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labyrinth was rinsed with 100% ethanol. Previous
histological studies confirmed that the labyrinth was
completely destroyed and that the lesion did not
extend to the adjacent region such as ganglion cells
[10]. The same procedure was repeated in the
contralateral ear 14 days after the first operation.
After a recovery period of 14 days, animals were
exposed to 2 G hypergravity load for 4 h. Sham-
operated rats received bilateral retroauricular inci-
sions with an interval of 14 days and were then
exposed to 2 G hypergravity load for 4 h.

Statistical analysis

Data are presented as mean +SE. All p values were
determined using one-way analysis of wvariance
(ANOVA). Fisher’s paired least significant difference
test was used in the experiment for drug effects and
Scheffe’s F test in the experiment for H1 receptor
mRNA expression. p <0.05 was considered signifi-
cant.

Results

Effects of histaminergic receptor blockers on kaolin intake
induced by hypergravity load

Kaolin intake from day 1 to day 13 of each group is
shown in Figure 1A. Rats did not take a significant
amount of kaolin before hypergravity load (days 1-3,
Figure 1A). However, kaolin intake in all of the
groups increased after the first hypergravity load
(day 4). The second hypergravity load was delivered
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Figure 1. (A) Kaolin intake from day 1 to day 13 of each group.
Kaolin intake in all of groups increased after the first hypergravity
load (day 4). On day 11 after the second hypergravity load, which
was preceded by drug administration, kaolin intake in the saline,
terfenadine, and zolantidine groups was increased compared to
that of day 4; however, it was decreased in the mepyramine group.
(B) Ratio of kaolin intake on day 11 and day 4. Ratio of kaolin
intake (day 11/day 4) in the mepyramine group was significantly
lower compared with that of the saline group. *p <0.05 vs saline
group. Pretreatment with mepyramine suppressed the hypergrav-
ity-induced motion sickness.

1 week after the first load and was preceded by the
administration of the respective drugs. Accordingly,
kaolin intake in the saline, terfenadine, and zolanti-
dine groups on day 11 was increased compared with
that of day 4, but it was decreased in the mepyr-
amine group (Figure 1A). Indeed, kaolin intake of
the saline group on day 11 was increased to 134.2%
of the intake on day 4 in the same group. On the
contrary, kaolin intake in the mepyramine group was
decreased to 71.9% compared to that of day 4 in the
same group. The ratio of kaolin intake (day 11/day
4) in this group was significantly lower than that of
the saline group (p <0.05, Figure 1B).

H1 receptor mRNA expression in the hypothalamus,
brainstem, and cerebral cortex after hypergravity load

Figure 2 shows the HIR mRNA expression in the
hypothalamus of control rats (open column) and
those exposed to hypergravity load for 0-12 h (closed
column). Hypothalamic HIR mRNA expression
remained unchanged in control animals, which
were put into the centrifuge device but were not
exposed to hypergravity load (open column). HIR
mRNA expression in the hypothalamus gradually
increased after hypergravity load (closed column).
Hypothalamic HIR mRNA expression after 4 h load
of hypergravity was 154.6% of the control animals.
This difference reached a statistically significant level
(4 h, open column vs 4 h, closed column, p <0.01).
It was also significantly higher compared with
controls at 0 h (0 h, closed column vs 4 h, closed
column, p <0.05).

Figure 3 shows the HIR mRNA expression in the
brainstem of animals exposed to hypergravity for 4 h
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Figure 2. H1R mRNA expression in the hypothalamus of control
rats (open column) and those exposed to hypergravity load for 0—
12 h (closed column). Hypothalamic HIR mRNA expression after
4 h load of hypergravity was significantly higher than that of the
control animals, which were in the animal cage placed beside the
centrifuge device but not exposed to hypergravity for the same
period (4 h, open column vs 4 h, closed column, **p <0.01). It
was also significantly higher compared with the controls at 0 h (0
h, closed column vs 4 h, closed column, *p <0.05).
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Figure 3. HIR mRNA expression in the brainstem. HIR mRNA
expression in the brainstem of animals exposed to hypergravity for
4 h (closed column) was significantly higher than that of the
control animals that were in the animal cage placed beside the
centrifuge device but not exposed to hypergravity for the same
period (open column). *p <0.05 vs controls.

(closed column) or control animals that were in the
animal cage placed beside the centrifuge device but
not exposed to hypergravity during the same period
(open column). HIR mRNA expression in the
brainstem of animals exposed to hypergravity was
significantly increased to 110.0% of the control
animals (p <0.05).

Figure 4 shows the HIR mRNA expression in the
cerebral cortex of animals exposed to hypergravity
for 4 h (closed column) or control animals that were
in the animal cage placed beside the centrifuge
device but not exposed to hypergravity during the
same period (open column). No difference was
noticed in HIR mRNA expression in the cerebral
cortex between the controls and animals exposed to

hypergravity.

Effects of labyrinthectomy on hypergravity-induced H1
receptor mRINA expression in the hypothalamus

HI1R mRNA expression in the hypothalamus of the
sham-operated rats exposed to hypergravity for 4 h
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Figure 4. HIR mRNA expression in the cerebral cortex. There
were no differences in HIR mRNA expression in the cerebral
cortex between control animals and those exposed to hypergravity
for 4 h.
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was significantly increased to 118.2% of the bilat-
erally labyrinthectomized rats exposed to hypergrav-
ity for 4 h (p <0.05) (Figure 5).

Discussion

H1 and H2 receptors are the major post-synaptic
histaminergic receptors in both peripheral and
central tissues, although there are four subtypes of
histamine receptors (H1-H4) [11]. H1 blockers are
clinically effective in preventing motion sickness
[2,3], suggesting that H1 receptors play an impor-
tant role in the development of motion sickness. In
our previous study, kaolin intake induced by double
rotation was suppressed by diphenhydramine, which
is less specific to H1 receptors with anticholinergic
actions [12]. In the present study, an attempt was
made to clarify which subtype of post-synaptic
histaminergic receptors was responsible for the
development of motion sickness. The hypergravity-
induced kaolin intake was significantly suppressed
by pretreatment with mepyramine but not with
terfenadine or zolantidine. Both mepyramine and
terfenadine are specific H1 receptor blockers; how-
ever, the latter does not penetrate the BBB, acting
only on the peripheral tissues. On the other hand,
zolantidine is an H2 receptor blocker that does cross
the BBB [13]. Therefore, the present results indicate
that the central H1 but not H2 or peripheral H1
receptors play a pivotal role in the development of
motion sickness.

We reported in the previous study that histamine
release from the hypothalamus in rats was increased
by 2 G hypergravity load [14], suggesting that the

Hypothalamus
b3

(%)
130

100 I

H1R mRNA / GAPDH mRNA

Labyrinthectomy Sham-operation
L +
2g hypergravity 2g hypergravity

Figure 5. HIR mRNA expression in the hypothalamus of
bilaterally labyrinthectomized rats (open column) and sham-
operated rats (closed column) after hypergravity load for 4 h.
HIR mRNA expression in the hypothalamus of the sham-
operated rats was significantly increased in comparison with that
of the bilaterally labyrinthectomized rats. *p <0.05 vs bilaterally
labyrinthectomized rats.
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histaminergic neuron system was activated by hyper-
gravity. Histaminergic neurons were located in the
tuberomamillary nucleus in the posterior hypothala-
mus and their axons project both rostrally and
caudally [15]. Therefore, it is suggested that the
histaminergic activation is transmitted to the brain
region related to the physiological and behavioral
responses of motion sickness. Recently, it was
reported that the stimulation of H1 receptor up-
regulates the level of H1 receptor protein expression
through augmentation of H1 receptor mRNA ex-
pression in Hel.a cells and rats nasal mucosa [8,9].
In the present study, the expression of H1 receptor
mRNA in the hypothalamus was significantly in-
creased after a 4 h load of 2 G hypergravity in rats.
However, the up-regulation of H1 receptor mRNA
after hypergravity was not seen in bilaterally labyr-
inthectomized rats. These findings suggest that
hypergravity stimulation induced the release of
histamine from the hypothalamus through vestibular
end-organs and the released histamine stimulated
HI1 receptors, leading to its up-regulation in the
hypothalamus. Moreover, 2 G hypergravity load also
significantly increased the expression of H1 receptor
mRNA in the brainstem, but not in the cerebral
cortex in rats. The brainstem includes the nuclei
complex related to nausea and vomiting such as area
postrema and nucleus of solitary tract, and was
reported to contain histaminergic axon terminals
[15]. Therefore, these findings suggest that hyper-
gravity stimulation also induced the release of
histamine from the brainstem and released hista-
mine-stimulated H1 receptors on the nuclei complex
related to nausea and vomiting, resulting in the
development of motion sickness. The cerebral cortex
is suggested not to be involved in the histaminergic
post-synaptic events in the processes of motion
sickness.

In fact, the hypothalamus has a role in various
autonomic reactions such as cold sweating, pallor,
and oliguria that characterize the motion sickness
syndrome. Also, the brainstem contains nuclei com-
plexes responsible for vomiting, which is a major
symptom of motion sickness, such as the medullary
reticular formation, nucleus tractus solitarii, and
nucleus originis vagi. On the contrary, the cerebral
cortex is undoubtedly involved in motion sickness in
the modification of conditioned responses. Never-
theless, it is not essential for the development of
motion sickness, because motion sickness can be
induced in the decorticate human [16].

The up-regulation of H1 receptors in the hypotha-
lamus and brainstem also indicates a post-synaptic
amplification of H1 transmission in the development
of motion sickness. The up-regulation of H1 recep-
tors may contribute to the characteristic time course

of motion sickness symptoms that develop gradually
at first and then progressively more rapidly.

Conclusion

In conclusion, hypergravity-induced motion sickness
in rats was prevented by BBB-penetrating Hl1
receptor blockers but not by non-BBB-penetrating
H1 receptor blockers or H2 receptor blockers,
suggesting that activation of H1 receptors in the
brain is important for the development of motion
sickness. The expression of H1 receptor mRNA was
increased in the hypothalamus and brainstem, but
not in the cerebral cortex after the hypergravity load
in rats. It is suggested that histamine was released
from the axon terminals in the hypothalamus and
brainstem and released histamine activated the post-
synaptic H1 receptors there, resulting in the devel-
opment of motion sickness. The up-regulation of
post-synaptic H1 receptors would amplify the hista-
mine-mediated responses in motion sickness that
develop gradually at first and then progressively
more rapidly.
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Abstract

Objective: The purpose of this study was to assess the natural course of positional vertigo in patients with the apogeotropic variant of
horizontal canal type of benign paroxysmal positional vertigo (AH-BPPV), which is reported to be more refractory to physiotherapy than the
geotropic variant of horizontal canal type of BPPV (GH-BPPV).

Methods: 14 patients with AH-BPPV treated without physiotherapy were asked to visit the hospital every 2 weeks. At every follow-up visit,
they were interviewed and positional nystagmus was assessed. After the disappearance of positional nystagmus, patients were asked about the
time of cessation of the positional vertigo. Thus, the primary outcomes were evaluated by the self-reported onset and remission of positional
vertigo. The time course of remission of positional vertigo was then calculated.

Results: The average and median period from the onset to natural remission of positional vertigo in patients with AH-BPPV was 13 and 7
days, respectively.

Conclusion: We have already reported that the average and median period from the onset to natural remission of positional vertigo in patients
with GH-BPPV was 16 and 7 days, respectively (Imai et al., 2005 [8]). Thus, the natural course of AH-BPPV is not as refractory as that of GH-

BPPV.
© 2010 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

In recent years, two types of horizontal canal benign
paroxysmal positional vertigo (H-BPPV) have been recog-
nized. One type shows geotropic positional nystagmus when
the head is turned to the side while lying down (GH-BPPV)
[1]. The other type shows apogeotropic positional nystag-
mus (AH-BPPV) [2,3]. The pathophysiology of GH-BPPV
is thought to be canalolithiasis in the horizontal semicircular
canal (HSCC) and physiotherapy such as canalith reposi-
tioning therapy was effective in patients with GH-BPPV [4—
7]. Moreover, we reported that GH-BPPV disappeared
naturally within about 2 weeks without physiotherapy [8].

* Corresponding author. Tel.: +81 6 6879 3951; fax: +81 6 6879 3959.
E-mail address: imaitakao@hotmail.com (T. Imai).

On the other hand, the pathophysiology of AH-BPPV is still
controversial, with cupulolithiasis in the HSCC being
reported as the most plausible cause of AH-BPPV [2,3].
On the other hand, it was reported that outcomes of
physiotherapy in patients with AH-BPPV were poorer as
compared with those with GH-BPPV [6,7].

In the present study, in order to examine if AH-BPPV was
more refractory than GH-BPPV without physiotherapy, we
assessed the natural course of remission of positional vertigo
in patients with AH-BPPV.

2. Methods

The present study included 14 consecutive patients who
were diagnosed as AH-BPPV in the Department of

0385-8146/$ — see front matter (© 2010 Elsevier Ireland Ltd. All rights reserved.
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Table 1

The data of all patients. m: male, f: female, CP: canal paresis, R-CP: canal paresis exist in right ear, L-CP: canal paresis exist in left ear, N.P.: not performed,
SPEV (R): slow phase eye velocity of positional nystagmus when their head was right lateral position in supine, SPEV (L): slow phase eye velocity of positional

nystagmus when their head was left lateral position in supine.

ID Sex Age (years) Affected side Visit (days) Remit (days) Caloric SPEV (R) (°/s) SPEV (L) (°/s)
A m 59 Right 1 2 N.P 8.9 41.8
B f 28 Left 0 3 R-CP 6.6 6.4
C f 71 Right 1 3 No CP 35 535
D f 85 Right 1 3 N.P. 255 284
E m 26 Left 2 3 No CP 6.0 3.1
F m 72 Left | 4 N.P 83.6 65.5
G f 57 Right 1 6 N.P. 9.7 50.1
H f 61 Right 1 7 N.P. 1.9 2.7
1 m 61 Right 4 7 No CP 23.0 619
J f 72 Left 7 23 N.P. 9.9 2.3
K m 37 Left 10 26 L-CP 51.8 258
L f 60 Right 12 27 No CP 4.6 154
M m 73 Right 22 32 N.P. 1.1 7.6
N m 70 Left 7 35 R-CP 1.7 1.3

Otolaryngology, Kansai-Rosai Hospital between April 2001
and November 2003 (7 males and 7 females; 26-85 years
old: mean age, 59 years, Table 1). All patients who
complained of dizziness and/or vertigo were tested by lateral
head rotation in supine position. The positional nystagmus
was recorded by an infrared CCD camera (RealEyes,
Micromedical Technologies) in all subjects. Maximum slow
phase eye velocity (max SPEV) of the positional nystagmus
was analyzed using our own video-oculography system [9].
AH-BPPV was diagnosed on the following criteria; (i) a
history of brief episodes of positional vertigo, (ii)
observation of an apogeotropic direction-changing posi-
tional nystagmus mainly with a horizontal component
triggered by lateral head rotations in supine position; the
apogeotropic variant was indicated by an intense apogeo-
tropic nystagmus beating away from the ground in lateral
head position on both sides, reaching a maximum
immediately after change in head position and lasting more
than 1 min, and (iii) absence of an identifiable central
nervous system disorder able to explain the positional
vertigo following neurological and neurophysiological
examinations. The affected ear was determined as the head
turning side that created less intense nystagmus [3]. Patients
with nystagmus, of which direction changed from apogeo-
tropic to geotropic or from geotropic to apogeotropic, were
excluded from this study.

The patients were asked about the onset time of positional
vertigo through a detailed interview. After they were given
the details of the physiotherapy [4], their informed consent
to non-medicinal treatment was obtained. Thus, all patients
received no drug and were advised to visit the hospital every
2 weeks after the initial visit. At every visit, they were
interviewed and examined by lateral head rotation in supine
position. After the disappearance of positional nystagmus,
patients were required to indicate the time at which the
positional vertigo disappeared through detailed interview.
Thus, the primary outcomes were assessed by self-reported
onset and remission of positional vertigo, while the time

course of remission of positional vertigo after the onset was
calculated by Kaplan—Meier method. Patients were then
examined 4 weeks after the disappearance of positional
nystagmus and remained free of positional vertigo and
nystagmus.

Patients with AH-BPPV were divided into two groups:
the early remission group including patients A-1 whose
remission period was within 7 days, and the delayed
remission group made of patients J-N whose remission
period was more than 3 weeks (Table 1). Differences in age,
sex, affected side, result of caloric test and max SPEV of
positional nystagmus at the first visit to the hospital between
the two groups were analyzed using chi-square test.

3. Results

The residual rate of positional vertigo was 64% in the
patients with AH-BPPV at 1 week after the onset and 14% at
1 month without physiotherapy (Fig. 1). The averaged
period and median period from the onset to natural remission
of positional vertigo was 13 + 13 days and 7 days,
respectively.

There were no significant differences in age, sex, affected
side, result of caloric test and max SPEV of positional
nystagmus at the first visit to the hospital between the early
and delayed remission groups (Table 1).

4. Discussion

In the present study, we assessed the natural course of
positional vertigo in patients with AH-BPPV (7 males and 7
females; mean age, 59 years) without physiotherapy and
showed that the average and median period from the onset to
natural remission of their positional vertigo was 13 and 7
days, respectively. We have already reported in patients with
GH-BPPV (15 males and 21 females; mean age, 57 years)
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Fig. 1. Time course of positional vertigo after the onset without physio-
therapy in patients with AH-BPPV was calculated using Kaplan—Meier
method.

that the average and median period from the onset to natural
remission of positional vertigo was 16 and 7 days,
respectively [8]. Thus, the natural course of AH-BPPV is
not as refractory as that of GH-BPPV.

GH-BPPV is thought to be induced by canalolithiasis
made of the otoconial debris, which move under the
influence of gravity within the distal long arm of HSCC
when the head rotates in the supine position [1]. On the other
hand, AH-BPPV is thought to be due to cupulolithiasis made
of the otoconial debris attached to the cupula of HSCC and
the gravity-sensitive cupula bends when the head rotates in
the supine position [2,3,10]. Similarly to the posterior canal
type of benign paroxysmal positional vertigo [11], the
management of GH- and AH-BPPV is based on physiother-
apy, having the same purpose of removing the debris from
the location in the canal toward the utricle, even considering
that the debris may be variously positioned in the lumen of
the canal [6,7]. The physiotherapy of GH-BPPV is based on
removing the debris from HSCC along its distal long arm
into the utricle by various methods including 180° rotation
[12], barbecue rotation [4], and forced prolonged position
[5]; whereas the physiotherapy of AH-BPPV consists of
detaching the debris from the cupula by various methods
including therapeutic head shaking [13], modified Semont
maneuver [14], Gufoni maneuver [6], and Vanucchi—
Asprella maneuvers [15], and then removing the debris
from HSCC along its distal long arm into the utricle by the
same methods used for the physiotherapy of GH-BPPV. It
was reported that outcomes of the physiotherapy in patients
with AH-BPPV were poorer compared to those with GH-
BPPV [6,7], probably because the physiotherapy of AH-
BPPV contains two steps.

But, as shown in the present study, the average period
from the onset to natural remission of positional vertigo in
patients with AH-BPPV was slightly shorter than that in
patients with GH-BPPV. Indeed, in patients with GH-BPPV

even without physiotherapy, the head movement of daily life
moves canalolithiasis along the distal long arm of HSCC to
the utricle. On the other hand, among patients with AH-
BPPV even without physiotherapy, we hypothesized that the
head movement of daily life makes the cupulolithiasis fall
off from the cupula into the proximal short arm of HSCC in
patients A1 and into its distal long arm in patients J-N.
Thus, the short trajectory of the debris from the proximal
short arm of HSCC into the utricle after its detachment from
the cupula may be accomplished within 7 days in patients
A-1, whereas the long trajectory of the debris from the distal
long arm of HSCC into the utricle may take more than 3
weeks in patients J-N.

Because AH-BPPV in the early remission group
disappeared within a week, it is possible that some other
patients with AH-BPPV might have been cured naturally
before the visit to the hospital behind the present study. This
bias that cannot be estimated may slightly prolong the
natural course of AH-BPPV.

In the present study, we showed that the average and
median period from the onset to natural remission of
positional vertigo in patients with AH-BPPV was 13 and 7
days, respectively. We concluded that despite the poorer
physiotherapy outcomes in AH-BPPV patients, the natural
remission of their disease was not as refractory in
comparison with that of GH-BPPV patients.
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Journal of Meniere's disease is peculiar to humans and is characterised by episodic vertigo, fluctuating
NEUTDEHdOCI‘iﬂO'O hearing loss and tinnitus, and attacks of the affliction occurring under conditions of stress. Its
gy pathology was first revealed to be inner ear hydrops through temporal bone studies in 1938.

Although subsequently proposed as a disorder of water metabolism in the inner ear, its patho-
genesis remains unsolved. The present study aimed to assess the link between the inner ear
pathology in Meniere's disease and vasopressin, an anti-diuretic stress hormone with a potential
role in inner ear fluid homeostasis. Blood samples were obtained from Meniere's disease patients
in the morning, before any surgical treatment, to examine plasma vasopressin (pAVP) levels, and
then from inner ear tissue during surgical treatment, to examine vasopressin type-2 receptor
(V2R) in the endolymphatic sac. pAVP and the relative V2R mRNA expression in the endolym-
phatic sac were examined using a real-time polymerase chain reaction. Relative cAMP activity in
the endolymphatic sac was also examined using tissue culture and cAMP assay. Both pAVP (1.6-
fold versus controls; P = 0.048) and inner ear V2R mRNA expression (41.5-fold versus controls;
P = 0.022) were significantly higher in Meniere's patients. cAMP activity was basally up-regu-
lated (2.1-fold versus controls) and cAMP sensitivity to vasopressin application was largely ele-
vated (4.9-fold versus controls) in Meniere's patients. We conclude that, in the pathogenesis of
inner ear hydrops, resulting in Meniere's attacks, elevation of pAVP levels (probably as a result
of stress) may present as a matter of consequence, but susceptibility of the V2R-overexpressed
and cAMP-hypersensitised inner ear to pAVP elevation might be essential as the basis of this
disease. Further experimental and clinical studies are needed to better clarify the relationship
between Meniere's disease and stress.
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Some sicknesses are well known to be provoked by inadequate
adaptation to various kinds of stress experienced in daily life.
Attacks of Meniere's disease characterised by episodic vertigo, fluc-
tuating hearing loss and tinnitus are a common example. The oto-
pathology of Meniere's disease was first revealed to be inner ear
endolymphatic hydrops through temporal bone studies in 1938
(1, 2). It has been proposed that the pathogenesis in Meniere's dis-
ease could be inner ear endolymphatic hydrops due to a disorder of
water metabolism.

Vasopressin acts upon water metabolism via vasopressin recep-
tors and aquaporin channels in the inner ear as well as in the
kidney (3). To assess the link between the inner ear pathology of
Meniere's disease and the stress hormone vasopressin, we exam-

ined plasma vasopressin (pAVP) levels and vasopressin type-2
receptor (V2R) activity in the endolymphatic sac in Meniere's
patients.

Materials and methods

Diagnosis and enrolment

Patients were eligible for enrolment if they had received a clinical diagnosis
of Meniere's disease according to the 1995 AAQ-HNS criteria (4). In brief,
these criteria comprise: (i) repeated attacks of vertigo: a definitive spell was
spontaneous vertigo lasting at least 20 min (a mixed type of spontaneous
nystagmus was observed during attacks); (i) fluctuating cochlear symptoms:
the hearing test usually revealed a marked fluctuation of the threshold in
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the low and middle tone range; and (iii) exclusion of other causes (to
exclude other disorders, a thorough history, neurological, neurotological and
magnetic resonance imaging examinations were carried out). Intractable
Meniere's disease was designated in cases where various forms of medical
and psychological managements failed for at least 6 months. Medical man-
agements included diuretics, betahistine, diphenidol, dimenhydrinate and
diazepam, which were thought to be effective for persistent symptoms in
Meniere's disease (5).

Patients designated as intractable Meniere's disease underwent endolym-
phatic sac drainage, if there was no reason for declination of surgery.
The technical details of this surgery have been described previously (6-8).
The use of all the human materials in the present study was approved
by the Ethics Committee of Osaka University, School of Medicine (certificate
number: 0424).

Laboratory examination for plasma vasopressin

Patients and controls

Between 1998 and 2006, 105 patients were enrolled with Meniere's disease
to examine plasma vasopressin level at Osaka University Hospital (unilateral
Meniere's disease: 87 cases; bilateral Meniere's disease: 18 cases). Thirty
patients with chronic otitis media without any direct inner ear damage were
also prepared as controls. Before collecting blood samples, all the patients
with Meniere's disease and chronic otitis media provided their informed
consent. Blood samples in both groups were collected at 08.00-10.00 h on
the day of surgery during remission of vertigo attacks. Endolymphatic sac
drainage was performed as an inner ear surgery for Meniere's disease
and tympanoplasty was performed as a middle ear surgery for chronic
otitis media. There were no significant differences in patients’ background
(sex: P =0.131, age: P =0435) between Meniere's disease (male :
female = 50 : 55, 475+ 1.3) and chronic otitis media (male :
female = 19 : 11, 45.4 £ 2.5).

Procedures

The blood was transferred into an ethylenediaminetetracetic acid tube and
centrifuged at 4 °C, and the separated plasma stored at —80 °C for plasma
vasopressin assay. The plasma vasopressin level was determined by radioim-
munoassay (arginine vasopressin radioimmunoassay kit; Mitsubishi, Tokyo,
Japan). The normal plasma vasopressin level was in the range 0.3-4.2 pg/ml
(mean 2.25 pg/ml) based on the data acquired by blood samples collected
at 08.00-10.00 h from 105 healthy subjects with their informed consent
(61 males and 44 females) who had no history of vestibular or cochlear
disease (9).

Molecular examination for vasopressin receptor

Patients and controls

Before surgery, informed consent were obtained from 18 out of 105 Meni-
ere’'s disease patients (unilateral Meniere's disease: 15 cases; bilateral Meni-
ere's disease: three cases) for the collection of endolymphatic sac tissue
during surgery. Six acoustic neurinoma patients without any direct endolym-
phatic sac damage were also prepared as controls. Tissue samples from both
the groups were collected during surgery (endolymphatic sac drainage for
Meniere's disease group and surgical removal of acoustic neurinoma for the
other group). There were no significant differences in patients' background
(sex: P =0546, age: P =0.551) between Meniere's disease (male :
female = 6 : 6, 47.9 + 4.9) and acoustic neurinoma (male : female = 3 : 3,
53.0 £ 6.5).

Tissue preparation

Tissues were replaced immediately after collection in chilled phosphate-buf-
fered saline (pH 7.3) and frozen with dry ice powder for real-time polymer-
ase chain reaction (PCR) (Meniere's disease: 1-12; acoustic neurinoma: 1-6)
and western blotting (other unilateral Meniere's disease: 13-15; acoustic
neurinoma: 1-3) analysis.

Real-time PCR

Total RNA extraction. Total RNA was extracted from dissected frozen tis-
sues using TRIzol reagents (Gibco BRL Gaithersburg, MD, USA). Briefly, sam-
ples were homogenised in 0.8 ml of TRIzol reagent. Chloroform was then
added and the mixture was centrifuged in order to separate the RNA phase
from the DNA phase. The RNA phase was used for RNA precipitation using
isopropy! alcohol. The RNA samples were rinsed with ethanol and dissolved
with RNase-free water. Finally, the RNA samples were treated with RNase-
free Dnase | (Roche Diagnostics, Indianapolis, IN, USA) to remove contami-
nated genomic DNAs before reverse transcription.

Reverse transcription of RNA. The reverse transcription mixture included
10 ul of 10x PCR Taq Gold buffer Il (Applied Biosystems, Foster City, CA,
USA), 30 ul of 25 mm MgCl,, 4 ul of 25 mm of each dNTP, 5 ul of 100 um
of random primers (Gibco BRL), 2 ul of RNasin (Applied Biosystems), 1.25 ul
of Super-Script Il (Applied Biosystems) and 5 pl (250 ng) of DNA-free total
RNA in a final volume of 100 pl. The mixture was incubated at 25 °C for
10 min, 48 °C for 30 min and 95 °C for 5 min in a 9600 Thermocycler
(Applied Biosystems).

Reverse-transcriptase PCR. Samples with reverse transcriptase were for-
warded for PCR (95 °C for 12 min and, 35 cycles at 95 °C for 15 s and
60 °C for 1 min) and electrophoresed on 1.5% agarose gel to check the
results of reverse-transcriptase PCR. Samples without reverse transcription
were also forwarded for PCR as negative controls to ensure that no geno-
mic DNA contamination occurred.

PCR products were electrophoresed on 3% Seakem GTG agarose gel (FMC
Bioproducts, Philadelphia, PA, USA) and purified using QIA quick Gel Extrac-
tion Kit (Qiagen, Valencia, CA, USA). Sequencing was accomplished by means
of ABI Prism dRhodamine Terminator Cycle Sequencing Ready Reaction Kit
with ABI 310 DNA sequencer (Applied Biosystems).

Real-time quantitative PCR. PCR reactions were performed in the pres-
ence of the oligonucleotide primers for V2R (Takara Bio Inc., Otsu, Japan)
and -2 microglobrin (B2M) (Takara) shown in Table 1 and quantified by
SYBR Green PCR reagents (Applied Biosystems). B2M, an endogenous house-
keeping gene, was used as an internal control for this method. Each sample
determination was performed in triplicate.

The PCR mixture included 5 ul of 10x SYBR PCR buffer, 6 ul of 25 mm
MgCl,, 4 ul of each dNTP (blended with 2.5 mwm dATP, dGTP and dCTP, and
5 mm dUTP), 2.5 ul of each gene-specific primer (5 um), 0.5 ul of AmpErase
UNG (0.5 U), 0.25 ul of AmpliTag Gold (1.25 U) and 5 ul of cDNA (250 ng)
in a final volume of 50 yul. The conditions for the real-time PCR were: 50 °C
for 2 min, 95 °C for 12 min, and 35 cycles at 95 °C for 15 s and 60 °C for
1 min in ABI PRISM 7700 Sequence Detection System (Applied Biosystems).

Table 1. Gene-Specific Primers for Real-Time Polymerase Chain Reaction of
Human V2 Receptor and f3-2 Microglobulin.

V2 receptor (NAA: 000054)
Forward: ACTGTGAGGATGACGCTAGTGATTG
Reverse: GGACACGCTGCTGCTGAAAG

p-2 microglobrin (NAA: 004048)
Forward: CGGGCATTCCTGAAGCTGA
Reverse: GGATGGATGAAACCCAGACACATAG

© 2008 The Authors. Journal Compilation © 2008 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 20, 1295-1300
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7700 Sequence Detection software was used for instrument control, auto-
mated data collection and data analysis.

Data analysis. The number of PCR cycles was recorded until the fluores-
cence intensity exceeded the pre-determined threshold. The quantification of
the initial amounts of template molecules relied on this number of PCR
cycles, which is termed the cycle threshold (CT). The dCT represents the
CT of the target gene normalised to the human endogenous B2M (dCT =
CTarget — CTgom). Relative quantification of the mRNA expression levels of
target genes (= fold range) was calculated using the 279" method, where
ddCT = (CTyarget = CTaam)a = (CTearger — CTaam)e (10). For example, changes in
the gene expression of V2R in endolymphatic sac in Meniere's disease (MD)
compared with acoustic neurinoma (AN) were quantified as the fold range:
27%T[ddCT = (CTvzr — CTaomduo — (CTvzr — Claomland.

Western blotting

Samples from endolymphatic sac were homogenised on ice with polytron
homogeniser (PCU-11; Kinematica, Bohemia, NY, USA) in 20 mm HEPES (pH
7.2), 25 mm NaCl, 2 mm ethylennebis(oxonnitrilo)tetraacetic acid, 50 mm NaF,
1 mm Na3V04, 25 mm f-glycerophosphate, 0.2 mm dithithreitol, 1 mm phen-
ylmethanesulfonyl fluoride, 60 ug/ml aprotinin, 2 ug/ml leupeptin and
0.19% Triton X-100). After incubation at 4 °C for 30 min, homogenates were
sonicated (Sonifier 250; Branson Ultrasonics, Danbury, CT, USA) on ice for
1 min and centrifuged at 10 000 g at 4 °C for 30 min. The supernatant was
collected. Protein concentrations of these supernatants were measured with
a protein assay kit (Pierce, Rockford, IL, USA). Gel samples were prepared by
adding sample buffer, containing final concentrations of 50 mm Tris (pH
6.7), 2% SDS and 2% mercaptoethanol. Protein extracts (20 ug) were boiled
for 10 min, cooled to room temperature and loaded on 10% SDS-polyacryl-
amide gels. Equal amounts of protein in each sample were further checked
by immunablotting with f-actin monoclonal antibody (diluted 1 : 500)
(Oncogene Research Products, Calbiochem, San Diego, CA, USA).

Proteins were transferred to Hybond-PVDF membranes (Amersham Phar-
macia, Piscataway, NJ, USA) by using standard electroblotting procedures.
Membranes were incubated sequentially in the following solutions at 4 °C:
2% nonfat dry milk, 1% bovine serum albumin and normal goat serum
(NGS) in 0.3% Triton-X 100 in phosphate-buffered saline (PBS) for 3 h; anti-
sera against V2R (diluted 1 : 500) (sc-18100-R; Santa Cruz Inc., Santa Cruz,
CA, USA) in 19% BSA and NGS in 0.3% Triton-X 100 in PBS for 24 h; 0.1 m
PBS for 30 min; horseradish peroxidase-conjugated secondary antibody
(Dako, Carpinteria, CA, USA) in 1% BSA and NGS in 0.3% Triton-X 100 in
PBS for 3 h; 0.1 m PBS for 30 min. Protein bands were visualised using an
ECL detection kit and Hyperfilm MP (Amersham Pharmacia) and analysed
using Scion Image software (Scion Corp., Frederick,. MD, USA).

Organotypic culture of endolymphatic sac tissues

Tissue culture

According to a previous study (11), parts of the endolymphatic sac tissues
from patients with Meniere's disease (cases 16-18) and acoustic neurinoma
(cases 4-6) were rapidly removed and placed in cold HEPES-buffered saline
with Hank's balanced salt solution (HHBSS: 4 °C, pH 7.3). The tissues were
mounted flat on culture slides coated with 20 ul of a 1 : 5 dilution of Cell
Tek (Becton-Dickinson Biosciences, Franklin Lakes, NJ, USA) and covered with
300 pl of minimum essential medium containing p-valine (MEM p-Val), to
suppress fibroblast growth, as well as 10% fetal calf serum, 10 mm HEPES,
100 1U/ml penicillin and 2 mm glutamine. Cultures were maintained under a
5% CO, atmosphere at 37 °C for up to 12 h. The morphology of the cul-
tured tissues was monitored by differential interference contrast infra-red
light microscopy.

cAMP assay

After culture for up to 12 h, the endolymphatic sac tissues were incubated
with HHBSS (37 °C, 5% CO,, pH 7.3) for 30 min. [Arg8]-vasopressin alone
(Sigma Aldrich, St Louis, MO, USA) at 5-10 nm (AVP5-10) or vasopres-
sin/V2R specific antagonist OPC31260 (Otsuka Pharmaceutical Inc., Tokushi-
ma, Japan) at 10 nm/10-50 nm (AVP10/0PC10-50) was added to the HHBSS
at the incubation. Next, the supernatants from the tissues were placed in
96-well microplates and incubated with a cAMP assay solution (CAMP Fluo-
rescence Assay Kit; Nippon Genetics, Tokyo, Japan) at 37 °C for 30 min. Flu-
orescence images were captured and measured three times for each sample
by using an AX-70 fluorescence microscope (Olympus, Munster, Germany).
The cAMP activity was calculated as the relative fluorescence intensity on
the basis of the fluorescence intensity in acoustic neurinoma samples in a
control solution (AN in control = 1).

Statistical analysis

Statistical differences of patients' backgrounds (sex, age) between Meniere's
disease and controls were examined by the Mann-Whitney U-test. Statisti-
cal differences of the data between two groups in Figs 1 and 2 were
determined by an unpaired t-test. Co-relationships between two parame-
ters in Fig. 3 were analysed by Pearson's test. In Fig. 4, the Bonferron-
i/Dunn test was adopted to examine statistical changes among multiple
factors in each group and then an unpaired t-test was complementarily
used to check a trend of differences (strictly no significant differences)
between two factors in two groups. P < 0.05 was considered statistically
significant (or to demonstrate a trend of differences for the unpaired
t-test in Fig. 4).

All the statistical analyses in the present study were carried out using
SPSS version 14.0 (SPSS Inc., Chicago, IL, USA) according to the sugges-
tions of a registered statistician (Dr Y. Yamagiwa, certificate number:
0540072).
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Fig. 1. Plasma vasopressin levels in Meniere's disease patients compared
with control patients. Plasma vasopressin (pAVP) was significantly higher in
Meniere's disease (MD) patients (n = 105; 3.30 & 0.30 pg/ml) compared to
control chronic otitis media (OM) patients (n = 30; 2.11 & 0.38 pg/ml) dur-
ing the early morning of the day of surgery (unpaired t-test: *P = 0.048).
There were no significant differences between the pAVP levels in unilateral
(n = 87; 3.47 + 035 pg/ml) and bilateral (n = 18; 2.49 £ 0.40 pg/ml) MD
patients (unpaired t-test: P = 0.221).
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Fig. 2. V2 receptor mRNA and protein expression levels in the endolym-
phatic sac in Meniere's disease patients compared with control patients. (x)
The relative V2 receptor (V2R) mRNA expression in the endolymphatic sac
was significantly higher in Meniere's disease (MD) patients (n = 12;
24.89 + 6.65 fold) compared to control acoustic neurinoma (AN) patients
(n =6; 062 % 0.10 fold) as evaluated by real-time PCR (unpaired t-test:
*P = 0.022). There were no significant differences between the V2R mRNA
expression levels in unilateral (n =9; 27.86 + 8.19 fold) and bilateral
(n=3; 1596 & 10.72 fold) MD patients (unpaired t-test: P = 0.465). (g)
V2R protein expression in the endolymphatic sac was also higher in MD
patients compared to control AN patients as evaluated by western blotting.
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Fig. 3. Co-relationship between plasma vasopressin and V2 receptor mRNA
expression in the endolymphatic sac in 12 cases of Meniere's disease. There
was a significant negative co-relationship between plasma vasopressin
(pAVP) and V2 receptor (V2R) mRNA expression in the endolymphatic sac in
12 cases of Meniere's disease (Pearson's test: r = —0.68, *P = 0.014).

Results

The raw data for 12 cases with Meniere's disease, including their
plasma vasopressin levels, V2R mRNA expression level in the endo-

lymphatic sac, vertigo frequency, hearing level and duration of dis-
ease before surgery, are shown in Table 2. We judged these
patients' data of vertigo frequency, hearing level and duration of
disease by questionnaire and/or review of the clinical notes.

The plasma vasopressin level was 1.6-fold higher in Meniere's
disease patients (n = 105; 3.30 £ 0.30 pg/ml) compared to control
chronic otitis media patients (n = 30; 2.11 4= 0.38 pg/ml) and this
difference was significant (unpaired t-test: P = 0.048; Fig. 1). There
were no significant differences between the plasma vasopressin lev-
els in unilateral (n = 87; 3.47 £ 0.35 pg/ml) and bilateral (n = 18;
2.49 4 0.40 pg/ml) Meniere's disease patients (unpaired t-test:
P =0.221).

The relative V2R mRNA expression level in the endolymphatic sac
was 41.5-fold higher in Meniere's disease patients (n = 12;
24.89 & 6.65-fold) compared to control acoustic neurinoma
patients (n = 6; 0.62 + 0.10-fold) and this difference was signifi-
cant (unpaired t-test: P = 0.022; Fig 24). These results were con-
firmed at the protein expression level by western blotting (Fig. 2s).
There were no significant differences between the V2R mRNA
expression levels in unilateral (n = 9; 27.86 + 8.19 fold) and bilat-
eral (n=3; 1596 4 10.72 fold) Meniere's disease patients
(unpaired t-test: P = 0.465).

In Meniere's disease patients, there was a significant negative
co-relationship between plasma vasopressin and V2R mRNA expres-
sion in the endolymphatic sac (Pearson's test: r = —0.68, P = 0.014;
Fig. 3).

According to the results for endolymphatic sac tissue cultures
(Fig. 4), the relative cAMP activity in the endolymphatic sac was
2.1-fold higher in Meniere's disease patients (n = 3: 2.59 £ 0.39
fold) compared to control acoustic neurinoma patients (n = 3:
1.24 £ 0.21 fold) and this difference had a tendency for signifi-
cance. (Meniere's disease in control versus acoustic neurinoma in
control: unpaired t-test: P = 0.039). Furthermore, the vasopressin
sensitivity of cAMP in the endolymphatic sac was 4.9 times higher
in Meniere's disease patients (n = 3: 12.25 & 1.30 fold) compared
to control acoustic neurinoma patients (n = 3: 2.49 + 0.29 fold)
and this difference also had a tendency for significance. (Meniere's
disease in AVP10 versus acoustic neurinoma in AVP10: unpaired
t-test: P = 0.002). These elevations were significantly suppressed by
V2R specific antagonist OPC31260 in dose-dependent manners in
both groups (Meniere's disease: Bonferroni/Dunn test: P = 4.07E-
06; acoustic neurinoma: Bonferroni/Dunn test: P = 0.005).

All the values in presented are expressed as the mean 4= SEM.
All the error bars in Fig. 4 were normalised to the acoustic neurin-
oma control value.

Discussion

For more than a decade, it has been known that plasma vasopres-
sin levels are significantly higher in patients with inner ear endo-
lymphatic hydrops, including Meniere's disease, during remission
(12) or attacks (9), than those in patients with vertigo due to non-
endolymphatic hydrops, such as benign paroxysmal positional ver-
tigo and vestibular neuronitis. Systemic injection of vasopressin was
also found to induce bilateral endolymphatic hydrops and hearing
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Fig. 4. cAMP activity in the endolymphatic sac in Meniere's disease patients
compared with control patients. The relative cAMP activity in the endolym-
phatic sac was basally up-regulated in Meniere's disease (MD) patients
(n=3; 259 4 0.39 fold) compared with control acoustic neurinoma (AN)
patients (n = 3; 1.24 £ 0.21 fold), and this difference had a tendency MD in
control versus AN in control: unpaired t-test: *P = 0.039). Furthermore, the
vasopressin sensitivity of cAMP in the endolymphatic sac was largely ele-
vated in MD patients (n = 3; 12.25 & 1.30 fold) compared with control AN
patients (n = 3; 2.49 & 0.29 fold) and this difference also had a tendency
(MD in AVP10 versus AN in AVP10: unpaired t-test: **P = 0.002). These ele-
vations were significantly suppressed by V2R specific antagonist OPC31260,
in dose-dependent manners in both groups (MD: Bonferroni/Dunn test:
***P = 4,07E-06; AN: Bonferroni/Dunn test: ***P = 0.005). Control, control
solution only; AVP5-10, with 5-10 nm vasopressin; AVP10/0PC10-50, with
10 nm vasopressin and 10-50 nw V2R antagonist OPC31260.

deterioration in guinea pigs (13). These findings led to the hypothe-
sis that a high level of plasma vasopressin is one of the causes of
inner ear endolymphatic hydrops in Meniere's patients. However, it
has recently been reported that plasma vasopressin levels in
patients with unilateral Meniere's disease do not differ significantly
from those in healthy volunteers (14). Furthermore, the hypothesis
of a high level of plasma vasopressin, which should have equal
effects on the bilateral ears, contradicts the fact that 70-80% of
Meniere's disease patients are unilaterally affected (15). Therefore,
the above hypothesis appears to be insufficient to explain the path-
ogenesis of endolymphatic hydrops, which has remained unex-
plained ever since Yamakawa (1) and Hallpike and Cairns (2) first
demonstrated endolymphatic hydrops in Meniere's temporal bone in
1938. In the present study, to resolve this controversial relationship
between vasopressin and Meniere's disease, we focused on plasma
ligands and also on receptors in the inner ear in Meniere's disease.
Regarding vasopressin receptors, V2R molecules have been
detected in rat (11, 16) and human (11, 17) inner ear endo-organ
tissues. V2R is clearly distributed together with a V2R-linked water
channel molecule, aquaporin-2 (AQP2), in the luminal epithelium of
the human endolymphatic sac (17). Interestingly, the physiological
interactions between vasopressin and V2R in the endolymphatic sac
attenuate membranous turnover via cAMP-dependent signalling in

Table 2. Raw Data for 12 Cases of Meniere's Disease.

V2R Vertigo
pAVP mRNA  frequency Hearing Duration
(pg/ml)  (fold) (per month)  level (dB)  (per month)
MD 1 0.5 64.78 1.0 30.0 34
MD 2 (Bil) 0.8 36.90 3.3 425 12
MD3 0.8 69.28 1.0 45.0 60
MD4 13 13.72 1.3 66.3 84
MD5 2.0 20.18 33 60.8 98
MD6 2.7 1.90 L7 70.0 48
MD7 2.7 32.38 7.3 57.5 18
MD 8 (Bil) 3.1 945 20 30.7 45
MD9 35 2952 80 66.5 30
MD10 4.2 17.32 40 60.0 48
MD11 6.0 1.70 20 58.5 60
MD12 (Bil) 8.0 1.52 2.5 75.6 96

The raw data for 12 cases of Meniere's disease (MD) include the plasma
vasopressin level (pAVP), V2 receptor mRNA expression level in the endolym-
phatic sac (V2R), vertigo frequency, hearing level and duration of disease
(Duration) before surgery. Bil, bilateral Meniere's disease.

a manner that contrasts to that in the kidney in rats (11). These
interactions also translocated AQP2 from the luminal to the baso-
lateral side in a manner that contrasts to that in the human kidney
(Maekawa C, Kitahara T, Doi K, Horii A, Kizawa K, Kiyama H; unpub-
lished data). These findings indicate that V2R and cAMP-linked
signalling could suppress endolymphatic fluid absorption in the
endolymphatic sac. First, in the present study, V2R mRNA expres-
sion in the endolymphatic sac was much higher in Meniere's
patients compared to controls (41.5-fold); whereas plasma vaso-
pressin level was only elevated 1.6-fold. cAMP activity was basally
up-regulated 2.1-fold and cAMP sensitivity to vasopressin was sig-
nificantly elevated 4.9-fold in the endolymphatic sac in Meniere's
patients compared to controls. All these findings suggest that V2R
overexpression and cAMP hypersensitivity in the endolymphatic sac
could attenuate membranous turnover and cause endolymphatic
fluid overflow into the endolymphatic space, even after a small
increase in plasma vasopressin. In other words, patients with V2R
overexpression and cAMP hypersensitivity in the unilateral endo-
lymphatic sac could develop unilateral inner ear susceptibility to
plasma vasopressin elevation, resulting in unilateral endolymphatic
hydrops and subsequent attacks of vertigo, with hearing loss and
tinnitus in the unilateral ear. Second, we detected a significant neg-
ative co-relationship between plasma vasopressin and V2R expres-
sion in the endolymphatic sac in Meniere's patients, consistent with
an earlier study on the application of vasopressin in normal rats
(16). Taken together with the results of high levels of both plasma
vasopressin and V2R in the endolymphatic sac in Meniere's
patients, it is suggested that a negative-feedback system between
plasma vasopressin and its receptor in the endolymphatic sac in
normal subjects could function for inner ear fluid homeostasis and
avoid generating endolymphatic hydrops after plasma vasopressin
elevation. Although the mechanisms of this negative-feedback
system remain to be clarified, it may explain why previous studies

© 2008 The Authors. Journal Compilation © 2008 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 20, 1295-1300
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of plasma vasopressin in Meniere's disease have produced a large
variety of controversial results (9, 12, 14).

Finally, we would like to speculate about the possible causes of
attacks associated with inner ear pathology in Meniere's disease. It
has been reported that Meniere's disease is usually triggered by
immune, infectious, traumatic or other insults to the inner ear in
association with a small misplaced malfunctioning endolymphatic
sac (18, 19). Among these insults, immune-mediated responses in
the inner ear endo-organs, such as the endolymphatic sac, stria
vascularis and spiral ligament, are thought to be the main causes
of fluid homeostatic disorder in Meniere's disease (20, 21). Certain
virus infections of the endolymphatic sac in early childhood, such
as varicella-zoster, Epstein-Barr and adenovirus infections, repre-
sent other possible causes for the dysfunction of fluid homeostasis
(22, 23). Taken together with the present data, it is suggested that
autoimmune responses and/or virus infections could modulate V2R
regulatory genes in the endolymphatic sac for V2R overexpression
and hypersensitivity of cAMP-linked signalling there. After such
insults to the inner ear, endolymphatic hydrops could gradually be
generated because of the susceptibility of the V2R-overexpressed
and cAMP-hypersensitised inner ear to plasma vasopressin eleva-
tion, and perhaps the rupture of Reissner's membranes (24), thereby
resulting in attacks of Meniere's disease.

In conclusion, we hypothesised that Meniere's patients with over-
expression and hyperactivity of V2R in the endolymphatic sac develop
endolymphatic hydrops and vertigo attacks after plasma vasopressin
elevation. However, it remains unclear when or what kinds of insults
could make the inner ear susceptible to plasma vasopressin elevation,
probably as a result of stress, and what kinds of or how long a period
of stress could lead to a high level of plasma vasopressin during the
development of endolymphatic hydrops in Meniere's disease. Experi-
mental and clinical studies are required to better clarify the relation-
ship between stress and Meniere's disease.
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Journal of Meniere's disease, characterised by episodic vertigo, fluctuating hearing loss and tinnitus, can
. occur under conditions of stress. Its pathology was first revealed to be inner ear hydrops
NEUI’OEHdOCI’IHO'OQ\/ through temporal bone studies in 1938. Although its pathogenesis has been proposed to be a

disorder of water transport in the inner ear, subsequently, it remains unsolved, until now. A
recent study revealed that both plasma stress hormone, vasopressin (pAVP) and its receptor, V2
(V2R) expression in the inner ear endolymphatic sac were significantly higher in Meniere's
patients. In the present study, to link V2R-related molecules and inner ear hydrops, we exam-
ined V2R-linked water channel molecule, aquaporin-2 (AQP2) expression and translocation in
human endolymphatic sac. AQP2 mRNA expression in the endolymphatic sac was significantly
higher in Meniere's patients by using real-time polymerase chain reaction, as further confirmed
by western blotting. AQP2-like immunoreactivity (-LIR) was translocated from luminal to baso-
lateral side with endosomal trapping in the endolymphatic sac at the time of AVP exposure in
human endolymphatic sac tissue culture. The similar AQP2-LIR translocation was also demon-
strated by forskolin and blocked by vasopressin/V2R specific antagonist, OPC31260 and protein
kinase A (PKA) specific antagonists, H-89 and KT-5720. We concluded that in the pathogenesis
of inner ear hydrops resulting in Meniere's attacks, pAVP elevation as a result of stress and
subsequent V2R-cAMP-PKA-AQP2 activation and endosomal trapping of AQP2 in the endolym-
phatic sac, might be important as a basis of this disease. Further experimental and clinical stud-
ies are needed to better clarify the neuroscientific relationship between stress and Meniere's
disease.
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The otopathology in Meniere's disease was first revealed to be inner
ear endolymphatic hydrops through temporal bone studies in 1938
(1,2), so that it has been gradually understood the fluid homeo-
static system in the endolymphatic sac via water transport-related
molecules such as vasopressin and aquaporin (3). Subsequently, it
was proposed that the pathogenesis in Meniere's disease could be
inner ear endolymphatic hydrops as a result of a disorder of water
transport-related molecules.

A previous study revealed that both plasma stress hormone,
vasopressin (pAVP) and its receptor, V2 (V2R) expression in the
inner ear endolymphatic sac were significantly higher in Meniere's
patients (4,5). In the present study, to link V2R-related molecules
and inner ear hydrops, we examined V2R-linked water channel

molecule, aquaporin-2 (AQP2) expression and translocation in
human endolymphatic sac.

Materials and methods

The use of all the human materials in the present study was approved by
the Ethics Committee of Osaka University, School of Medicine (certificate
number: 0424).

Diagnosis and enrolment

Patients were eligible for enrolment if they had received a clinical diagnosis
of Meniere's disease according to the 1995 AAQ-HNS criteria (6). These cri-
teria comprise: (i) repeated attacks of vertigo: a definitive spell is spontane-
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ous vertigo lasting at least 20 min (a mixed type of spontaneous nystag-
mus is observed during attacks); (i) fluctuating cochlear symptoms: the
hearing test usually reveals a marked fluctuation of the threshold in the
low and middle tone range; and (iii) exclusion of other causes: to exclude
other disorders, a thorough history, neurological, neurotological and mag-
netic resonance imaging examinations were carried out. Intractable Meni-
ere's disease was designated in cases where various forms of medical and
psychological managements failed for at least 6 months. Medical manage-
ments included diuretics, betahistine, diphenidol, dimenhydrinate and diaze-
pam, which were considered to be effective for persistent symptoms in
Meniere's disease (7).

Patients diagnosed with intractable Meniere's disease were treated with
endolymphatic sac drainage if there were no contraindications to surgery.
The technical details of this surgery have been described previously (8-10).

Molecular examination for vasopressin receptor

Patients and controls

Before surgery, we obtained permission for collection of endolymphatic sac
tissue during surgery from 15 Meniere's disease (MD) patients (unilateral
MD: 12 cases; bilateral MD: three cases). We also prepared nine vestibular
schwannoma (VS) patients without any direct endolymphatic sac damage as
controls. Tissue samples from a part of the endolymphatic sac in both
groups, MD and VS, were collected during surgery (endolymphatic sac drain-
age for MD and acoustic neurinoma removal surgery for VS). There were no
significant differences in patients’ background (sex and age) between MD
(male : female =7 : 8, 486+ 58) and VS (male: female =4 :5,
520 4 7.5). A part of samples used in the present study have been
described previously (4).

Tissue preparation

For real-time polymerase chain reaction (PCR) (MDs: 1-12; VSs: 1-6) and
western blotting (MDs: 13-15; VSs: 1-3), tissues were obtained from the
endolymphatic sac during endolymphatic sac drainage for MD or vestibular
schwannoma removal surgery for VS, replaced immediately in chilled phos-
phate-buffered saline (PBS) (pH 7.3) and frozen with dry ice powder.

Real-time PCR

Total RNA extraction

Total RNA was extracted from dissected frozen tissues using TRIzol reagents
(Gibco BRL, Gaithersburg, MD, USA). Briefly, samples were homogenised in
0.8 ml of TRIzol reagent. Chloroform was then added and the mixture was
centrifuged to separate the RNA phase from the DNA phase. The RNA phase
was used for RNA precipitation using isopropyl alcohol. The RNA samples
were rinsed with ethanol and dissolved with RNase-free water. Finally, the
RNA samples were treated with RNase-free Dnase | (Roche Diagnostics,
Indianapolis, IN, USA) to remove contaminated genomic DNAs before reverse
transcription.

Reverse transcription of RNA

The reverse transcription mixture included 10 ul of 10x PCR Taq Gold buffer
Il (Applied Biosystems, Foster City, CA, USA), 30 ul of 25 mm MgCl,, 4 ul of
25 mm of each dNTP, 5 ul of 100 um of random primers (Gibco BRL), 2 ul
of RNasin (Applied Biosystems), 1.25 ul of Super-Script Il (Applied Biosys-
tems) and 5 ul (250 ng) of DNA-free total RNA in a final volume of 100 ul.

The mixture was incubated at 25 °C for 10 min, 48 °C for 30 min and
95 °C for 5 min in a 9600 Thermocycler (Applied Biosystems).

Reverse-transcriptase PCR

Samples with reverse transcriptase were forwarded for PCR (95 °C for
12 min and 35 cycles at 95 °C for 15 s and 60 °C for 1 min) and electro-
phoresed on 1.5% agarose gel to check the results of reverse-transcriptase
PCR. Samples without reverse transcription were also forwarded for PCR as
negative controls to ensure that there was no genomic DNA contamination.

PCR products were electrophoresed on 3% Seakem GTG agarose gel (FMC
Bioproducts, Philadelphia, PA, USA) and purified using QIA quick Gel Extrac-
tion kit (Qiagen, Valencia, CA, USA). Sequencing was accomplished by means
of ABI Prism dRhodamine Terminator Cycle Sequencing Ready Reaction kit
with ABI 310 DNA sequencer (Applied Biosystems).

Real-time quantitative PCR

PCR reactions were performed in the presence of the oligonucleotide prim-
ers for AQP2 (forward: 5-CCACCTCCTTGGGATCCATT-3"; reverse: 5"-GTGAC-
GACAGCTGGAGCCA-3") (NM: 000486) (Takara Bio Inc., Otsu, Japan) and f8-2
microglobrin (B2M) (forward: 5-CGGGCATTCCTGAAGCTGA-3’; reverse: 5'-
GGATGGATGAAACCCAGACACATAG-3") (NM: 004048) (Takara Bio Inc) and
quantified by SYBR Green PCR reagents (Applied Biosystems). B2M, an
endogenous housekeeping gene, was used as an internal control for this
method. Each sample determination was performed in triplicate.

The PCR mixture included 5 ul of 10x SYBR PCR buffer, 6 ul of 25 mm
MgCly, 4 pl of each dNTP (blended with 2.5 mm dATP, dGTP and dCTP, and
5 mm dUTP), 2.5 ul of each gene-specific primer (5 um), 0.5 ul of AmpErase
UNG (0.5 U), 0.25 ul of AmpliTag Gold (1.25 U) and 5 ul of cDNA (250 ng)
in a final volume of 50 ul. The conditions for the real-time PCR were: 50 °C
for 2 min, 95 °C for 12 min and, 35 cycles at 95 °C for 15 s and 60 °C for
1 min in ABI PRISM 7700 Sequence Detection System (Applied Biosystems).
7700 Sequence Detection software was used for instrument control, auto-
mated data collection and data analysis.

Data analysis

The number of PCR cycles was recorded until the fluorescence intensity
exceeded the pre-determined threshold. The quantification of the initial
amounts of template molecules relied on this number of PCR cycles, which
is termed the cycle threshold (CT). The dCT represents the CT of the target
gene normalised to the human endogenous B2M (dCT = CTyrger — CTaom)-
Relative quantification of the mRNA expression levels of target
genes (= fold range) was calculated using the 27997 method, where
ddCT = (CTearget — CTaoma — (CTiarger — CToamls (11). For example, changes
in the gene expression of AQP2 in endolymphatic sac in MD compared
with VS were quantified as the fold range: 279 (ddCT =
(CTagp2=CTeomdmp = (CTagro—CTaamlvs)-

Western blotting

Samples from endolymphatic sac were homogenised on ice with polytron
homogeniser (PCU-11; Kinematica, Bohemia, NY, USA) in 20 mm HEPES (pH
7.2), 25 mm NaCl, 2 mm EGTA, 50 mm NaF, 1 mm NasV0,4 25 mm f-glycero-
phosphate, 0.2 mm dithiothreitol, 1 mm phenylmethylsulphonyl fluoride,
60 ug/ml aprotinin, 2 ug/ml leupeptin and 0.1% Triton X-100. After incu-
bation at 4 °for 30 min, homogenates were sonicated (Sonifier 250; Branson
Ultrasonics, Danbury, CT, USA) on ice for 1 min and centrifuged at 10 000 g
at 4 °C for 30 min. The supernatant was collected. Protein concentrations of
these supernatants were measured with a protein assay kit (Pierce, Rockford,
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IL, USA). Gel samples were prepared by adding sample buffer, containing
final concentrations of 50 mm Tris (pH 6.7), 2% sodium dodecyl sulphate
(SDS) and 2% mercaptoethanol. Twenty microgrammes of protein extracts
were boiled for 10 min, cooled to room temperature and loaded on 10%
SDS-polyacrylamide gels. Equal amounts of protein in each sample were fur-
ther checked by immunoblotting with B-actin monoclonal antibody (diluted
1 : 500) (Oncogene Research Products, Calbiochem, San Diego, CA, USA).

Proteins were transferred to Hybond-PVDF membranes (Amersham Phar-
macia, Piscataway, NJ, USA) by using standard electroblotting procedures.
Membranes were incubated sequentially in solutions (at 4 °C) of: 2% nonfat
dry milk, 1% bovine serum albumin (BSA) and normal goat serum (NGS) in
0.3% Triton-X 100 in PBS for 3 h; antisera against AQP2c for C-terminal
intracellular domain (sc-28629; Santa Cruz Inc, Santa Cruz, CA, USA)
(diluted 1 : 500) in 1% BSA and NGS in 0.3% Triton-X 100 in PBS for 24 h;
0.1 ™ PBS for 30 min; horseradish peroxidase-conjugated secondary anti-
body (Dako, Carpinteria, CA, USA) in 1% BSA and NGS in 0.3% Triton-X 100
in PBS for 3 h; 0.1 m PBS for 30 min. Protein bands were visualised using
an ECL detection kit and Hyperfilm MP (Amersham Pharmacia) and analysed
using Scion Image software (Scion Corp., Frederick, MD, USA).

Organotypic culture of endolymphatic sac tissues

Tissue culture

According to the previous study (12), parts of the endolymphatic sac tissues
from patients with VSs (cases 4-9) were rapidly removed and placed in cold
HEPES-buffered saline with Hank's balanced salt solution (HHBSS: 4 °C, pH
7.3). The tissues were mounted flat on culture slides coated with 20 ul of a
1 : 5 dilution of Cell Tek (Becton-Dickinson Biosciences, Franklin Lakes, NJ,
USA) and covered with 300 ul of minimum essential medium containing
D-valine to suppress fibroblast growth as well as 10% foetal calf serum,
10 mm HEPES, 100 IU/ml penicillin and 2 mm glutamine. Cultures were
maintained under a 5% CO, atmosphere at 37 °C for up to 12 h. The mor-
phology of the cultured tissues was monitored by differential interference
contrast infrared light microscopy.

Immunohistochemistry

Intracellular translocation of AQP2-like immunoreactivity
After culture at 37 °C for up to 12 h, the endolymphatic sac tissues were
incubated with HHBSS (37 °C, pH 7.3) for 30 min and then divided into
three pieces in each VS case 4-9. [Arg8]-vasopressin alone (Sigma Aldrich,
St Louis, MO, USA) at 10 nm (AVP10) or [Arg8]-vasopressin with vasopres-
sin/V2R specific antagonist, OPC31260 (Otsuka Pharmaceutical Inc., Tokushi-
ma, Japan) at 5-10 nm/10-20 nm (AVP5-10/0PC10-20) was added to the
HHBSS at the incubation. Forskolin alone (Sigma Aldrich) at 10-50 um (for-
skin10-50) was also added to the HHBSS at the incubation. Furthermore,
[Arg8]-vasopressin with protein kinase A (PKA) specific antagonist, H-89
(Sigma Aldrich) at 10 nm/0.5-1 um (AVP10/H0.5-1) or KT-5720 (Sigma
Aldrich) at 10 nm/5-10 um (AVP10/KT5-10) was added to the HHBSS at the
incubation. The doses of reagents were determined according to previous
studies (4,12,13). Whole amounts of the pieces were post-fixed in 4% para-
formaldehyde for 24 h, incubated in 30% sucrose for 24 h and washed in
0.1 m PBS for 3 h at room temperature.

Whole amounts of the pieces were incubated sequentially in the follow-
ing solutions without Triton X-100 at RT: 5% normal donkey serum in
0.1m PBS for 2 h; antisera against AQP2c for C-terminal intracellular
domain (sc-28629: Santa Cruz Inc.) and AQP2n for N-terminal extracellular
domain (sc-9880: Santa Cruz Inc) (diluted 1:1000) in 0.1 wm PBS for
72 h; 0.1m PBS for 15 min; fluorescein isothiocyanate (FITC)-conjugated
anti-goat immunoglobulin G secondary antibody (Jackson ImmunoResearch,
Bar Harbor, ME, USA) (diluted 1 : 1000) in 0.1 m PBS for 24 h; 0.1 m PBS
for 15 min, and then examined under a fluorescence microscope. All
images in Fig. 2(a8) were viewed from the luminal side (see the schema in
Fig. 2c). For negative controls, primary antibodies were either preabsorbed
with each control peptide (diluted 1:50) or the primary antibody was
omitted.

Fluorescence images were captured four times in each (n = 4) from the
luminal side by using an AX-70 fluorescence microscope (Olympus, Ham-
burg, Germany). AQP2-like immunoreactivity (-LIR) was calculated as the rel-

(a) 5.0 -
AQP2
15 . *P =0.029
o
E .
é 3.0 AQP2i 8 N —
€
g B- AN s————-——
& 2.0 MD13 MD14 MD15 VS1 V52 VS3
v (B)
3
e l
1.0
0.0
Meniere's Vestibular
disease schwannoma
n=12) (n=6)

Fig. 1. Aquaporin-2 (AQP2) mRNA and protein expression levels in the endolymphatic sac in Meniere's disease patients compared with control patients.
(a) The relative AQP2 mRNA expression in the endolymphatic sac was significantly higher in Meniere's disease (MD) patients (n = 12; 2.52 + 0.40-fold) than
in control vestibular schwannoma (VS) patients (n = 6; 1.02 & 0.36-fold) as evaluated by real-time polymerase chain reaction (unpaired t-test: *P = 0.029).
(8) AQP2 protein expression in the endolymphatic sac was also higher in MD patients than in control VS patients as evaluated by western blotting.
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Table 1. Raw data for 12 cases of Meniere's disease.

V2R AQP2
mRNA  mRNA  Vertigo frequency  Hearing Duration
(fold)*  (fold)*  (/months) level (dB)  (months)
MDI 6478 405 1.0 300 34
MD2 (Bil) 36.90 1.92 33 425 12
MD3 69.28 3.62 1.0 45.0 60
MD4 13.72 2.10 1.3 66.3 84
MD5 20.18 1.26 33 60.8 98
MD6 190  1.06 1.7 70.0 48
MD7 32.38 5.02 73 57:5 18
MD8 (Bil) 9.45 1.70 20 30.7 45
MD9 29.52 445 80 66.5 30
MD10 17.32 2.21 40 60.0 48
MD11 1.70 1.35 20 58.5 60
MD12 (Bil) 1.52 1.48 25 75.6 96

Showing V2 receptor (V2R) and aquaporin-2 (AQP2) mRNA expression levels
in the endolymphatic sac, vertigo frequency, hearing level and duration of
disease before surgery. There was a significant positive co-relationship
between V2R and AQP2 mRNA expression levels in the endolymphatic sac
(Pearson's test: *r = +0.69, P = 0.013). Bil, bilateral Meniere's disease.

ative fluorescence intensity on the basis of the fluorescence intensity in
each VS case 4-9 in a control solution (CONT = 1 in Fig. 3).

Co-localisation of AQP2 and EEAT1-like immunoreactivity

To determine whether the AQP2 molecule was stored intracellularly after
AVP stimulation, a co-localisation study of AQP2 and an endosomal marker

(A) Anti-AQP2c (sc-28629) (B) Anti-AQP2n (sc-9880)

Control
Control

AVP10 nm

AVP10 nw/OPC20 nu AVP10 nwOPC20 nm_

was performed. Using both kinds of antibodies, AQP2c for aquaporin-2
C-terminal domain (sc-28629: Santa Cruz Inc.) (FITC-labelled: green colour)
and EEA1 for early endosome antigen-1 (sc-6415: Santa Cruz Inc.) (texas-
red labeled: red colour), co-localisation was detected at the 5-um thick
cryostat sections by means of confocal laser scanning microscopy as merged
cells in the saline- (control, n = 3) and AVP-treated endolymphatic sac
(AVP10, n = 3) of control patients (yellow coloir).

Statistical analysis

Statistical differences of patients' backgrounds (sex, age) between Meniere's
disease and controls were examined by the Mann-Whitney U-test. Statistical
differences of the data between two groups in Fig. 1(a) were determined by
unpaired t-test. In Fig. 3, a Bonferroni/Dunn test was adopted to examine
statistical changes among multiple factors in each group and then an
unpaired t-test was used complementarily to check a trend of differences
(strictly no significant differences) between two factors in two groups. In
Table 1, statistical relationships between two factors were evaluated by
Pearson's correlation coefficient.

P <005 (Fig. 1o and Table 1) were considered statistically significant.
P < 0.05 (Fig. 3) were considered to show a trend of differences. All the sta-
tistical analyses in the present study were carried out using spss, version 14.0
(SPSS Inc., Chicago, IL, USA). All values are expressed as the mean =+ SEM.

Results

The raw data for 12 cases with Meniere's disease, including their
V2R and AQP2 mRNA expression levels in the endolymphatic sac,
vertigo frequency, hearing level and duration of disease before sur-
gery, are shown in Table 1. We judged these patients' data of ver-
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Fig. 2. Intracellular translocation of aquaporin-2 (AQP2)-like immunoreactivity (-LIR) via V2 receptor (V2R)-cAMP-protein kinase A (PKA) system in the human
endolymphatic sac. Using both kinds of antibodies, AQP2c for C-terminal () and AQP2n for N-terminal (8), AQP2-LIR was detected in the luminal side of endo-
lymphatic sac tissue (e, sa). Furthermore, the AQP2-LIR was translocated from luminal to basolateral of the endolymphatic sac at the time of vasopressin
(AVP) exposure (ab, 8b) and reversed by AVP/V2R specific antagonist, OPC31260 (OPC) (ac, 8c). Using AQP2n antibody only, the similar AQP2-LIR translocation
was also demonstrated by forskolin (forskin) (sd) and blocked by PKA specific antagonists, H-89 (se) and KT-5720 (sf). All images were viewed from the luminal

side of whole amount of pieces of endolymphatic sac (see the schema in c).

© 2010 The Authors. Journal of Neuroendocrinology © 2010 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 22, 1157-1164

— 394 —



AQP2 in Meniere's disease 1161

Anti-AQP2n (sc-9880)

*, % %
I *, kK
! !*,**
SERSpuans g gk
1.004 gk e

> ——

[

>

@

-~

c

[«

[}

wv

[

=

[}

>

=

B

2 0.50

=

]

[

=

i)

o

[

{ill st E
000 g : i

Cont  AVPSnm AVP10 nm AVP10 nm AVP10 nm

/OPC10 nm /OPC20 nm  /H89 0.5 pm /H8I 1 um /KT5720 5 um/KTS720 10 pm 10 pm

Forskolin  Forskolin

AVP10 nm AVP10 nm AVP10 nm AVP10 nm

50 um
(n =4 in each)

Fig. 3. Statistical analysis of aquaporin-2 (AQP2)-like immunoreactivity (-LIR) intensity in the endolymphatic sac. Changes in all the relative fluorescence
intensity of AQP2n-LIR in Fig. 28 were confirmed statistically. The blockade of vasopressin (AVP) effects by OPC31260, H-89 or KT-5720 was demonstrated in a
dose-dependent manner (Bonferroni/Dunn test: **P < 0.05; unpaired t-test: *P < 0.05). The relative fluorescence intensity was calculated on the basis of the
fluorescence intensity in each case in a control solution (Cont = 1). OPC, AVP/V2R specific antagonist, OPC31260; forskIn, forskolin; H, protein kinase A (PKA)

specific antagonist, H-89; KT, PKA specific antagonist, KT-5270.

tigo frequency, hearing level and duration of disease by question-
naire and/or review of the clinical notes.

The relative AQP2 mRNA expression level in the endolymphatic
sac was 2.47-fold higher in Meniere's disease patients (n = 12;
2.52 4+ 0.40-fold) than in control vestibular schwannoma patients
(n=6; 1.02 &+ 036-fold), and this difference was significant

(A) AQP2c-LIR (cont)

(C) Merge (cont)

(unpaired t-test: P =0.029) (Fig. 14). These results were con-
firmed at the protein expression level by western blotting (Fig. 18).
In Meniere's disease patients, there was a significant positive
co-relationship between V2R and AQP2 mRNA expression levels in
the endolymphatic sac (Pearson's test: r = +0.69, P =0.013)
(Table 1).

(D) AQP2c-LIR (AVP10)

5 pum thick
cryostat sections

Basolateral

Luminal

Fig. 4. Co-localisation of aquaporin-2 (AQP2)- and early endosome antigen (EEA)1-like immunoreactivity (-LIR) in the human endolymphatic sac. Using both
kinds of antibodies, AQP2¢ for aquaporin-2 C-terminal domain (x, o: green) and EEA1 for early endosome antigen-1 (8, : red), co-localisation was shown as
merged cells in the endolymphatic sac of control (cont) patients (c: yellow). Furthermore, the number of merged cells was increased in the endolymphatic sac
at the time of vasopressin (AVP) exposure (r: yellow). All images were viewed from the lateral side of 5 um thick cryostat sections: upward basolateral; down-

ward luminal (see schema in 6).
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Using both kinds of antibodies, AQP2c and AQP2n, AQP2-LIR
was detected in the luminal side of endolymphatic sac tissue
(Fig. 2aa,8a). Furthermore, the AQP2-LIR was translocated from
luminal to basolateral side of the endolymphatic sac at the time of
AVP exposure (Fig. 2ab,eb) and reversed by vasopressin/V2R specific
antagonist, OPC31260 (Fig. 2ac,8c). Using AQP2n antibody only, the
similar AQP2-LIR translocation was also demonstrated by forskolin
(Fig. 28d) and blocked by PKA specific antagonists, H-89 (Fig. 2se)
and KT-5720 (Fig. 28f). Changes in all the relative fluorescence
intensity of AQP2-LIR in a dose-dependent manner were confirmed
statistically, as shown in Fig. 3 (Bonferroni/Dunn test: *P < 0.05;
unpaired t-test: *P < 0.05).

Co-localisation of AQP2c and EEA1-LIRs was demonstrated in
Fig. 4. In the control state, some merged cells (yellow) were seen in
the human endolymphatic sac (Fig. 4c). In the AVP-treated state
(AVP10), the number of merged cells (yellow) was increased
(Fig. 4.

Discussion

Subsequent to the end of the last century, it has been discussed
that the plasma vasopressin levels in patients with Meniere's dis-
ease (endolymphatic hydrops), during remission (14) as well as dur-
ing attacks (15), were significantly higher than those in patients
with vertigo as a result of benign paroxysmal positional vertigo and
vestibular neuronitis (non-endolymphatic hydrops). It was also
revealed that systemic application of vasopressin induced bilateral
endolymphatic hydrops and hearing loss in guinea pigs (16). These
findings suggest that a high level of plasma vasopressin is one of
the causes of inner ear endolymphatic hydrops in Meniere's

|

patients. By contrast, it was reported that the plasma vasopressin
levels in patients with unilateral Meniere's disease did not change
significantly compared with those in healthy volunteers (17). Fur-
thermore, the hypothesis of a high level of plasma vasopressin,
which should have equal effects on the bilateral ears, cannot
explain the fact that 70-80% of patients with Meniere's disease are
unilateral (18).

Disregarding the idea of vasopressin ligands, V2 receptor and
its related- molecules have been detected in rat (12,19) and
human (12,20) inner ear endo-organ tissues. V2R was clearly dis-
tributed together with a V2R-linked water channel molecule, agu-
aporin-2, in the luminal epithelium of the human endolymphatic
sac (20). Interestingly, the physiological interactions between vaso-
pressin and V2R in the rat endolymphatic sac attenuated the
membranous turnover via cAMP-dependent signalling in a con-
trasting manner with the kidney (12). Indeed, our recent study
revealed that V2R and subsequent cAMP activation in the endo-
lymphatic sac in patients with Meniere's disease increased signifi-
cantly for its pathogenesis (4). In the present study, the AQP2
mRNA and protein expression level in the endolymphatic sac was
much higher in Meniere's patients than in control patients. There
was a significant positive co-relationship between V2R and AQP2
mRNA expression levels in the endolymphatic sac. Furthermore,
both the cAMP and PKA were activated and then AQP2 was
translocated from luminal to basolateral side and trapped within
the cytoplasmic endosome in cultured human endolymphatic sac
tissues. All these findings suggest that V2R-cAMP-PKA-AQP2 acti-
vation and endosomal trapping of AQP2 in the endolymphatic sac
could attenuate the membranous turnover and cause the endo-
lymphatic fluid overflow into the endolymphatic space after even

Basolateral

Luminal

Fig. 5. Schematic representation of a hypothetical mechanism for endolymphatic hydrops generation in Meniere's disease via stress hormone vasopressin
(AVP) and water channel aquaporin-2 (AQP2). Plasma AVP elevation and subsequent V2 receptor (V2R)-cAMP-protein kinase A (PKA) activation in the endo-
lymphatic sac might lead the intracellular translocation of AQP2 from luminal side to basolateral side with endosomal trapping, resulting in the pathogenesis
of inner ear hydrops (i.e. Meniere's disease). Upward side, basolateral side; downward side, luminal side. AC, adenylate cyclase; P, phosphorylated.
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