into the ipsi-MVN of alert animals using
osmotic minipumps, even though this could be successfully
performed just in the flocculus (Kitahara et al., 1998).
Therefore, we took one-shot application of antisense probes
in this study and plotted frequencies of spontaneous nystag-
mus in groups A-D just until 6 hr after UL (Fig. 7). One-
shot application of antisense probes into the central nervous
system could still be effective until that period (Ziolkowska
et al., 1998), and it was consistent with Western blotting
(Fig. 5).

Fig. 2. PPE expression in the MVN after BL. A: Simultaneous bilat-
eral labyrinthectomy (BLsimul) induced few preproenkephalin (PPE)-
like-immunoreactive (LIR) neurons in the medial vestibular nucleus
(MVN) on the second operated side. B: A 14-day interval between
two-staged operations (BLint14d) induced obvious PPE-LIR neurons
in the MVN. Animals were sacrificed 1 day after the second labyrin-
thectomy. Arrowheads indicate typical PPE-LIR neurons. C: More
than a 7-day interval between two-staged operations induced obvious
PPE-LIR neurons in the MVN on the second operated side. In ani-

Joumal of Neuroscience Research DOI 10.1002/jnr

mals with a longer interval between the two operations, the number
of second-labyrinthectomy-induced PPE-LIR neurons in the MVN
was significantly increased (*P < 0.05). Animals were sacrificed 1 day
after the second labyrinthectomy. Values are expressed as the mean
number * SE of PPE-LIR neurons in the MVN for four animals.
Simul, simultaneous bilateral labyrinthectomy; int3d, 3-day interval
between two-staged operations; int7d, 7-day interval between the two;
int14d, 14-day interval between the two. Scale bar = 20 um.
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Fig. 4. Drawings of vestibular and vestibular-related nuclei in transverse
sections illustrating injection sites of antisense oligonucleotide probes
(As-f04). Three sections in the upper (bregma: —10.80 mm,; top), mid-
dle (bregma: —11.80 mm; middle), and lower (bregma: —12.80 mm;
bottom) levels are representative. 12, Hypoglossal nucleus; Amb, nu-
cleus ambiguus; g7, genu of facial nerve root; 10, inferior olive; LV, lat-
eral vestibular nucleus; mlf, med longitudinal fasciculus; MV, medial
vestibular nucleus; PH, prepositus hypoglossal nucleus; Sol, solitary nu-
cleus; SpV, spinal vestibular nucleus; SuV, superior vestibular nucleus;
X, nucleus X; Y, nucleus Y.

DISCUSSION

In the present study, we first observed up-regula-
tion in PPE-LIR in the ipsi-MVN after UL. By means
of double-staining immunochistochemistry with PPE and
Fos, we revealed that some of these PPE-LIR neurons
were also Fos immunopositive. The time course of decay
of these double-stained neurons in the ipsi-MVIN was
quite parallel with that of the UL-induced behavioral defi-
cits, as previously reported (Kitahara et al., 1995, 1997,
1998; Fukushima et al., 2001). Fos is usually used as a
marker of neuronal activation (Lee and Beitz, 1993) and
possibly regulates PPE mRNA expression, because the
PPE gene has a DNA binding site (AP-1) in its promoter
region (Sonnenberg et al., 1989). Therefore, these findings
suggest that, after UL, some of the ipsi-MVN neurons

sal-UL  As-fUL As-P-UL ram-UL

A sham‘

. o X

noactin NS EENS W IR -GN 42KDa
PPE - SR — - ‘SN 33kD,
c-actin - ’ﬂ, Y w’ N —— }*‘;: £2kDa

B

{actin

PCRES
3t - cdos
D PPE.

Fig. 5. Western blotting in antisense oligonucleotide experiments. A:
Preunilateral labyrinthectomy (UL) application of antisense oligonu-
cleotides had some effects on UL-induced protein expression in the
ipsilateral medial vestibular nucleus (ipsi-MVN). B: All the data were
also shown as intensity relative to nuclear B-actin expression for
pCREB and Fos and cytoplasmic B-actin expression for PPE, respec-
tively. *P < 0.05 between sham and sal-UL. **P < 0.05 between
sal-UL and As-ffUL. ***P < 0.05 among sal-UL, As-f-UL, and As-
P-UL. Values are expressed as the mean intensity = SE of each pro-
tein expression counted for four trials. pCREB, phosphorylated form
of cAMP/calcium response element binding protein; c-fos, Fos protein;
n-actin, nuclear B-actin; PPE, preproenkephalin protein; c-actin, cyto-
plasmic B-actin; sham, sham operated; sal-UL, pre-UL application of
saline; As-f-UL, pre-UL application of antisense against c-fos mRINA;
As-P-UL, pre-UL application of antisense against PPE mRNA; ram-
UL, pre-UL application of random oligonucleotides.

could be activated and start PPE expression, resulting in
vestibular compensation.

When two labyrinths are successively destroyed, a
reversal of the direction of asymmetry is observed fol-
lowing the second labyrinthectomy (Bechterew’s phe-
nomenon), if vestibular compensation for the first laby-
rinthectomy has already taken place (Galiana et al., 1984).
We next examined relationships between this phenom-

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 6. Gel shift assay in antisense oligonucleotide experiments. A:
Protein extracts in the ipsilateral medial vestibular nucleus (ipsi-
MVN) after sham operation (sham) were collected (lane 1). Those af-
ter unilateral labyrinthectomy with preapplication of saline (sal-UL;
lanes 2—6) or antisense probes (As-UL; lanes 7-9) were also collected.
All samples were incubated "with *?P-labeled AP-1 consensus oligo-
nucleotide probe in the absence of unlabeled AP-1 oligonucleotide
probe (~; lane 2} and in the presence of 10-fold (X10; lane 3), 100-
fold (X100; lane 4), and 200-fold (X200; lane 5) molar excess of
unlabeled AP-1 probe and 200-fold molar excess of unlabeled mutant
AP-1 probe (X200m; lane 6). B: All the data are also shown as in-
tensity relative to that in lane 1. *P < 0.05 between samples. Values
are expressed as the mean intensity * SE of each AP-1 DNA bind-
ing activity counted for four trials.
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Fig. 7. Vestibular compensation in antisense oligonucleotide experi-
ments. Preunilateral labyrinthectomy (UL) application of c-fos anti-
sense caused significantly much more severe spontaneous nystagmus

- at the early stage and significantly much more delay in vestibular

compensation (0.5 < h < 6; *P < 0.05). Pre-UL application of pre-
proenkephalin (PPE) antisense and naloxone both demonstrated sig-
nificantly much more delay in vestibular compensation (4 < h < 6;
**P < 0.05). Values are expressed as the mean frequency * SE of
quick phase beats per 15 sec for eight animals. Sal, pre-UL applica-
tion of saline; As-f, pre-UL application of antisense against c-fos
mRNA; As-P, pre-UL application of antisense against PPE mRNA;
nal, pre-UL application of naloxone.

enon and PPE -LIR in the MVN after two-staged BL. An
interval of >1 week between the two stages induced up-
regulation of PPE-LIR on the second operated side,
although this was never seen with an interval of <1 week.
In addition, an interval of >1 week between the two stages
led to Bechterew’s phenomenon, although never in the case
of an interval of <1 week (Saika et al., 1993; Kitahara et al.,
2002). Therefore, these findings suggest that changes in
PPE expression in the MVIN could be involved in behav-
ioral performances not only after UL but after two-stage
BL.

In the present study, some of PPE-LIR neurons
were also Fos immunopositive after BL. However, in
our previous study, an interval of at least 6 hr between
the two stages could induce up-regulation of Fos-LIR in
the MVN on the second operated side, unlike PPE-LIR
(Kitahara et al., 2002). This discrepancy may be due to
the fact that only a part of these Fos-LIR neurons could
regulate PPE expression in the ipsi-MVN after UL and BL.
Actually, these Fos-LIR. neurons, which were induced after
BL with an interval of 6 hr to 1 week between the two
stages, mainly projected their axons into the vestibulocere-
bellum (Kitahara et al., 2002) and might not be related to
consequent PPE expression. v

Double staining with Fos and PPE in the ipsi-MVN
cannot, by itself, prove that Fos regulates PPE expression
in the ipsi-MVN. However, the gel shift assay and Western
blotting revealed that elimination of Fos expression sig-
nificantly reduced both AP-1 DNA binding activity and
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PPE expression in the ipsi-MVN after UL. These results in-
dicate that UL-induced Fos expression in the ipsi-MVIN
enhances AP-1 activity and up-regulates PPE expression.
A partner of Fos is necessary to bind and activate AP-1
in promoting expression of some genes. Although changes
in expression of other immediate early genes after UL have
been reported (Darlington et al., 1996), the partner of Fos
has not been clarified yet. With regard to the intracellular
signaling, pCREB is a transcription factor for immediate
early genes, including Fos, and it is actually up-regulated in
the bilateral MVN at the early stage after UL (Kim et al,,
2000). Western blotting also confirmed the up-regulation
of pCREB in the ipsi-MVN after UL in the present study.
Therefore, there is a possibility that pCREB-Fos-PPE sig-
naling in the ipsi-MVN could be enhanced after UL.

Fos-PPE signal modulation in the MVN during
vestibular compensation was clearly demonstrated in the
present study. To determine whether the modulation is
for or against vestibular compensation, we checked the
amount of spontaneous nystagmus until 6 hr postopera-
tively with pre-UL application of antisense probes. C-fos
antisense study revealed that depression of Fos-PPE sig-
naling in the 1psi-MVN caused significantly more severe
behavioral deficits at the very early stage just after UL
and significantly more delay of vestibular compensation
at the chronic stage around 6 hr after UL. Behavioral de-
ficits at the very early stage just after UL come from imbal-
ance between bilateral MVN activities, which is partially
compensated through the vestibular commissure and/or
vestibulocerebellar inhibition on the contralateral side.
Without contralateral inhibition, much more severe ves-
tibular imbalance occurred immediately after UL (McCabe
and Ryu, 1969; Kitahara et al., 1997). Therefore, much
more severe behavioral deficits at the very early stage just
after UL in c-fos antisense-treated animals indicate that
UL-induced Fos expression in the ipsi-MVN has an im-
portant role in rebalancing between bilateral MVN activ-
ities via commissure and/or vestibulocerebellum. How-
ever, PPE antisense and naloxone antagonist studies both
demonstrated that specific depression of enkephalinergic
effects in the ipsi-MVN did not have an effect at the very
early stage just after UL but caused significantly more delay
of vestibular compensation at the chronic stage around 6
hr after UL. These results, taken together with those in the
c-fos antisense study, indicate that Fos-PPE signaling in
the ipsi-MVN could be effective mainly at the chronic
stage rather than at the very early stage.

What is the significance of Fos-PPE signaling in
the ipsi-MVN at the chronic stage of vestibular compen-
sation? The regeneration of the resting activity in the
ipsi-MVN type I neurons, which receive primary affer-
ent inputs, becomes more important for the restoration
of balance between bilateral MVN activities at the later
chronic stage (Kitahara et al., 1998). According to previ-
ous reports, whereas opiates directly activate 30% of the
MVN neurons via U~ and/or 8-opioid receptors (Lin
and Carpenter, 1994), only 8-opioid receptors demonstrate
inhibitory effects on most of the MVN neurons (Sulaiman
and Dutia, 1998). These two different reports could pre-
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Fig. 8. Schematic representation of the relationship between Fos-PPE
signaling and vestibular compensation. Immediately after unilateral ves-
tibular deafferentiation, Fos is induced in some of the ipsilateral medial
vestibular nucleus (ipsi-MVN) interneurons, probably via disinhibitory
mechanisms. Some of these Fos-contained neurons could regulate pre-
proenkephalin (PPE) and enkephalin (Enk) expression via the AP-1 acti-
vation and facilitate the restoration of the ipsi-MVN type I neuronal
activities via the opioid receptor (opioid-R) activation (direcdy in A or
indirectly in B), resulting in progress of vestibular compensation.

pare the way for two different kinds of explanation for
opioid receptor-mediated recovery of the ipsi-MVN
type I neuronal activities after UL. UL-induced Fos-PPE
signaling in some of the ipsi-MVN neurons that are not
type I but vestibular interneurons might activate the MVN
type I neurons via the opioid receptor activation (if the
opioid receptor activates the MVN, as in Fig. 8A) or inac-
tivate inhibitory interneurons via the opioid receptor acti-
vation to disinhibit the MVN type I neurons (if the opioid
receptor inhibits the MVN] as in Fig. 8B). The restoration
of balance between intervestibular nuclear activities, there-
after, could also correct the oculomotor asymmetry via
vestibuloocular neurotransmission at the chronic stage.
However, in previous reports, no protein production was
required (Ris et al.,, 1998), and intrinsic pacemaker-like
excitability was important (Him and Dutia, 2001) for re-
covery of the resting activity in the ipsi-MVN type I neu-
rons after UL. Actually, even after simultaneous BL, the
resting activity in the MVN can finally return to the nor-
mal level (Ris and Godaux, 1998). Therefore, Fos-PPE
signaling might not be indispensable for recovery of the
resting activity in the ipsi-MVN type I neurons after UL,
but the signaling could contribute to facilitation of the re-
covery, resulting in progress of vestibular compensation.

In conclusion, immediately after a great loss of uni-
lateral vestibular periphery, Fos is induced in some of
the ipsi-MVN interneurons. Some of these Fos-con-
tained neurons could regulate consequent PPE expres-
sion via the AP-1 activation and facilitate the restoration
of balance between bilateral MVN type 1 activities- via
opioid receptor activation, contributing to the develop-
ment of vestibular compensation.
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Factors Relating to the Vertigo Control and Hearing
Changes Following Intratympanic Gentamicin for
Intractable Méniere’s Disease
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Masato Nishimura, Tadashi Kitahara, Munehisa Fukushima, Aya Nakagawa,
Chisako Masumura, Tomo Sasaki, Kaoru Kizawa, and Takeshi Kubo

Department of Otolaryngology, Osaka University Medical School, Japan

Objective: To look for factors relating to the vertigo control and
hearing changes after intratympanic injections of gentamicin (GM).
Study design: Prospective.

Setting: Tertiary referral medical center.

Patients: Twenty-eight patients with intractable Méniere’s disease.
Interventions: Three intratympanic injections of GM (once
per day for three consecutive days).

Main Qutcome Measures: Although five patients needed fur-
ther GM injections or vestibular neurectomy because of poor
control (Group 1), 23 patients had their vertigo controlled for
more than two years without further treatment (Group II). The
number of vertigo spells per month, pure-tone audiometry, elec-
trocochleography, caloric response, post-head shake nystagmus,
and plasma vasopressin as a stress marker were examined.
Results: Before GM injections, there was no difference in the
number of vertigo spells per month between Groups I and II.
However, the hearing thresholds were higher in Group I. Hear-
ing improvement, increase in percentage of canal paresis and
induction of post-head shake nystagmus were observed after

GM injections only in Group II. Even in the 11 patients who
showed an improvement in hearing of more than 10 dB (hear-
ing improvement group), percentage of canal paresis was in-
creased after GM. More, premedication plasma vasopressin
levels were lower in the hearing improvement group as com-
pared with the hearing loss/no changes group. Four of eight
patients became negative for dominant negative summating
potential in electrocochleography after GM injections in the
hearing improvement group.

Conclusion: Our data indicate that the frequency of vertigo is
not a key factor in the vertigo control after GM injections, that
induction of vestibular damage in the injected ear is essential for
the control of vertigo and this effect is mostly pronounced in
patients with milder hearing loss, and that hearing improvement
is not only a consequence of good vertigo control but also af-
fected by the stress level before treatment. Key Words: Caloric
response—Electrocochleography—Gentamicin—Hearing—
Meéniére’s disease—Post-head shake nystagmus— Vasopressin.
Otol Neurotol 27:896-900, 2006.

Most patients with Méniére’s disease can be effectively
treated by medical means including a low-salt diet, diure-
tics, steroids, vasodilators, calcium channel blockers, and
other agents (1). For medically intractable Méniére’s dis-
ease, various surgical techniques including vestibular
neurectomy, endolymphatic sac surgery, and labyr-
inthectomy have been performed. However, endolym-
phatic sac surgery is criticized because of its poor results
with respect to long-term vertigo control (2), whereas
labyrinthectomy damages the cochlear function.
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Recently, intratympanic injections of gentamicin (GM)
have gained popularity so as to replace vestibular surgery
for intractable Méni¢re’s disease. In fact, various proto-
cols have recently reported excellent control of vertigo
spells and minimum damage to cochlear function (3-8).
However, some patients actually do not respond to this
treatment, and surgical interventions are advocated. In
this prospective study, we treated 28 patients with intrac-
table Méniere’s disease by three intratympanic injections
of GM. The aim of this study was to clarify the factors
relating to vertigo control and hearing changes after intra-
tympanic GM. Various data were compared between
patients who were followed for more than two years without
additional treatments and those who had to receive
additional GM injections or vestibular neurectomy be-
cause of the poor vertigo control.

The following data were compared: vertigo spells per
month, hearing levels and electrocochleography (EcochG)
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as markers for cochlear function, caloric response and
post-head shake nystagmus (post-HSN) as markers for
vestibular function, and plasma vasopressin (AVP) level
as a stress marker (9).

MATERIALS AND METHODS

This study was conducted under the guidelines approved by
the ethical committee of Osaka University Hospital.

Twenty-eight patients with unilateral Méniere’s disease
were treated by intratympanic GM. Their ages ranged from
26 to 71 years (mean + SD, 51.4 + 12.2 years), and the sex
ratio was 9 men and 19 women. Their conditions had been
present for at least six months and had not been cured by
any medical treatment. Before undergoing GM injections,
patients were treated with 90 ml of isosorbide (diuretics) and
75 mg of diphenidol (antivertigo drugs) per day and injected
with 200 ml of glycerol when indicated. Some patients were
also prescribed a minor tranquilizer.

After hospital admission, patients received one GM injection
per day for three consecutive days as follows: 0.4 to 0.6 ml of
GM (26.7 mg/ml in buffered solution) was administered trans-
tympanically to patients using a 23-gauge needle under an op-
erating microscope in supine position, in which they were
advised to stay for 30 minutes after injections. No water irriga-
tion was performed after GM injections.

Of the 28 patients, 4 received additional GM injections, and 1
underwent vestibular neurectomy because of poor vertigo con-
trol. The other 23 had their vertigo well controlled for more than
two years without further GM injections or surgery. The former
5 patients were classified as Group I, whereas the latter 23
patients were classified as Group II. The follow-up period for
Group II was 24 to 54 months (mean + SD, 35.7 t 10.0 months).
Group I patients received additional GM injections 3, 4, 7, and
28 months after the initial GM treatment. One patient underwent
vestibular neurectomy 14 months after the GM treatment. Of the
five Group 1 patients, one had a chronic otitis media, which
made the GM perfusion through the round window less effec-
tive. Additional intratympanic GM to the Group I patients in-
duced a progression (mean + SE) of percentage of canal paresis
(CP%) to 76.0 = 12.4% and an appearance of post-HSN, result-
ing in the contro! of vertigo spells.

Examinations performed in this study included pure-tone au-
diogram (PTA), EcochG, bithermal caloric testing, post-HSN,
and measurements of plasma AVP levels. Other examinations
such as magnetic resonance imaging of the brain and posturo-
graphy were also performed if indicated.

EcochG was recorded from the external auditory canal using
a Neuropack 2 equipment (Nihon Kohden, Tokyo, Japan), and
the negative summating potential (—SP)-to-action potential ratio
was obtained and used as a sign for endolymphatic hydrops.
Based on the previously measured baseline of our department,
a negative SP-to-action potential ratio of more than 0.4 was
regarded as a significant sign of “dominant —SP”, suggesting
endolymphatic hydrops. The vestibular function was assessed by
caloric testing, and the CP% was calculated using Jongkees
formula. Accordingly, CP% was defined as an interear differ-
ence of maximum slow phase eye velocity as expressed in the
usual electronystagmography report. Electronystagmography
was recorded using an EN1100 model (NEC, Tokyo, Japan)
with a 3-second time constant in alternating current mode. Ac-
cordingly, 0% indicated an absence of right-to-left difference,
whereas 100% was indicative of a total canal paresis. In our

department, abnormal right-to-left difference is considered when
CP% is 21% or greater. Because plasma AVP levels have a
diurnal secretion pattern, they were measured in the morning
in all patients. For Group 1I, all these examinations were per-
formed just before and 6 to 12 months after GM injections. For
Group I, they were measured just before the additional treat-
ments and before the initial GM.

The treatment outcome on hearing and equilibrium was basi-
cally evaluated following the American Academy of Otolaryn-
gology—Head and Neck Surgery guidelines (10): the frequency
of definitive attacks for the period of six months before treat-
ment should be compared with the interval between 18 and
24 months after treatment, hearing comparison (0.5, 1, 2, and
3 kHz) should be made with the worst audiogram of each of the
two six-month intervals, and 10 dB or more changes in hearing
were considered significant. However, threshold levels of 3 kHz
are not usually measured in Japan. Therefore, we adopted the
average hearing thresholds of 0.25, 0.5, 1, and 2 kHz. In Group
1, the worst audiogram between the initial GM and the additional
treatments was used as the post-GM hearing level.

Differences in the results of various examinations between the
pre- and post-GM periods and the treatment outcome were tested
using the Wilcoxon signed-rank test (vertigo spells, hearing
levels, CP%, and plasma AVP). Differences between groups
(Group 1 versus Group 1, hearing improvement versus hearing
loss/no changes) were tested using the Mann-Whitney U test
(hearing levels and plasma AVP) or Chi square test (post-HSN
and dominant —SP). p values < 0.05 were considered significant.

RESULTS

Vertigo Spells
Figure 1 shows the number of vertigo spells per
month. In Group II, the number of vertigo spells between
18 and 24 months after GM injections was significantly
lower than that in the six-month period before treatment
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FIG. 1. Vertigo spells per month before and after GM injections.
Left: Number of vertigo spells per month during six months before
intratympanic GM injections (pre) and that between the initial GM
and additional treatments (post) of Group |. Right: Number of
vertigo spells per month during 6 months before intratympanic
GM injections (pre) and that between 18 and 24 months after
treatment (post) of Group H. No difference in vertigo spells was
noted before GM injections between Groups | and Il. In Group I,
the number of vertigo spells was lower during the post-GM period
than during the pre-GM one (p < 0.0001).
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FIG. 2. Hearing levels before and after GM injections. The
worst threshold level during the six-month periods just before
intratympanic GM injections (pre) and that between the initial
GM injection and additional treatments (post) is shown for
Group |. The worst threshold level during the six-month periods
just before intratympanic GM injections (pre} and that between 18
and 24 months after treatment (post) is shown for Group Il. Hear-
ing threshold before GM was lower in Group Il as compared with
that in Group | (p = 0.0033). In Group !l, hearing thresholds were
lower in the post-GM period as compared with those in the pre-
GM one (p = 0.0401).

(p < 0.0001); there was no difference in the number of
vertigo spells between the pre- and post-GM periods in
Group I. In addition, no difference in the number of
vertigo spells at pre-GM was noted between Groups I
and IL

Hearing
Hearing levels improvement (mean * SE) from 50.4 +
2.7 t0 41.9 + 4.4 dB after GM injections was recorded in
Group II (Fig. 2, p = 0.0401); there was no difference in
the hearing levels between the pre- and post-GM periods
in Group 1. As shown in Figure 2, pre-GM hearing in
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FIG. 3. Percentage of canal paresis before and after GM in-
jections. The CP% measured at pre- and post-GM in Group
| (Fig. 3A), Group |l (Fig. 3B), and the hearing improvement
group (Fig. 3C) are shown. Intratympanic GM injections sig-
nificantly increased CP% in Group il (p < 0.0001) but not in
Group |. Even in the hearing improvement group, CP% was
significantly increased after the GM treatment (p = 0.0051).
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TABLE 1. Post-head shake nystagmus by group

Post-HSN (+)

Pre-GM Post-GM
Group | 0/5 1/5
Group {1 522 20/23°

A/B: “A” is the number of patients with post-HSN, whereas “B” is
the number of patients examined.

GM indicates gentamicin; HSN, post-head shake nystagmus.

“p < 0.0001 versus pre-GM.

Group II (50.4 £ 2.7 dB) was significantly better than
that in Group I (72.0 £ 3.5 dB) (p = 0.0033).

Canal Paresis and Post-HSN

Although there was no difference in CP% between the
pre- and post-GM periods in Group I (Fig. 3A), CP%
(mean * SE) was significantly increased from 18.2 £ 4.9
10 63.5 £ 5.6% after GM injections in Group II (Fig. 3B,
p < 0.0001). Table 1 shows the effects of intratympanic
GM on the induction of post-HSN. Intratympanic GM
significantly induced a post-HSN beating to the opposite
side from the injected ear only in Group II (p < 0.0001).
As shown in the Hearing Changes section, under Results,
there were 11 patients whose hearing was improved by
more than 10 dB (hearing improvement group). Even in
this hearing improvement group, CP % was significantly
increased after GM injections (p = 0.0051, Fig. 3C).

Plasma AVP
As shown in Figure 4B, plasma AVP levels decreased
after GM injections in Group I (p = 0.04); there was no
difference between the pre- and post-GM periods in
Group I (Fig. 4A).

Hearing Changes
In this study, data of patients with reduced hearing were
combined with those without hearing changes: hearing
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FIG. 4. Plasma AVP levels before and after GM injections.
Plasma AVP levels decreased after GM injections only in
Group |l (Fig. 4B, p = 0.04) but not in Group | (Fig. 4A).
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TABLE 2. Factors relating to hearing changes after
gentamicin injections

Hearing
Loss/No Changes Improvement
No. of Patients 17 11
Pre-PTA (dB) 554 £3.5 524 +4.7
EcochG: (+) — (—) 077 4/8°
Pre-AVP (pg/ml) 231 £0.51 1.02 £ 0.22°

Hearing loss means that PTA (post) shows a decrease of more than
10 dB as compared with those in the pretreatment one, whereas hearing
improvement means an improvement of more than 10 dB. EcochG (+)
— (—) means that dominant —SP disappeared after GM. A/B: “A” is the
number of patients who had dominant —SP but lost it after GM, whereas
“B” is the number of patients who had dominant —SP before GM.

“p < 0.05 versus loss/no changes.

AVP indicates vasopressin; EcochG, electrocochleography; GM,
Gentamicin; PTA, pure-tone audiogram.

loss/no changes group. There were 11 patients who
showed an improvement of more than 10 dB—hearing
improvement group. Fourteen patients showed no changes
in the hearing levels, whereas three showed more than
10 dB decrease in hearing (Table 2). There was no differ-
ence in hearing level during the pre-GM periods between
the hearing loss/no changes group and the hearing
improvement group (Table 2). Moreover, among seven
patients who had dominant —SP before GM, no one be-
came negative for dominant —SP in the hearing loss/no
changes group. In contrast, four of the eight patients became
negative for dominant —SP in the hearing improvement
group. This was a significant change as compared with
the hearing loss/no changes group (Table 2, p = 0.012).
Plasma AVP level before GM was lower in the hearing
improvement group than that in the hearing loss/no changes
group. (Table 2, p = 0.0242).

DISCUSSION

Vertigo Control

In this prospective study, five patients needed addi-
tional GM injections or vestibular neurectomy for verti-
go control (Group I), although 23 patients were cured by
three GM injections (Group II). Except for one case that
underwent vestibular neurectomy, 27 of 28 patients
eventually had their vertigo controlled by GM treatment.
However, there were differences in several parameters
between Groups I and II, which would account for the
different effective mechanisms involved in the GM
treatments.

There was no difference in the number of vertigo spells
per month before intratympanic GM between Groups I and
II, indicating that the frequency of the vertigo is not a key
factor in the vertigo control after GM injections (Fig. 1). In
contrast, hearing thresholds were higher in Group I than in
Group II before GM injections (Fig. 2), suggesting that
effects of GM injections may be more pronounced in
patients with milder preinjection hearing loss.

An increase in CP% (Fig. 3) and an induction of post-
HSN (Table 1) were observed after intratympanic GM

only in Group II but not in Group I. Both results indicate
that the induction of the vestibular damage in the
injected ear is essential to the control of vertigo. Poor
control of vertigo in Group I may be caused by the
insufficient damage to the vestibular periphery perhaps
because of drug delivery problems. Indeed, of the five
Group I patients, one had a chronic otitis media, which
would have made the GM perfusion through the round
window less effective. Additional intratympanic GM to
the Group I patients induced a progression of CP% and
an appearance of post-HSN, resulting in a control of
vertigo spells. Although previous studies demonstrated
a variety of changes in caloric responses after GM treat-
ments, there are limited data describing the relationships
between the vestibular function and treatment outcome,
which is a controversial issue; no correlation has been
reported (11,12), whereas some other studies revealed
correlation between vertigo control and vestibular abla-
tion (13,14). Moreover, it has been hypothesized that
intratympanic GM would even induce the recovery of
the vestibular function by inhibiting or reducing endo-
lymphatic hydrops via damage to the secretory function
of vestibular dark cells (15,16), although a recent report
(17) contradicts this theory. However, we suggest that
intratympanic GM injections damage vestibular hair
cells and thereby block the neurotransmission between
hair cells and the vestibular nerve, resulting in a de-
crease of vertigo spells.

Hearing Changes

Damage to the cochlear function is the major concern
of the intratympanic GM. In the present study, only 3 of
28 patients showed a decrease of more than 10 dB in
hearing levels, suggesting that our protocol, one GM
injection per day for three consecutive days, is a rela-
tively safe procedure for cochlear damage.

In contrast, 11 of the 28 patients showed an improve-
ment of more than 10 dB in hearing levels (Table 2).
Whether this recovery of cochlear function is a direct
effect of GM remains unclear. If so, simultaneous re-
covery of the vestibular function would be expected.
However, CP% was increased after GM, and the vestib-
ular periphery was damaged even in patients with hearing
improvement (Fig. 3C), suggesting that the hearing im-
provement after intratympanic GM may be an indirect
rather than a direct effect of GM on the cochlea. We,
therefore, assume that hearing improvement only in
Group 11 but not in Group I (Fig. 2) was a consequence
of a good vertigo control rather than a direct effect of GM
on the inner ear. The hearing results of our protocol seem
better as compared with those of the most previous
reports (18). However, given that this effect may be a
secondary one, we do not recommend GM injections as
a tool for hearing improvement in Méniére’s patients.

As shown in Table 2, dominant —SP never disap-
peared in patients whose hearing was not improved;
however, four of eight patients became negative for dom-
inant —SP in the hearing improvement group. We assume
that this recovery from endolymphatic hydrops is also
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