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Another reason why it is still so hard for clinicians to
cure intractable tinnitus is that the molecular mechanism of
tinnitus generation in the auditory pathway has not yet
been clarified. We therefore aimed to establish such a
molecular marker. The history of TRP channels in hearing
and balance is characterized at great length by the hunt for
the elusive transduction channel of sensory hair cells.
Such pursuit has not resulted in unequivocal identification
of the transduction channel, but nevertheless revealed a
number of candidates, such as TRPV4, TRPN1, TRPA1,
and TRPML3. Based on mutations in the corresponding
mouse genes, TRPV4 (Tabuchi et al., 2005; Cuajungco et
al., 2007) and TRPML3 (van Aken et al., 2008) are possi-
ble candidates for human hearing, and potentially also
balance disorders. In the present study, we focused espe-
cially on TRPV1, a member of the non-specific cation ion
channel receptor family, which responds to various kinds
of noxious pain, such as capsaicin, inflammation, heat, low
pH and hypo-osmolarity (Caterina et al., 1997; Benham et
al., 2003), because it is expressed in the mouse inner ear
ganglia and is upregulated by noxious challenges of kana-
mycin (Kitahara et al., 2005a). Interestingly, tinnitus is the
sensation of a sound in the ear without an external source,
similar to phantom pain (Bartels et al., 2007).

In the present study, TRPV1 mRNA levels in the SG
were significantly upregulated 2 h post-treatment, signifi-
cantly downregulated 12-24 h post-treatment and. had
returned to control levels by 72 h post-treaiment. The
reasons of discrepancy in these molecular results of
mRNA and protein level could be explained by the time lag
between mRNA and protein synthesis and/or different sen-
sitivity in mRNA and protein experiments. According to the
animal behavioral model of tinnitus, salicylate-induced tin-
nitus was maximal 2 h post-injection and had disap-
peared by 24 h post-injection. Furthermore, capsaz-
epine, a TRPV1 antagonist, demonstrated a significant
suppression of false positive response increase and of
TRPV1 mRNA upregulation in the SG. Taken together,
these data suggest that tinnitus in salicylate-treated ani-
mals could be caused through the activation of the noci-
ceptive receptor, TRPV1 in the SG. Therefore, we hypoth-
esize that tinnitus is a type of phantom pain sensation in
the inner ear (Bartels et al.,, 2007). The mechanism of
TRPV1 regulation in the SG has not been clarified yet.
However, TRPV1 is auto-regtilated via neurotrophic factors in
damaged dorsal root ganglia (Acheson et al., 1995; Anand et
al., 2006; Szallasi et al., 2006)." In the present study, the
blockade of salicylate-induced TRPV1 upregulation in the SG
by capsazepine suggests that TRPV1 was also auto-regu-
lated via neurotrophic factors in the salicylate-treated SG
(Hansen et al., 2001; Zha et al.; 2001; Shepherd et al., 2005;
Kitahara et al., 2006). Known TRPV1 antagonists (capsaz-
epine, BCTC and thio-BCTC) were also able to block the
response of TRPM8 (Behrendt et al., 2004), which shares
many functional and pharmacological properties with TRPV1
(Weil et al;, 2005). Although TRPMS has never beenreported
to be located in the inner:ear; the possible role of TRPM8 in
hearing and/or tinnitus should be discussed after further stud-
ies of TRPMS in the inner ear.

The following mechanisms of salicylate-induced TRPV1
activation and tinnitus generation are suggested: TRPV1
and 5-lipoxygenase are co-expressed by SG cells in the
inner ear (Balaban et al., 2003). Salicylate, an active com-
ponent of aspirin, inhibits cyclo-oxygenase activity (Christie et
al., 1998) and this cyclo-oxygenase inhibition leads to an
excess of intracellular arachidonic acid, which is metabo-
lized by 5-lipoxygenase pathways (Fosslien, 1998). These
findings suggest that the resultant increase in arachidonic
acid products, such as hydroperoxyeicosatetraenoic acid
and hydroxyeicosatetraenoic acid, has the potential to de-
polarize SG cells by activation of TRPV1 (Hwang et al.,
2000). This may either lower their threshold for spike gen-
eration or increase their sensitivity to suprathreshold acti-
vation and mimic the discharge pattern during low level
natural stimulation. Actually, a couple of physiological
studies of TRPV1 in the cochlea were reported. Zheng et
al. revealed that activation of TRPV1 increases the thresh-
old of the cochlear action potential, but decreases both
cochlear microphonic and electrically-evoked otoacoustic
emissions (Zheng et al., 2003). Zhou et al. demonstrated
that perfusion with capsaicin alone produced a dose-de-
pendent increase of the 900 Hz peak ratio (power normal-
ized re the overall spectrum) of the ensemble background
activity (Zhou et al., 2006). The capsaicin effect was atten-
uated during concurrent perfusion with capsazepine. These
findings are consistent with the hypothesis that TRPV1 acti-
vation increases background activity of SG cells and sup-
port a role of TRPV1 in gating spontaneous and evoked
auditory nerve excitability.

In contrast, the peak TRPV1 protein levels in the DCN
were delayed relative to the peak levels in SG cells. This
delay might indicate the mechanism for the alteration from
peripheral tinnitus to central tinnitus and/or the mechanism
of chronic tinnitus. There is an interesting case of a patient
with intractable chronic tinnitus, who underwent temporal
bone removal surgery, however, this treatment failed to
cure the tinnitus (House, 1964). |t is extremely difficult to
identify the site of chronic tinnitus, because it may alternate
between the periphery and the CNS, like phantom pain
sensation. Further studies addressing the mechanisms of
central tinnitus and/or chronic tinnitus are needed.

According to the morphological data, salicylate treatment
caused no obvious morphological damage to cochlear hair
cells or SG cells, Furthermore, from the behavioral study, the
active avoidance. score remained stable during the whole
period of salicylate injections: Together with the ABR data,
this suggests that salicylate application caused no obvious
functional damage to the auditory system. However, Guitton
et al. (2005) reported that administering salicylate led to
transient hearing loss by means of compound action potential
(CAP). threshold  shifts,. directional preponderance - of oto-
acoustic emission (DPOAE) recordings and score measure-
ments. This hearing loss was evaluated around 40 dB SPL at
16 kHz (Cazals; 2000; Guitton et al., 2005) and might not be
comparable to the results in the present study; which used 60
dB SPL and 16 kHz sound stimuli.
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CONCLUSION

In conclusion, we developed a rat behavioral model of
salicylate-induced tinnitus and identified a molecular
marker of salicylate-induced tinnitus in the rat auditory
pathway. These findings could make “phantom tinnitus”
clearly observable and easily accessible. We believe that
these findings are important for understanding the mech-
anism of tinnitus generation and for elucidating de novo
treatments for intractable tinnitus.
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ORIGINAL ARTICLE

Tinnitus as a prognostic factor of sudden deafness
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Abstract

Conclusions. The ‘tinnitus-rare’ group had a poorer prognosis for hearing than the ‘tinnitus-often’ group in all sudden
sensorineural hearing loss (SSNHL), although the ‘shorter duration’ group had better prognosis than the ‘longer duration’
when restricted to SSNHL accompanied by tinnitus. This indicates that tinnitus itself may not be a sign for poor hearing
prognosis but might be an essential sound for the initiation of repair of a damaged auditory system. Objectives. We examined
the hearing improvement rate (HIR) and tinnitus at the onset of SSNHL to elucidate the prognostic value of tinnitus
accompanying SSNHL. Patients and methods. Fifty patients with SSNHL were treated with systemic administration of
steroids. Hearing recovery was determined by comparing the hearing levels before and after treatment. Tinnitus was
subjectively evaluated by the tinnitus scoring questionnaire. The score for the five-step evaluation of the subjective tinnitus
feelings ‘loudness’, ‘duration’ and ‘annoyance’ was obtained at the onset. Results. In terms of ‘duration’, when we divided all
the cases into ‘tinnitus-rare’ group and ‘tinnitus-often’ group, HIR in the ‘tinnitus-rare’ group was significantly lower than
that in ‘tinnitus-often’ group. When restricted to the ‘tinnitus-often’ group, HIR for ‘shorter duration’ was significantly
higher than that for ‘longer duration’.

Keywords: Sudden deafness, vertigo, tinnitus, hearing improvement rate, prognostic factor

Introduction severity of the initial hearing level has been consid-
ered a negative prognostic factor [1,2,5,6]. As
regards tinnitus, although several papers on this topic
have already been published, the prognostic value has
been controversial. Wilson et al. and Moskowitz et al.
reported that 'tinnitus was a negative prognostic
factor for hearing after SSNHL [7,8]. Cadoni et al.
also described that hearing recovery was poorer in
SSNHL patients with both tinnitus and vertigo than
those with only vertigo [5]. While Byl Jr reported that
tinnitus had little prognostic value [2], Danino et al.
reported that tinnitus was a favourable prognostic
manifestation in an analysis of symptoms and recov-
ery rates in 60 patients with SSNHL [9]. Ben-David

Sudden sensorineural hearing loss (SSNHL) is
defined as a sensorineural hearing loss of 30 dB or
worse in three consecutive speech frequencies that
has occurred with sudden onset [1,2]. The incidence
of SSNHL is estimated to range from 5 to 20 per
100 000 population [2]. Various kinds of causes of
SSNHL. have been suggested as follows: viral infec-
tion of labyrinth or cochlear nerve, vascular insult,
intralabyrinthine membrane rupture and perilym-
phatic fistula [1].

To date, some prognostic factors for SSNHL have
often been reported. Vertigo, particularly severe

vertigo, has been considered as a negative prognostic
factor [1-3]. Delayed start of treatments after the
onset has also been considered as a negative prog-
nostic factor [2,4]. Byl Jr also reported that age over
60 years or below 15 years has been considered a
negative prognostic factor [2]. Additionally, the

et al. found tinnitus to be strongly associated with
hearing improvement in 67 patients with SSNHL
and indicated that tinnitus was a positive prognostic
factor for hearing after SSNHL [10].

In the present study, to elucidate the relationship
between hearing prognosis and tinnitus at the onset
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of SSNHIL, we examined changes in hearing and
tinnitus of patients with SSNHL using pure-tone
audiometry (PTA) and the tinnitus scoring ques-
tionnaire [11].

Patients and methods

Charts of 50 consecutive patients with the diagnosis
of SSNHL accompanying vertigo (25 females and
25 males, mean 48.6years, range 11-80 years)
attending the Dizziness & Vertigo Section of the
Department of Otolaryngology in three hospitals
(Osaka Rosai Hospital, Osaka University Hospital
and Tondabayashi Hospital) from 1998 to 2007
were reviewed in this retrospective study. Patients
with Meniere’s disease were carefully excluded.

All the patients underwent PTA, electronystagmo-
graphy (ENG) and MRI for the purpose of excluding
possible retrocochlear lesions, including demyelinat-
ing diseases, at the first visit. All the treatments
started within 7 days after the onset (2.8 +1.7 days),
including bed rest and intravenous applications of
hydrocortisone sodium succinate (from 500 mg/day
with dose reductions of 200 mg every 3 days to zero)
and lasted for 1-2 weeks at most.

Hearing recovery was determined by comparing
the audiometric results at the first visit
(2.84+1.7 days: pretreatment) and the last visit
approximately 6 months later, when hearing func-
tion was assumed to be fixed completely
(6.6 1.3 months: post-treatment). The hearing im-
provement rate (HIR) was used as a credible para-
meter for hearing recovery after SSNHL [12].
Hearing gain was an absolute value of changes in
averaged hearing levels of 250, 500, 1000, 2000 and
4000 Hz from pretreatment to post-treatment. HIR
was defined as a result of hearing gain divided by
differences between averaged initial hearing levels in
the affected and unaffected ear,; multiplied by 100.

Tinnitus was subjectively evaluated by the tinnitus
scoring questionnaire according to. the. Tinnitus
Research. Group of Japan: Audiological Society
(TRG]) in 1993 (Table I) [11]. The score of five-
step evaluation from 1 to 5 in the three items of
subjective tinnitus feelings — ‘loudness’, ‘duration’

and ‘annoyance’ — was obtained from patients at the
onset of SSNHIL.

For neuro-otologists, it is very important to tell
patients with SSNHL their hearing prognosis at the
first visit. Therefore, we examined the relationship
between tinnitus score at the onset and HIR.

Statistical analysis was performed based on the
Mann-Whitney test and Spearman correlation test.
All reported p values were two-sided and those under
0.05 were considered to be significant.

Results

The number of patients for each item of the
pretreatment tinnitus score, ‘loudness’, ‘duration’
and ‘annoyance’, is summarized in Figure 1.

(?) Tinnitus score pretreatment and HIR

None of three items in the pretreatment tinnitus
score, ‘loudness’, ‘duration’ and ‘annoyance’, was
significantly related to HIR according to the Spear-
man correlation test. As no one selected score 3 for
‘duration’ (Figure 1), we divided the pretreatment
tinnitus scores for ‘duration’ into two groups. We
defined scores 1 and 2 as ‘tinnitus-rare’ and scores 4
and 5 as ‘tinnitus-often’. HIR for the ‘tinnitus-rare’
group (n=8; 16.3+34.0%, range —5.0 to 100.0%)
was significantly lower than that for the ‘tinnitus-
often’ group (n =42: 53.24+35.4%, range —19.0 to
119.0%) (Mann-Whitney: U=72.0, »=0.011
<0.05) (Figure 2A). When restricted to the ‘tinni-
tus-often’ group (n =42), we compared the HIR for
score 4, ‘shorter duration’ and score 5, ‘longer
duration’. HIR with ‘shorter duration’ of tinnitus
(n=9:99.5+9.5%, range 88.0-119.0%) was signifi-
cantly higher than that for ‘longer duration’ of tinnitus
(n=33: 40.64+29.3%, range —19.0 to 100.0%)
(Mann-Whitney: U=5.0, p=1.17E-05 <0.001)
(Figure 2B).

(i) Tinnitus score pretreatment and hearing level

pretreatment

None of three items in the pretreatment tinnitus score
was significantly related to pretreatment hearing level

Table I. Tinnitus scoring questionnaire: Tinnitus Research Group of Japan Audiological Society, 1993.

Score
Parameter 1 2 3 4 5
Loudness Very quiet Quiet Medium Loud Very loud
Annoyance Not at all Slightly Frequent Always Very much
Duration Rare Less often Often Very often Constant

The nature and severity of tinnitus were evaluated in 5 steps from 1 to 5 in the three different categories of subjective tinnitus

feelings — ‘loudness’, ‘duration’ and ‘annoyance’.
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Figure 1. Results of pretreatment tinnitus score. The population in each item of the pretreatment tinnitus score, ‘loudness’, ‘duration’ and

‘annoyance’ was summarized.

according to the Spearman correlation test. When we
divided pretreatment tinnitus scores of ‘duration’ into
‘tinnitus-rare’ and ‘tinnitus-often’ groups as above,
the pretreatment hearing level in the ‘tinnitus-rare’
group (n==8: 86.0+23.5 dB, range 49.0-115.0 dB)
was not different from that in the ‘tinnitus-often’
group (n =42:74.5+24.4 dB, range 40.0-115.0 dB)
(Mann-Whitney: U =120.0, p =0.208) (Figure 3A).
When restricted to the ‘tinnitus-often’ group (n =42),
the pretreatment hearing level for score 4, ‘shorter
duration’ of tinnitus (n=9: 55.0+11.1 dB, range
35.0-69.0 dB) was significantly better than that for
score 5, ‘longer duration’ of tinnitus (n=33:
79.8 +24.4 dB, range 40.0-115.0 dB) (Mann-Whit-
ney: U=63.0, p =0.009 <0.01) (Figure 3B).

(113) Tinnitus score pretreatment and age of patients

When we: divided pretreatment tinnitus: scores  of
‘duration’ into ‘rare” and ‘often’ groups as in (i), the
age of  patients.. in  the  ‘tinnitus-rare’ ' group
(n=8: 46.4+22.3 years, range: -11-70 years) was
not different from that in the ‘tinnitus-often’ group
(n=42: .. 49.1+16.4 years, ' range ' 15-80 years)
(Mann-Whitney: U=164.5, p=0.937). When re-
stricted to the ‘tinnitus-often’ group (n =42), the age
of patients with score 4, ‘shorter duration’
of tinnitus (n=9: 37.6+8.8years, range
25-52 years) was significantly younger than that
with score 5; ‘longer duration’ of tinnitus (n=33:
52.2+16.7 years, range 15-80years) (Mann-
Whitney: U =59.5, p =0.007 <0.01).

Discussion

According to previous studies, tinnitus was reported
to accompany SSNHL in 74-87% of patients
[2,6,13]. In the present study, 88% of SSNHL
patients with vertigo complained of tinnitus. In
Japan, tinnitus is usually evaluated by the tinnitus
scoring questionnaire according to the TRGJ (1993)
(Table I) [11]. This questionnaire is easy to handle
but does not really provide an objective evaluation.
However, among the three items of subjective
tinnitus feelings, only ‘duration’ was significantly
correlated with HIR (cf. (i) in Results). This finding
suggests that ‘duration’ could be the most reliable
item for tinnitus evaluation of patients with SSNHIL..
As tinnitus is a quite subjective symptom, the most
reliable way of evaluation in the present study could
change the status of tinnitus from a non-evaluable
complaint of patients to an important prognostic
factor for SSNHL.

As summarized in the Introduction, the prognostic
value of tinnitus in SSNHL, has been controversial
until now[2,5,7-10]. In the present study, ‘shorter
duration’ of tirinitus was a positive prognostic factor
for hearing after SSNHL, as reported by Cadoni
et al. [5], Wilson et al. [7] and Moskowitz et al. [8].
Our data also suggested that ‘tinnitus-rare’ was a
negative prognostic sign for results of treatments of
SSNHL, as described by Daning et al. [9] and Ben-
David et al: [10]. Taking all these facts together; we
assume' that tinnitus 'may lose its prognostic value
absoliitely, as in the paper by Byl Jr [2], when ‘shorter
duration’ and ‘tinnitus-rare’ are completely mixed up.
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Figure 2. (A) Tinnitus score pretreatment and hearing improve-
ment rate (HIR). The HIR for the ‘tinnitus-rare’ group {score 1~
2) (n=8: 16.31+34.0%, range —5.0 to 100.0%) was significantly
lower than that for the ‘tinnitus-often’ group (score 4-5) (n =42:
53.2+35.4%, range -19.0 to 119.0%) (Mann-Whitney:
U =720, p=0.011 <0.05). (B) When restricted to the ‘tinnitus-
often’ group (n=42), the HIR for ‘shorter duration’ of tinnitus
(score 4) (n=9: 99.549.5%, range 88.0-119.0%) was signifi-
cantly higher than that for ‘longer duration’ of tinnitus (score 5)
(n=33: 40.6+29.3%, range —19.0-100.0%) (Mann-Whitney:
U =5.0, p=1.17E-05 <0.001).

When tinnitus was present at the onset of SSNHL,
the ‘shorter duration’ group had a better HIR than
the ‘longer duration’ group (cf. (i) in Results). This
may come from the fact that tinnitus duration was
significantly shorter in better hearing (cf. (ii) in
Results) and/or younger (cf. (iii) in Results) patients
at the onset. These findings suggest that the duration
of tinnitus and the amount of damage in the inner ear
could have a positive relationship in patients with
SSNHI. accompanied by tinnitus, resulting in a
negative relationship with HIR.

On the other hand, the ‘“tinnitus-rare’ group had a
poorer HIR than the ‘tinnitus-often’ group in all the
patients with SSNHL (cf: (i) in Results). This may
indicate that tinnitus itself may not be a sign for poor
hearing prognosis but might be an essential sound for
cell survival. Actually, the tinnitus research group of
Kitahara and Balaban [14,15] demonstrated that high
doses of salicylate could up-regulate a neurotrophic
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Figure 3. Tinnitus score and hearing level pretreatment. (A) The
pretreatment hearing level for the ‘tinnitus-rare’ group (score 1-2)
(n=8: 86.0+23.5 dB, range 49.0-115.0 dB) was not significantly
different from that of the ‘tinnitus-often’ group (score 4-5)
(n=42: 74.5+24.4 dB, range 40.0-115.0dB) (Mann-Whitney:
U =120.0, p =0.208). (B) When restricted to the ‘tinnitus-often’
group (n=42), the pretreatment hearing level for ‘shorter dura-
tion’ of tinnitus (score 4) (n=9: 55.0+11.1dB, range
35,0-69.0 dB) was significantly better than that for ‘longer
duration’ of tinnitus (score 5) (n=33: 79.84-24.4 dB, range
40.0-115.0 dB) (Mann-Whitney: U =63.0, p=0.009 <0.01).

factor, brain-derived neurotrophic factor (BDNF), in
the inner ear for cell survival and lead subsequent
transcription of a nociceptive cation ion channel
receptor, transient receptor potential cation channel
superfamily V type 1 (TRPV1) in the inner ear for
tinnitus generation. These findings suggest the hy-
pothesis that tinnitus might be a switch-on signal for
inner ear cell survival: According to this hypothesis, it
could be speculated that causes and/or sites of lesion
in SSNHL without tinnitus are absolutely different
from those in SSNHL: with tinnitus, which is one of
the reasons why the prognostic value of tinnitus in
SSNHLI. has been controversial until now [2,5,7-10].

Conclusion

In conclusion, tinnitus at the onset of SSNHL is
important. as a- prognostic factor for- hearing.
‘Tinnitus-often’ is a positive prognostic sign for
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hearing recovery, but ‘longer duration’ predicts
poor results in hearing improvement. Further
detailed investigation of tinnitus at the time of
SSNHL may elucidate mechanisms of tinnitus
generation and may lead to development of effec-
tive treatments for tinnitus.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.
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Plasma Vasopressin and V2 Receptor in the
Endolymphatic Sac in Patients With Delayed
Endolymphatic Hydrops

Tadashi Kitahara, Chie Maekawa, Kaoru Kizawa, Arata Horii, and Katsumi Doi

From the Department of Otolaryngology, Osaka University, School of Medicine, Osaka, Japan

Objective: There are some kinds of sicknesses provoked by
inadequate adaptation to physical and/or psychogenic stress in
daily life. Delayed endolymphatic hydrops (DEH) is an inner
ear disease like Méniére’s disease (MD) characterized by epi-
sodic vertigo in the setting of preexisting unilateral deafness
that especially occurs in civilized people with a stressful life-
style. Its otopathologic finding was demonstrated to be inner
ear endolymphatic hydrops through a temporal bone study in
1976, as in the case with MD in 1938. To elucidate the relation-
ship between stress and the inner ear, we examined the plasma
antidiuretic stress hormone vasopressin (pAVP) and its type 2
receptor (V2R) expression in the endolymphatic sac in patients
with DEH.

Study Design: A prospective molecular biological study.
Methods: Between 1998 and 2007, we enrolled 20 patients
with ipsilateral DEH to examine their pAVP during remission
from vertigo attacks. Plasma vasopressin was also examined in
87 patients with unilateral MD and 30 control patients with
chronic otitis media. Using the real-time polymerase chain reac-
tion method with tissue samples obtained during surgery, we
examined V2R mRNA expression in the endolymphatic sac in
6 patients with ipsilateral DEH, 9 patients with unilateral MD,
and 6 control patients with acoustic neuroma.

Results: Plasma vasopressin (1.5 times versus controls; unpaired
t test, p = 0.140) and V2R mRNA expression in the endolym-
phatic sac (35.8 times versus controls; unpaired ¢ test, p = 0.002)
were higher in patients with DEH compared with those with
acoustic neuroma. There were no significant differences in
PAVP or V2R expression in the endolymphatic sac between
DEH and MD. Patients with DEH showed a significantly nega-
tive correlation between pAVP and V2R (Pearson fest, » =
~0.92, p = 0.009) as in those with MD (Pearson test, »
—0.68, p = 0.043).

Conclusion: Civilized people are frequently exposed to stress in
their daily life, and pAVP can easily become elevated at any
time. Therefore, a negative feedback system between pAVP
and V2R in the endolymphatic sac may function for inner ear
fluid homeostasis against stress-induced increases in pAVP. For
the pathogenesis of endolymphatic hydrops resulting in vertigo
attacks in patients with DEH as well as MD, pAVP may repre-
sent a matter of consequence, but V2R overexpression in the
endolymphatic sac could be much more essential as a basis for
these diseases. Key Words: Delayed endolymphatic hydrops—
Endolymphatic sac—M¢énicre’s disease—Stress—V?2 receptor.

Otol Neurotol 30:812--819, 2009.

There are some kinds of sicknesses provoked by inade-
quate adaptation to physical and/or psychogenic stress in
daily life. Vertigo attacks of Méniére’s disease (MD) due
to the inner ear abnormality represent a common example.
Delayed endolymphatic hydrops (DEH) due to inner ear
abnormality similar to MD is characterized by episodic
vertigo in the setting of preexisting unilateral deafness
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and occurs in people with a stressful lifestyle (1). How-
ever, it is very difficult to prove a significant relationship
between stress and inner ear abnormality because the defi-
nition of stress is too obscure for a scientific analysis of
these aspects.

Since the otopathologic finding in DEH was demon-
strated to be inner ear endolymphatic hydrops by a tem-
poral bone study in 1976 (2), as in cases with MD in
1938 (3,4), it has gradually become understood that inner
ear end organs, including the endolymphatic sac, regulate
the fluid homeostatic system via water metabolism—
related molecules such as vasopressin and aquaporin (5).
Subsequently, it was proposed that the pathogenesis in
DEH as well as MD could be inner ear endolymphatic
hydrops due to a disorder of water metabolism—related
molecules.

Copyright © 2008 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.
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In the present study, to elucidate the relationship be-
tween stress and the inner ear abnormality, we tested the
hypothesis that the plasma antidiuretic stress hormone
vasopressin (pAVP) and its type 2 receptor (V2R) in the
endolymphatic sac will be increased in patients with DEH
compared with controls.

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 no. 0424).

DIAGNOSIS AND ENROLLMENT

Patients were eligible for enrollment if they had re-
ceived a clinical diagnosis of DEH or MD according to
the 1995 American Academy of Otolaryngology—Head
and Neck Surgery criteria (6). These criteria can be briefly
described as follows: 1) Repeated attacks of vertigo: a
definitive spell is spontaneous vertigo lasting at least
20 minutes. A mixed type of spontaneous nystagmus is
observed during attacks. 2) Fluctuating cochlear symp-
toms: the hearing test usually reveals profound sensori-
neural hearing loss or deafness in the affected ear
(ipsilateral type of DEH) or marked fluctuation of the
threshold in the low and middle tone range contralateral
to the affected ear (contralateral type of DEH). 3) Exclu-
sion of other causes: to exclude other disorders, a thor-
ough history, neurological, neurotological, and magnetic
resonance imaging examinations were performed. Intrac-
table DEH was designated in cases where various forms
of medical and psychological management failed for at
least 6 months., Medical management included diuretics,
B-histine, diphenidol, dimenhydrinate, and diazepam,
which were thought to be effective for persistent symp-
toms in DEH (7).

Patients designated as having intractable DEH had
endolymphatic sac drainage, if there was no reason for
declination of surgery. The technical details of this sur-
gery were described before (8-10).

LABORATORY EXAMINATION FOR
PLASMA VASOPRESSIN

Patients and Controls

Between 1998 and 2007, we enrolled 20 patients at
Osaka University Hospital with ipsilateral type of DEH
to examine their pAVP level. We also enrolled 87
patients with unilateral MD and 30 patients with chronic
otitis media (OM) without any direct inner ear damage.
Before collecting blood samples, we were given permis-
sion from all the patients with DEH, MD, and OM.
Blood samples in all 3 groups were collected in the
early morning of the day of surgery. Endolymphatic
sac drainage was performed as an inner ear surgery for
DEH and MD; and tympanoplasty was performed as a
middle ear surgery for OM. There were no significant dif-
ferences in patients’ background (sex and age) among
DEH (M/F = 10:10, 36.0 £ 2.5 yr), MD (M/F = 38:49,

472 + 1.4 yr), and OM (M/F = 19:11, 45.4 £ 2.5 yr) ex-
cept for age (patients with DEH were the youngest of all).

Patients with MD did not have any vertigo attacks and
did not take any medicine for endolymphatic hydrops
after hospitalization. Patients in all 3 groups took the
same kind of nonrestricted meals before surgery and
had no water from the morning on the day of surgery.
Patients’ conditions of medication, meals, and water in-
take at the collection of blood samples were almost the
same in all 3 groups and were thought to have no influ-
ence on the pAVP level.

Procedures

The blood for a pAVP assay was transferred into an
ethylenediaminetetraacetic acid tube and centrifuged at
4°C, and the separated plasma was stored at —80°C.
The pAVP was determined by radioimmunoassay (argi-
nine vasopressin radioimmunoassay kit; Mitsubishi,
Tokyo, Japan). The normal pAVP level ranged from 0.3
to 4.2 pg/ml (mean, 2.25 pg/ml) based on the data
acquired by blood samples collected at 8:00 to 10:00 am
from 105 healthy subjects with their informed consent
(61 men, 44 women) who had no history of vestibular
or cochlear disease (11).

MOLECULAR EXAMINATION FOR
VASOPRESSIN RECEPTOR

Patients and Controls

Before surgery, we obtained permission for collection
of the endolympbhatic sac tissue during surgery from 6 of
20 patients with ipsilateral DEH and from 9 of 87
patients with unilateral MD mentioned. We also prepared
6 patients with acoustic neuroma (AN) without any direct
endolymphatic sac damage as controls. Tissue samples
from a part of the endolymphatic sac in groups, DEH,
MD, and AN, were collected during surgery (endolym-
phatic sac drainage for DEH and MD groups and acous-
tic neuroma removal surgery for the AN group). There
were no significant differences in patients’™ background
(sex and age) among DEH (M/F = 3:3, 34.8 + 4.2 yr),
MD (M/F=4:5,47.9 4.9 yr), and AN (M/F=3:3,53.0%
6.5 yr) except for age (patients' with DEH were the
youngest of all).

Tissue Preparation

For real-time polymerase chain reaction (PCR; DEH =
1-6, unilateral MDs = 1-9, ANs = 1-6) and Western
blotting (DEH = 4-6, MDs = 7-9, ANs = 4--6), tissues
were obtained from the endolymphatic sac during endo-
lymphatic sac drainage for DEH and MD groups or from
AN removal surgery for the AN group, placed immedi-
ately in'chilled phosphate-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, Alameda; CA, USA).
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FIG. 1. Plasma vasopressin levels in patients with DEH com-
pared with control patients. Plasma vasopressin was 1.5 times
higher in patients with ipsilateral DEH (ipsi-DEH; n = 20; 3.10 +
0.58 pg/ml) than in control chronic otitis media (COM) patients
(n = 30; 2.11 % 0.38 pg/ml) during the early morning of the day of
surgery, although this difference was not statistically significant
(unpaired ttest, p = 0.140). There were no significant differences
between the pAVP levels in patients with ipsi-DEH and unilateral
MD (uni-MD; n = 87; 3.47 % 0.35 pg/ml; unpaired ttest, p= 0.636).

Briefly, samples were homogenized 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 I
(Roche, Nutley, NJ, USA) to remove contaminated geno-
mic DNAs before reverse transcription.

Reverse Transcription of RNA

The reverse transcription mixture included 10 pl of
10x PCR Taq Gold buffer II (Applied Biosystems, Inc.,
Foster City, CA, USA), 30 ul of 25 mmol/LL MgCl,, 4 ul
of 25 mmol/L of each deoxynucleotide triphosphate, 5 .l
of 100 pmol/L of random primers (Gibco/BRL), 2 pl of
RNasin (Applied Biosystems), 1.25 pl of Super-Script II
(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 minutes, 48°C for 30 min-
utes, and 95°C for 5 minutes in a 9600 Thermocycler
(Applied Biosystems).

Reverse Transcription—-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 electrophoresed on 1.5% agarose gel

. 800 VR to check the results of reverse transcription-PCR. Samples
A - without reverse transcription were also forwarded for PCR
9 p=0.002 - ) ;
2 600 as negative controls to make sure of no genomic DNA
< p=0.616 contamination.
2
o
E 40.0
- TABLE 1. Raw data for 6 patients with DEH (4) and 9
E patients with MD (B)
g 20.0 pAVP, V2R V freq, H level, Duration,
- pg/ml  mRNA, fold per mo dB mo
d (A)
0.0 AN Ipsi-DEH | 1.0 40.74 2.0 115.0 36
A (=8 (n=9) (n=6) Ipsi-DEH 2 14 25.11 1.0 100.0 60
B Ipsi-DEH 3 1.7 28.54 13 1013 18
Ipsi-DEH 4 4.7 18.78 4.3 112.5 45
Ipsi-DEH 5 6.9 18.33 4.0 115.0 30
] Ipsi-DEH6 116 1.76 1.0 115.0 60
B-actin v e > > G W W W = ®)
N N o ) UniMD1 05 64.78 10300 34
Y Y Y Uni-MD 2 0.8 69.28 1.0 45.0 60
ipsi-DEH uni-MD AN Uni<MD 3 13 13.72 1.3 66.3 84
- - - Uni-MD 4 2.0 20.18 33 60.8 98
B (n=3) (n=3) (n=3) UniMD5 27 1.90 17 700 48
. ; X Uni-MD 6 2.7 32.38 73 575 18
FIG. 2. ' V2 receptor mRNA and profein expression levels in the Uni-MD 7 35 2957 8.0 665 10
endolymphatic sac in patients with DEH compared  with" control Uni-MD & 42 17.32 40 60.0 48
patients: A, V2 receptor mRNA expression in the endolymphatic Uni-MD 6 6.0 1.70 2.0 58.5 60

sac was 35.8 times significantly higher in patients with ipsilateral
DEH (ipsi-DEH; n = 6; 22.21 + 5.28-fold) than in control AN (AN)
patients (n = 6; 0.62 + 0.10-fold) as evaluated by real-time PCR
(unpaired ttest, *p = 0,002). There were no significant differences
between the V2R mRNA expression levels in patients with ipsi-
DEH and unilateral MD (uni-MD; n = 9; 27.86 + 8.19-fold;
unpaired t test, p = 0.616). B, V2R protein expression in the
endolymphatic sac was also higher in patients with DEH and
MD than in control AN patients as evaluated by Western blotting.

Otology & Neurotology, Vol. 30, No. 6, 2009

The raw data for 6 patients with ipsilateral DEH (ipsi-DEH) and
9 patients with unilateral MD (uni-MD) include the pAVP level, V2R
mRNA expression level in' the: endolymphatic sac, vertigo frequency
(V freq), hearing level (H level), and duration of disease (Duration)
before surgery. In both ipsi-DEH (*Pearson test; r = —0.92, p =
0.009) and uni-MD patients (**Pearson test, ¥ = —0.68, p = 0.043),
there were significantly negative correlations between pAVP and V2R
mRNA expression in the endolymphatic sac.

Copyright © 2009 Otology & Neurotology, inc. Unauthorized reproduction of this article is prohibited.
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FIG. 3. Schematic representation of a hypothetical mechanism for endolymphatic hydrops generation and subsequent attacks of DEH
and MD via pAVP and V2R. A, Healthy subjects: civilized people are frequently exposed to stress in their daily life, and pAVP can easily
become elevated at any time (1)—(2). Therefore, a negative feedback system between pAVP and V2R in the inner ear may function for
inner ear fluid homeostasis against stress-induced increases in pAVP (2)—(3). B, Patients with MD; autoimmune responses and/or virus
infections in early childhood can lead V2R overexpression and hypersensitivity of cyclic AMP-linked signaling in the inner ear (1). After
years, endolymphatic hydrops can gradually be generated (2). In the V2R-overexpressing and cyclic AMP-hypersensitized inner ear, the
Reissner membrane can rupture after even a small elevation of pAVP due to stress, theteby resulting in attacks of MD (3):; Upward arrows
indicate upregulation; downward arrows, downregulation; number of arrows, strength of regulation.
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Polymerase chain reaction products were electropho-
resed on 3% Seakem GTG agarose gel (FMC Bioproducts,
Rockland, ME, USA) and purified using QIA quick Gel
Extraction 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

Polymerase chain reactions were performed in the
presence of the oligonucleotide primers for V2R (NM:
000054; forward: actgtgaggatgacgctagtgattg; reverse:
ggacacgetgetgctgaaag) (Takara, Kyoto, Japan) and B,-
microglobulin (B2M) (NM: 004048; forward: cgggcatt
cctgaagctga; reverse: ggatggatgaaacccagacacatag) (Takara)
and quantified by SYBR Green PCR reagents (Applied
Biosystems). B2M, an endogenous housekeeping gene,
was used as an internal control for this method. Each sam-
ple determination was performed in triplicate.

The PCR mixture included 5 pl of 10x SYBR PCR
buffer, 6 ul of 25 mmol/L. MgCl;, 4 ul of each deoxy-
nucleotide triphosphate (blended with 2.5 mmol/L of
deoxyadenosine triphosphate; deoxyguanosine: triphos-
phate, and deoxycytidine triphosphate and 5 mmol/L of
2'-deoxyuridine 5'-triphosphate), 2.5 ul of each gene-
specific primer (5 pmol/L), 0.5 pl of AmpErase UNG
(0.5 U), 0.25 pl of AmpliTaq Gold (1.25 U), and 5 pl
(250 ng) of complementary DNA in'a final volume of
50 pl. The conditions for the real-time PCR were as fol-
lows: 50°C for 2 minutes, 95°C for 12 minutes, and 35
cycles at 95°C for 15 seconds and 60°C for 1 minute in
ABI PRISM 7700 Sequence Detection System (Applied
Biosystems). 7700 Sequence Detection software was
used for instrument control, automated data collection,
and data analysis.

Data Analysis

The number of PCR cycles was recorded until the fluo-
rescence intensity exceeded the predetermined threshold.
The quantification of the initial amounts of template mole-
cules relied on this mimber of PCR cycles, which is
termed the cycle threshold (CT). The dCT represents the
CT of the target gene normalized to the human endoge-
nous B2M (dCT = CTyyger = CTgam). Relative quantifi-
cation of the mRNA expression levels of target genes (fold
range) was calculated using the 27 9T method, where
ddCT = (CTieger = CTranda = (CTharger — CTnamn
(12). For example, changes. in the gene expression of
V2R in endolymphatic sac in DEH compared with AN
were quantified as the fold range: 27 %CT (ddCT = [CTysr
= CTeomlpen — [CTvar — CTramlan).

Western Blotting
Samples from the endolymphatic sac were homoge-
nized on ice with a polytron homogenizer (PCU-11; Kine-
matica, Bohemia; NY, USA) in 20 mmol/L: HEPES (pH
7.2), 25 mmol/L NaCl, 2 mmol/l. EGTA, 50 mmol/L
NaF, 1 mmol/L NazVOy, 25 mmol/L B-glycerophosphate,
0.2 mmol/L dithiothreitol, 1 mmol/L. phenylmethanesulfo-

Otology & Neurotology, Vol. 30, No. 6, 2009

nyl fluoride, 60 pg/m! aprotinin, 2 pg/ml leupeptin, and
0.1% Triton X-100). After incubating at 4°C for 30 min-
utes, homogenates were sonicated (Sonifier 250; Branson
Ultrasonics, Danbury, CT, USA) on ice for 1 minute and
centrifuged at 10,000 x g at 4°C for 30 minutes. The
supernatant was collected. Protein concentrations of
these supernatants were measured with a protein assay
kit (Pierce, Rockford, I, USA). Gel samples were pre-
pared by adding the sample buffer containing final con-
centrations of 50 mmol/L Tris (pH 6.7), 2% sodium
dodecyl sulfate, and 2% mercaptoethanol. Twenty micro-
grams of protein extracts was boiled for 10 minutes,
cooled to room temperature, and loaded on 10% sodium
dodecyl sulfate—polyacrylamide gels. Equal amounts of
protein in each sample were further checked by immuno-
blotting with B-actin monoclonal antibody (diluted to
1:500; Oncogene Research Products, Cambridge, MA,
USA).

Proteins were transferred to Hybond-polyvinylidene
difluoride membranes (Amersham, 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 (BSA) and normal goat serum (NGS) in 0.3%
Triton X-100 in PBS for 3 hours; antisera against V2R
(diluted to 1:500; sc-18100-R; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) in 1% BSA and NGS in
0.3% Triton X-100 in PBS for 24 hours; 0.1 mol/L
PBS for 30 minutes; horseradish peroxidase—conjugated
secondary antibody (Dako, Carpinteria, CA, USA) in 1%
BSA and NGS in 0.3% Triton X-100 in PBS for 3 hours;
0.1 mol/L. PBS for 30 minutes. Protein bands were visual-
ized using an enhanced chemiluminescence detection kit
and Hyperfilm MP (Amersham) and analyzed using Scion
Image software (Scion Corp., Frederick, MD, USA).

STATISTICAL ANALYSIS

Statistical differences of patients’ backgrounds (sex and
age) among DEH, MD, and controls were examined by
Kruskal-Wallis test among all 3 and then Mann-Whitney
U test between each 2 (independent variables). Statisti-
cal differences of the data among DEH, MD, and controls
in Figures 1 and 2 were determined by Kruskal-Wallis test
among all 3 and then unpaired ¢ test between each 2
(independent variables). Correlations between 2 para-
meters in Table 1 were analyzed by Pearson test. A mul-
tivariate analysis (a-multiple regression analysis) was
conducted to determine the relative predictive value of
pAVP, V2R mRNA levels, and duration of DEH or MD
for vertigo frequency. p < 0.05 were considered to indicate
statistical significance. All the statistical analyses in the
present study were performed using SPSS version 14.0
(SPSS,; Inc., Chicago, IL; USA).

RESULTS

The raw data for 6 patients with ipsilateral DEH and 9
patients with unilateral MD, including their pAVP level,
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V2R mRNA expression level in the endolymphatic sac,
vertigo frequency (number of attacks per month), hearing
level (four-tone average of 0.25, 0.5, 1, and 2 kHz) and
duration of disease before surgery, are shown in Table 1.

The pAVP level was 1.5 times higher in patients with
DEH (n = 20; 3.10 % 0.58 pg/ml) than in control OM
patients (n = 30; 2.11 + 0.38 pg/ml), although this dif-
ference was not statistically significant (unpaired ¢ test,
p = 0.140; Fig. 1). There were no significant differences
between the pAVP levels in patients with DEH and MD
(n = 87; 3.47 £ 0.35 pg/ml; unpaired # test, p = 0.636).

The V2R mRNA expression level in the endolymphatic
sac was 35.8 times higher in DEH patients (n = 6; 22.21 +
0.58-fold) than in control AN patients (n = 6; 0.62 £ 0.10-
fold), and this difference was statistically significant
(unpaired ¢ test, p = 0.002; Fig, 2A). These results were
confirmed at the protein expression level by Western blot-
ting (Fig. 2B). There were no significant differences
between the V2R mRNA expression levels in patients
with DEH and MD (n = 9; 27.86 + 8.19-fold; unpaired
t test, p = 0.616).

In both groups of patients with DEH (Pearson test, » =
—0.92, p = 0.009) and MD (Pearson test, ¥ = —0.68, p =
0.043), there were significantly negative correlations
between pAVP and V2R mRNA expression in the endo-
lymphatic sac (Table 1). A multivariate analysis (a multi-
ple regression analysis) showed no significant predictive
value of pAVP (DEH, p = 0.87; MD, p = 0.78), V2R
mRNA levels (DEH, p = 0.97; MD, p = 0.81), or dura-
tion of DEH or MD (DEH, p = 0.69; MD, p = 0.26) for
vertigo frequency. However, both pAVP (>2.5 pg/ml)
and V2R mRNA expression in the endolymphatic sac
(>10.00-fold) were relatively higher in Patients 4 and 5
with DEH and in Patients 6 to 8 with MD who experi-
enced relatively more frequent vertigo attacks (>4.0
attacks/mo).

DISCUSSION

For more than 10 years, it has been pointed out that
the pAVP levels in patients with endolymiphatic hydrops,
including MD and DEH; during rémission (13) as well'as
attacks (11), were significantly higher than those in
patients with vertigo because of nonendolymphatic
hydrops such as benign paroxysmal positional vertigo
and vestibular neuronitis. It was also revealed that sys-
temic injection of vasopressin induced bilateral endolym-
phatic hydrops and hearing deterioration in. guinea pigs
(14). These findings led us to the hypothesis that a high
level of pAVP is one of the causes of inner ear endolym=
phatic hydrops in patients with MD and DEH. In contrast,
however, it was reported that the pAVP levels in patients
with unilateral MD did not differ significantly from those
in healthy volunteers (15). Furthermore, the hypothesis of
a high level of pAVP, which should have equal effects on
both ears; contradicts the fact that 70% to 80% of patients
with MD are unilateral (16). In fact, there were no sig-
nificant differences between the pAVP levels in patients
with unilateral and bilateral MD in our recent study (17).

Therefore, the above hypothesis is insufficient for ex-
plaining the pathogenesis of endolymphatic hydrops,
which has remained unsolved since endolymphatic hy-
drops was demonstrated in patients with MD in 1938
(3,4) and in patients with DEH in 1976 (2).

Regarding vasopressin receptors, V2R molecules have
been detected in rat (18,19) and human (18,20) inner ear
end organs. V2R was clearly distributed together with a
V2R-linked water channel molecule, aquaporin 2, in the
luminal epithelium of the human endolymphatic sac (20).
Interestingly, the physiological interactions between pAVP
and V2R in the endolymphatic sac attenuated the mem-
branous turnover via cyclic AMP—dependent signaling in
a contrasting manner with the kidney in rats (18), and
then these interactions also translocated aquaporin 2 from
the luminal side to the basolateral side in a contrasting
manner with the kidney in human (our unpublished
observations). These previous findings indicate that
V2R and cyclic AMP-linked signaling could suppress
the endolymphatic fluid absorption in the endolymphatic
sac.

In the present study, we first detected 35.8~fold higher
V2R mRNA expression in the endolymphatic sac in
patients with ipsilateral DEH compared with controls,
whereas the pAVP level was only elevated by 1.5 times.
There were no significant differences in the pAVP or V2R
expression in the endolymphatic sac between ipsilateral
DEH and unilateral MD. These findings in the present
study suggest that V2R overexpression in the endolym-
phatic sac in ipsilateral DEH as well as unilateral MD
could attenuate the membrane turnover and cause the
endolymphatic fluid overflow into the endolymphatic
space after even a small increase in pAVP. In other
words, patients with unilateral V2R overexpression in
the endolymphatic sac could develop unilateral endolym-
phatic hiydrops, resulting in attacks of vertigo in the over-
expressing ear after even a small elevation in pAVP due to
stress in their daily life.

Secord, we detected a significantly negative correlation
between pAVP and V2R expression in the endolymphatic
sac in DEH as well as MD, consistent with the previous
study on intact rats (19). These findings suggest that a
negative feedback system between pAVP and its receptor
in the endolymphatic sac could function for inner ear fluid
homeostasis against stress-induced. increases ‘in' pAVP
(Fig. 3A). A negative feedback system between the
hypothalamus-pituitary and inner ear has not been clari-
fied yet. However, the direct neuroanatomic interactions
between the hypothalamus-pituitary and inner ear were
demonstrated electrophysiologically (21,22) and morpho-
logically (23). Inner ear volume and/or pressure changes
modified the pAVP secretion (24-26), which indicates
that the negative feedback system is really working. Any-
way, this negative correlation may explain why the pre-
vious studies of pAVP in MD and DEH produced a large
variety of results and have been quite controversial (10,
11,13,15).

Finally, we would like to speculate about the possible
causes for attacks associated with inner ear abnormality in
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MD and DEH. It has been reported that MD is usually
triggered by immune, infectious, traumatic, or other insults
to the inner ear in association with a small misplaced
malfunctioning endolymphatic sac (27-29). Among
these insults, immune-mediated responses in the inner
ear end organs, such as the endolymphatic sac, stria vas-
cularis, and spiral ligament, are thought to be the main
bases for the fluid homeostatic disorder in MD (30,31).
Certain virus infections, such as varicella-zoster, Epstein-
Barr, and adenovirus infections, of the endolymphatic sac
in early childhood represent other bases for the dysfunc-
tion of endolymph absorption (32,33). Taken together
with the present data, it is suggested that autoimmune
responses and/or virus infections could modify the V2R
regulatory system in the endolymphatic sac, resulting in
V2R overexpression there (Fig. 3B-1). Years after such
insults to the inner ear, hardworking people tend to
become frequently exposed to stress in their daily life
(1). In the V2R-overexpressing inner ear, endolymphatic
hydrops could gradually be generated (Fig. 3B-2), and the
Reissner membrane could rupture (2) after even a small
elevation in pAVP due to stress, thereby resulting in
attacks of MD and DEH (Fig. 3B-3).

CONCLUSION

Civilized people are frequently exposed to stress in their
daily life, and pAVP can easily become elevated at any
time. Therefore, a negative feedback system between
pPAVP and its receptor, V2R, in the endolymphatic sac
may function for inner ear fluid homeostasis against
stress-induced increases in pAVP. For the pathogenesis
of endolymphatic hydrops resulting in vertigo attacks in
MD and DEH, pAVP may represent a matter of conse-
quence, but V2R overexpression in the endolymphatic sac
could be much more essential as a basis for these diseases.

The results of the present study encourage us to con-
tinue our investigations and ascertain ideal treatments for
the inner ear in patients with DEH as well as MD, rang-
ing from psychotherapy for leading a stressless life to
gene therapy for the stress hormone receptor V2R reg-
ulation in the inner ear.

Acknowledgments: The authors thank Hiroshi Kiyama
(Department of Neuroanatomy, Osaka City University, School
of Medicine) for helpful advice of experiments: and Yasusuke
Yamagiwa, a registered. statistician (certificate no:. 0540072),
for helpful advice of statistical analysis.

REFERENCES

. Watanabe I. Méniére’s disease with special emphasis on epidemiol-
ogy, diagnosis and’ prognosis—review. ORL J Otorhinolaryngol
Relat Spec 1980;42:20-45.

2. Schuknecht HF. Pathophysiology of endolymphatic hydrops. 4rch

Otorhinolaryngol 1976;212:253-62.
3. Yamakawa K. Uber die pathologische Veranderung bei einem
Meniere-Kranken. J Otolaryngol Jpn 1938;44:2310-2.

4. Hallpike CS, Cairns H. Observations on the pathology of Meniere’s

syndrome. J Laryngol Otol 1938;53:625-55.

5. Ishiyama G, Lopez IA, Ishiyama A, Aquaporins and Méniére’s

Otology & Neurotology, Vol. 30, No. 6, 2009

17.

18.

19.

20.

21,

22,

23.

24,

26.

27.

T. KITAHARA ET AL.

disease—review. Curr Opin Otolaryngol Head Neck Surg 2006;
14:332-6.

. Committee on Hearing and Equilibrium. Committee on Hearing

and Equilibrium guidelines for diagnosis and evaluation of therapy
in Méniére’s disease. Otolaryngol Head Neck Surg 1995;113:
181-5.

. Claes J, Van de Heyning PH. A review of medical treatment for

Méniére’s disease. Acta Otolaryngologica Suppl 2000;544:34-9,

. Kitahara T, Takeda N, Mishiro Y, et al. Effects of exposing the

opened endolympbhatic sac to large doses of steroids to treat intrac-
table Méniére’s disease. Ann Otol Rhinol Laryngol 2001;110:
109-12.

. Kitahara T, Kondoh K, Morihana T, Okumura S, Mishiro Y, Kubo

T. Surgical management for special cases of intractable Méniére’s
disease: unilateral cases with intact canals and bilateral cases. Ann
Otol Rhinol Laryngol 2004;113:399-403.

. Kitahara T, Kubo T, Okumura S, Kitahara M. Effects of endolym-

phatic sac drainage with steroids for intractable Méniére's disease:
a long-term follow-up and randomized controlled study. Laryngo-
scope 2008;118:854-61.

. Aoki M, Asai M, Nishihori T, Mizuta K, Ito Y, Ando K. The

relevance of an elevation in the plasma vasopressin levels to the
pathogenesis of Meniere’s attack. J Neuroendocrinol 2007;
19:901-6.

. Schmittgen TD, Zakrajsek BA, Mills AG, Gom V, Singer MJ,

Reed MW. Quantitative reverse transcription polymerase chain
reaction to study mRNA decay: comparison of endpoint and real-
time methods. Anal Biochem 2000;285:194-204.

. Takeda T, Kakigi A, Saito H. Antidiuretic hormone (ADH) and

endolymphatic hydrops. Acta Otolaryngol Suppl 1995;519:219-22.

. Takeda T, Takeda S, Kitano H, Okada T, Kakigi A. Endolymphatic

hydrops induced by chronic administration of vasopressin, Hear
Res 2000;140:1-6.

. Lim JS, Lange ME, Megerian CA. Serum antidiuretic hormone

levels in patients with unilateral Méniére’s disease. Laryngoscope
2003;113:1321-6.

. Yazawa Y, Kitahara M. Bilateral endolymphatic hydrops in

Méniére’s disease: review of temporal bone autopsies—review.
Ann Otol Rhinol Laryngol 1990;99:524--8.

Kitahara T, Doi K, Maekawa C, et al. Meniere’s attacks occur in
the inner ear with excessive vasopressin type-2 receptors. J Neuro-
endocrinol 2008;20:1295-300.

Kumagami H, Loewenheim H, Beitz E, et al. The effect of anti-
diuretic hormone on the endolymphatic sac of the inner ear. Pflugers
Arch 1998;436:970-5.

Kitano H, Suzuki M, Kitanishi T, et al. Regulation of inner ear fluid
in the rat by vasopressin. Newroreport 1999;10:1205-7.

Taguchi D, Takeda T, Kakigi A, Takumida M, Nishioka R, Kitano
H. Expressions of aquaporin-2, vasopressin type 2 réceptor, tran-
sient receptor potential channel vanilloid (TRPV)Y; and TRPV4 in
the human endolymphatic sac. Laryngoscope: 2007;117:695-8.
Azzena GB, Melis F, Caria MA, Teatini GP, Bozzo G. Vestibular
projections to hypothalamic supraoptic and paraventricular nuclei.
Arch Ital Biol 1993;131:127-36.

Liu F; Inokuchi A, Komiyama S. Neuronal responses to vestibular
stimulation in the gninea pig hypothalamic paraventricular nucleus.
Eur Arch Otorhinolaryngol 1997;252:95-100.

Cavdar S, Onat F, Aker R, Sehirli U, San T. The afferent connec-
tions of the posterior hypothalamic nucleus in the rat using horse-
radish peroxidase, J Anat 2001;198:463-72.

Bartoli E, Satta A; Melis F, Caria MA; Masala W. Volume recep-
tors in guinea pig labyrinth: relevance with respect to ADH and Na
control. Am J Physiol 1989;257:F341-6.

. Podda MV, Ivaldi R, Faedda R, Cossellu S, Deriu F. Inner ear

pressure changes modify ADH secretion in freely moving guinea
pig. J Nephrol 1999;12:47-50.

Satta A, Varoni MV; Palomba D, Pala A; Demontis R; Relationship
between cerebrospinal fluid pressure and plasmatic ADH. Pharma-
col Res 1999;39:383-8.

Shambaugh GE Jr, Clemis JD, Arenberg IK. Endolymphatic duct
and sac in Méniére’s disease. I. Surgical and histopathologic obser-
vations. Arch Otolaryngol 1969;89:816-25.

Copyright © 2009 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.



28.

29.

30.

pAVP AND V2R IN DELAYED ENDOLYMPHATIC HYDROPS

Gutierrez F, Moreno PM, Sainz M. Relationship between immune
complex and total hemolytic complement in endolymphatic
hydrops. Laryngoscope 1994;104:1495-8.

Yazawa Y, Suzuki M, Tanaka H, Kitano H, Kitajima K. Surgical
observations on the endolymphatic sac in Méniére’s disease. Am J
Otol 1998;19:71-5.

Hughes GB, Kinney SE, Barna BP, Calabrese LH. Autoimmune
reactivity in Méniére’s disease: a preliminary report. Laryngoscope
1983;93:410-7.

3L

32

33.

819

Yamanobe S, Harris JP. Inner ear-specific autoantibodies. Laryn-
goscope 1993;103:319-25.

Yazawa Y, Suzuki M, Hanamitsu M, Kimura H, Tooyama I. Detec-
tion of viral DNA in the endolymphatic sac in Méniére’s disease by
in situ hybridization. ORL J Otorhinolaryngol Relat Spec 2003;
65:162-8.

Selmani Z, Marttila T, Pyykkd 1. Incidence of virus infection as a
cause of Méniére’s disease or endolymphatic hydrops assessed by
electrocochleography. Eur Arch Otorhinolaryngol 2005;262:331-4.

Otology & Neurotology, Vol. 30, No. 6, 2009

Copyright © 2009 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.



—AIR - S, RREEBIRIFE & KSR L —

@ Key Words @ X =T —JUE, KAHEBUKE, Vasopressin @

RBAXH

Hideaki NAGANUMA

U oIc

AL —RIELTITH)REL LAt
(D FVEER) OWELRBERRBMOBERD
b, BIEOHMIO FOREEORR LES, HH
O HEMREROBRTH Y, BREOZNKI
REBHROTH, BE - fiESEORE, #E,
AT - VROETEHSZ ETH B,

[. RfEBORR

DEVHEEIIE, BERRCIY, HEBE
SENESRRHA L, MTSERCE LBk & 2 67
BRI VAOBELBAZBECI L RERZE
o —HRIZIEMD7-» I ROERIEETCH LD
T, BHOBEIRIFROTT Y, 7% REAET +
Uoh (XA4av®, 10% VY VB (FUx
A =% OFERRENEZTI.

BEREL LW, YTERA (LY VE R
YYU®), 72 ) NLEY— L (72818
RE, HEERLLTYYFILEY7=EFTE
v, O7u749v (F3RVEVY), HEY
7z F—=n (77 F=%®), SAVEFY
F—F (F53=32V®), FF7 08702y y
(7R V®) kb, EHIELLTE, A 77
SER (FYvRIV®), Lt vBE7urul
RISy (I REV® hbBznFhAvsh

* LB RFEFNE SRR BERE
(7T 228-8555 #hzs /I RAEEUR LR 1-15-1)

II. REFMRPOE

1. AEEROYE
NERZEMIE388T, 77/ v=Y
VEEF LY A (TFHRARE UV, b
NS) 7 F—¥ (AV7L4V®), d-4 VY 7LF
VUEEBEE (4 A=), AUABRFER
F(AYVZARY®), HBS 722 F—1 (77
F—®) L EBAWSNS, Fi T%REKES
FUY A (X400 LRERWECHEINE
ERIHEEING,

2. AFO10KE
BEhodE2 B, BHREHEICELTRT
A FEBFEHING, /2, A=z—FELH
CHREEBOMRBENERI N, ZoEKIBY
ThAFu4 FEOFERAFENS,

3. FURE

WY ¥ KO SEED B CRE4 OFIREIHE
Ba3ns, 20l LTAVYNLVEFR (L VY4
RF®, 78k F (5vvy 7 R%), BE, 7%
VSERFAT7TEYIRY, 2aryy Ry (n
A70ry®), FYZurAFTIF (704
5% hE¥TH3,

M. ESEERKEEY & KHERES (Hydra-
tion Therapy)?

HEOTTEYFENRARICI O RF v 3
(Aquaporin: AQP) BEEI N, 205 LHE
I 1 AQPI1, AQP2, AQP3, AQP4, AQP5,
AQP6, AQP7, AQPY R FOEENHEI N, W

JOHNS VoL 25 No.6 2009 841



Yo, Y Vv SREER KA A VB oERE Y
WEELRE 2R LT REESTRB X T
w3, K<, Arg-Vasopressin (AVP) #fittEon
AQP2 B3N v KBEDER I BB R RE2HE L
T3 EVIMENRZINTR 3,

AQP2 &M (kEBEE) 1, AVPITX D V2-
receptor - L CHIEIS T w3, MEAVP O
ERICED, AEEARRICHELET S V2-receptor
WAVPBEATIE, G224 L T
adenylate cyclase DSTEHE(L X 4, HIEZR cAMP 23
BWmd 3, COAMPRIER MY —,koT
AQP2 Z&tefifaA/MEHIRAE B E) LEST
3, ZOHER, BEXRE2ERT 2ME0KERE
DBEFRL, RY kB0 ZEET 2 Al
BRI N,

Takeda 5D N— 7%, EILEY b EHVWE
DYEBCIEENICAKRD AVP 285752 L
X DHBENICNY v KERRETE I LR
|ELES, —F, bhbiuiy v FRAVE
MEBICE VT, AVP 2EBRIRE TS L
ek b, ABRBUELR (HEEOET) 2807,
oI, URHEASHIRS v FTl, EEDAVP
ARSI BWT, BFOKIBIGIR2TH
BT AVP REERES L7y Pt L <R/ H
IZ ABREB{fEDS ER L 7=,

o, EEOBEFIZB VT Takeda 5D
N—TF, A=z—VEE2IECLDETEHY 3
KIEBEREE T3, o) T WERICH L Tl
AVP D ER L7z L85 LTw Y,

PEDZ Eds, RY Y OKBEOREE, A=
I — )R DO FIE I % AVP OBMABIE L Tw
3 LEEHING,

A= VIROEERREOBEIZ, HEW»,
TERBICHT 2EEERIEB & LT, WY 3K
BoBE L Z20BEXHOTHPEHNLING, 0F
hoK, EaOERHIER, BEEAIRE (isosorbide
&) oL, BEBERKORERZERTLZ
tickbh, RY Vv KEZBRL, ZORECH
REFHLELI LT 2b0TH-T: (RRBER
AgEE) Y,

M#E AVP O3 fIE L L (R EED LR
Blitic, Wik Eic k 3 RREOET OB -

AENA P VADBME E235 2, GEBEERK
DIRERERT 2 HINT, HERLBWLTHOAYE
WEHBT 2AFRENRINTVIHEAND
3, PETEATEROHIRE LIz & 3RS
FEBLK & IERIEROET ORI B T BARE
5 AVP R EMEE, BHNCIRREIR
YV KERFELCTL ) AR RERIN
3, 2NWZ, INETORBEORERLECHE
A, —ERNICRnENSHY VANDBEROR
BRIz H 503, BRI ERHE - B
BEARESERIVFROET - BRBEHK—~
BT EED S D AVP ZW—~HNE (MEL) T
AQP2 DiEHAL (RBBHEDOHM) —AY VA
DKDWA—RY v OKENF R Ih 2R
Ehol, MEFERTOXKERMTE LV ) BEK
& L COBBENELSRET 3 2 LT, X8I
FHESOFENWELIEE T2 b0 LI B,

EMERICBWT, bhibh i HKENIED
AVP O EclE &R MianEE e s
ZAONBREADEILEBRELLY, 20
LIZFEIC RN A B TH 208, RETSZ
Sk DIERTHR R IR b Rk, E A0
KRiZkBEREEDMbBZ LiIc X hlERY v
NEN (EP) RMETL, Z20BENEEEMHED
BE - RENBEECRE LESORHFRITR
Thol LR IS,

Z2IC, bhbhiEd o —EIRNT 28
e LU THEEROKE L IIRREE 282,
B LABEIFE O L2HNE LT DT
ENVEECR RV LR LI T, 2Fh,
KA+ EBRT 2 2 LiX, EBRMEELEM
XRBZHEETH D, FRMESBELEE (B8
BH) MRS A LI, Z2OBE, BT
HEEBEI SO AVP OSWEIHEIL, HEEMIC
AY VoUKERERL, O FWPEIET 0%
PP TEIDOTRRVIEEZL -, KSEE
B, INETOA T RIINT 2 BEED
BERAH LI E -1 EDREHHIHEIRY »~
UK BRI I Y B BT H B2,

RIBREOEAS I, +oRKNEH - B3
ERREOEHRE~HRMER 2N ¢ 3,
MFERBEELZEEBRTRICE S -TEELSD

842 JOHNS Vol 25 No.6 2009



AVP FOR/ME—RE (&%) TD AQP2 D
EHEOBE/L, MEEFANDEROUEHY 3
~DKDTADTA, MEBEFZOKBERESD T
HeD T, BAOWELTI A=A AMIcED

bHDTH 3,

AR, BEEINCERBRB L UEES
DEEVLRVWI LRERELR, £KH, £, %
EBEAEEL, | B pELKSEREERT
35DTH3, BED ] HICERT 2 KTEIZ,
BEHEZEL T35 ml/Ke/day I xh s,

DEOFHE BEHET2ERLT A=
FHROEVWOEWERIZNL, FH» o kyBEIGA
BEHHRT 5. 20K, EH70 isorbide 5%
7948, BREMICIIKSERE D T OHEDHESE
ER (BEHET, BRERL L) oHERIEN
W RBEENREDRE 21T .

KA BEUEED o B, M AVP BEZ T
3 Z & BUHEBRIMEER OB 5 WER L
BEROBHRUEBLD S, 20 DHEE LIHE
AVPEREERICH 25D b I L THRKD
BEETI.

¥ 7o, AFERIE V2-receptor OHEEREETE/LIZES
TR LYFESIh D, BMERICE T 3 HRE
D AVP O 593, V2-receptor DIFHRET ¥
EVIHIHEINSH B, LHLBIKAKRZEZE
BEARHNEND AVP OIS E5h, =
DIREETYH V2-receptor DIEHEIREBZ S {ETE
T, DLAERLTWwWE D Ebhbiidf#is
%, BUKBREBEL RS, BN RET
X, REIC AVP 04 ET LI AVP fEi3{E
T4 2328, V2-receptor DiFEIZ FRE L -k
BLTOIOTIREWES b, 1BHENL,
RETBRFUAAFOEBA D BIKAR & R
I AVP fHIZ ERIZREELE L P, V2-recep-
tor DG LR LI RET#ET 20l Rw
EA9W, ZOBRFLERELRA L ADMD
R EEFRBEAVP OZMHBEML, WY 9K
BeREIeRHELELbOLELONBY, K
SEREEICBT 3% KSERIE, CoLkR
L V2-L e 77 —DiEE 2L ICIEHELI T
VRO TIRELD EHIT 5,

ERROWES L ZOBROBEEUTICRT,

BEEICERERE LUEHZOREN LV
Z L REERL R, 35 ml/kg/day DERKZ BLE
L, &+ QENL) RAEREL2EE T
HEECRYIELIEET 5, TLBEER BEh
&, BEE, HEAER), BEEy 2 WEROHE
Biz4 VY LEF (90 ml/day) 258 S H
B #5337, =71, Aoz —uEREE,
R - AR PLARKESCESLTWS Y
DEEZS5NB%®, Takahashi 5ODIRIBL T
Vw3, EEFEORBEEZEEL Vs, KBE
BERITICH->T, BEOA =L NHOBRE
HEE ZDOFE, ¥k BESEER2T) BN
ERLTFEENZFEA D= L2 BE OB
L, AB:2BCw3,

BIEEROBRANE, AAO-HNS (1995) it
ZRWTTo %, HRITAUBD Wik THED
DA =L — )LIRHEEFC, KOEREE 2R
%, 2N HBBBERTIENTH B,

HEGICELTI, 0% THEL, BHoK
10% 22w Th, DEFLEHEERKZBSILTL
%, BAOORMFPRICEL Tb IhE CoRKE
KN LTHEREELTWE I E2RELED,

KRB E RO BEIMIE AVP 8, MigRE
E, RILE, RESEOE{2RIZART, Mg
AVP i, IRILE, IREFBEHE T hydration ICfEVE
TLTWL R, MFERBEOENIER:, ZDZ
LI MEEREE 2 A RN THERICE DI,
fhOEFBRELEFH LTSI Lick s, miF
BEEZET IR 2HEOAMDS, KRNI
AVPEZETE¥TWE I EILL 3,

¥, KROBEEELRTHAIC, Mbtictty
YIVE F2ERBFRS SO Ca iR, KB
B, #9320 ARRBERIEEL BVBE Y
Hokh, ZTHLUEDEFVIREEL, BEHIIKE
T BEAMEHST,

o

AT VROBB BT TIRENSE
27988, —RiFERINIEH OB E BT,
L, 2nE TR EVREICBVLTY,
EMOBATRIIRRTH-1D, L UEED
FFEVFRRRICLDKF » RNVOERENE

JOHNS Vol 25 No.6 2009 843



pg/ml 4 4 4 ! .

3.5- M3EAVP{E |

3
2.5
27
1.5
14

0.57 p<0.01 [

3HA% 6HA% 1EE

Bt

1.03 : : :
1.0251
1.02-
1.0151
1.01-

1.005 -
p<0.01

REE [

3hR% A% 1Mk

Bt -

mOsmol/l 1 1 1 .
2380

270 -
2504 mIEREE [
230 -
210- -
190 B
170+ p<0.05 [
150 1 — . : :
. B 3HB% ehPE 158
mOsmol/l
1,000 1 i I3 i I3
900 REBEE [
800 3
7001 s
6007 -
500 -
400 1 -
300 2
200 p<0.01 3

100 T T . T T
' B 3HRAH ehARE 1£#E

B Hydration 80%1k

TOREIRET L Ao x— VEDH - REBF
DIREHD, FROBEEDOMBERICE S ORBDT
BY, SHROERMVHFEING,

X

1) Moffat DA, Ballagh RH : Meniere's disease. Booth JB
(ed), Otology. Kerr AG (ed), Scott-Brown’s Otolar-
yngology. 6th ed, Oxford England, Butter worth-
Heinemann Press, p3/19/1-3/19/50, 1997.

2) Naganuma H, Kawahara K, Tokumasu K, et al:
Water may cure patients with Meniere Disease. Lar-
yngoscope 116 : 1455-1460, 2006.

3) Takeda T, Takeda S, Kitano H, et al : Endolymphatic
hydrops induced by chronic administration vasopres-
sin. Hear Res 140 : 1-6, 2000.

4) Takeda T, Sawada §, Takeda S, et al : The effects of
V2 antagonist (OPC-31260) on endolymphatic
hydrops. Hear Res 182 : 9-18, 2003

5) Takeda T, Kakigi A, Saito H : Antidiuretic hormone
(ADH). and endolymphatic hydrops. Acta Otolaryn-
gol (Stockh) (Suppl 519) : 219-222, 1995.

6) R, MEHE, @E, #i: Vasopressin #
SH0MFNERVEOREN. Ly mErne, #

BB EIRTIAEE, WEREEECET HEN
% TRI9EFE B -o8HREESE 71-713E,
2008,

7) EHET, RAEH, BEAEM, B A=x—UR
DAY R4 BRSO Bid—, Equilibrium
Research 66 (2) : 64-72, 2007.

8) Kitano H, Suzuki M, Kitanishi T, et al : Regulation of
inner ear fluid in the rat by vasopressin. Neuro
Report 10 : 1205-1207, 1999.

9) Soderman ACH, Moller ], Sjoback DB, et al : Stress as
a trigger of Attacks'in Meniére’s disease ; A case~
crossover study. Laryngoscope 114 : 1843-1848, 2004.

10) Onuki J, Takahashi M, Odagiri K, et al : Comparative
Study of the Daily Lifestyle of Patients With
Meniere’s Disease and Controls. Ann Otol Rhinol
Laryngol 114 (12) : 927-933, 2005.

11) RyEEH, mEGEHE, AMED, fi: Aox—iHe
X4 2K EHYEE (Hydration Therapy) —2008 4
¥ TORBRE—, BEHBEME, HatERER
IRTASE, MERERECHET sREME Tl 20
£ R - EIREES, 172-177H, 2009,

12) Claes J, Van De Heyning : Medical treatment of
Meniere’s disease ;' A review of literature. Acta Oto-
laryngol (Srockh) (Supple 526) : 37-42, 1997.

844 JOHNS Vol 25 No.6 2009



