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suggests the importance of S1PR; signaling in cochlear hair cell
survival against ototoxic insults.
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Abstract

Optical coherence tomography (OCT) makes it possible to
visualize the internal structures of several organs, such as the
eye, in vivo. Although visualization of the internal structures
of the inner ear has been used to try and identify certain
pathological conditions, attempts have failed mainly due to
the thick bony capsule surrounding this end organ. After de-
calcifying the bony wall of the cochlea with ethylenediamine
tetraacetic acid, we could clearly visualize its internal struc-
tures by using OCT. We identified endolymphatic hydrops,
strial atrophy and damage to the organ of Corti, evident as a
distention of Reissner's membrane, thinning of the lateral
wall and flattening of the organ of Corti, respectively. When
specimens embedded in paraffin, sliced and stained with he-
matoxylin and eosin (HE) were examined under a light mi-
croscope, the OCT images of normal and pathological co-
chleae were virtually identical with those of the HE speci-
mens, except that the HE specimens exhibited several
artifacts unrecognized in OCT images, which were consid-
ered to be induced during the preparation process. Since
OCT enables one to obtain arbitrary plane images by ma-

nipulating the slice axis of the specimens and avoids any
misinterpretation due to artifacts induced during histologi-
cal preparation, our technique would be useful for examin-
ing cochlear pathologies without or prior to histological
evaluations. © 2013 S. Karger AG, Basel

Introduction

Structural integrity of the cochlea is required to main-
tain normal auditory function. Certain types of cochlear
pathologies have been known to be closely associated
with impaired auditory function. Since the cochlea is
housed deeply within the temporal bone, however, it is
extremely difficult to examine its structure in vivo. Struc-
tural observation has primarily been limited to histologi-
cal methods, which require several procedures such as
chemical fixation, dissection of the tissues, embedment in
amold such as paraffin, and sectioning. These procedures
can introduce significant changes in tissue integrity and
organization [Slepecky and Ulfendahl, 1988; Brunschwig
and Salt, 1997], limiting the generality and overall value
of results. To better visualize the internal structure of the
cochlea, an emerging noninvasive imaging modality, op-
tical coherence tomography (OCT), has been applied.
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OCT uses low-coherence interferometry to produce a
two-dimensional image of internal tissue microstructures
[Huang et al., 1991]. It uses light to discern intrinsic dif-
ferences in tissue structure and uses coherence gating to
localize the origin of the reflected optic signal. Internal
tissue microstructures can be visualized with axial and
lateral spatial resolutions in the order of 10 pm and a
depth of penetration of approximately 2-3 mm depend-
ing on tissue translucency. This technology has become
widely established for clinical applications in the fields of
ophthalmology and dermatology to visualize the translu-
cent tissues of the eye [Izatt et al., 1994] and superficial
tissues of the skin [Welzel, 2001].

Clinical use of OCT has since been extended to the
fields of cardiology and gastroenterology in visualizing
deeper structures such as coronary vessels [Jang et al.,
2002] and the gastrointestinal tract [Shen and Zuccaro,
2004]. Most recently, OCT has been used in the field of
otolaryngology to visualize the larynx [Wong et al., 2005].
However, clinical use of OCT has been limited in other
organs including the inner ear because of its relatively
limited depth of penetration and the turbidity of most
biological tissues. In fact, previous studies allowed visual-
ization of only limited areas of the cochleae [Wong et al.,
2004; Lin et al., 2008; Sepehr et al., 2008; Subhash et al.,
2010]. For example, Sepehr et al. [2008] drilled the otic
capsule of pigs obtained within 1 h of sacrifice and found
that in the areas of thinned bone, acceptable images were
obtained of the spiral ligament, stria vascularis, Reissner’s
membrane, basilar membrane, tectorial membrane, scala
media, scala tympani and scala vestibuli; however, the
bone was too thick for adequate light penetration in the
areas where it was not thinned.

Subhash et al. [2010] obtained in vivo OCT images of a
portion of the apical, middle and basal turns of the mouse
cochlea through a surgically prepared opening via the bone
ofthe bulla. They demonstrated that spectral-domain OCT
could be used for in vivo imaging of important morpho-
logical features within the mouse cochlea, such as the otic
capsule and structures within, including Reissner’s mem-
brane, the basilar membrane, the tectorial membrane, the
organ of Corti and the modiolus of the apical and middle
turns, but the resolution and quality were unsatisfactory.

In the current study, we observed the cochleae by OCT
after decalcification of the otic bony capsule. We could
clearly visualize normal internal structures of the cochle-
ae and identify endolymphatic hydrops (EH), strial atro-
phy and damage to the organ of Corti, which appeared as
a distention of Reissner’s membrane, thinning of the lat-
eral wall and flattening of the organ of Corti, respectively.
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This technology can prevent the misinterpretation of his-
tological findings due to artifacts induced during histo-
logical preparation and thus is of great value in investigat-
ing the internal structural change of various types of co-
chlear damage.

Materials and Methods

Animals

A total of 20 Hartley guinea pigs with a positive Preyer reflex
and weighing approximately 300 g were used. They were allocated
to the following four groups, each consisting of 5 animals: (1) nor-
mal control group (no surgical procedure or treatment); (2) EH
group (electrocauterization of the endolymphatic sac (ES), and a
4-week feeding); (3) kanamycin sulfate-ethacrynic acid (KM-EA)
group (no surgical procedures, but intravenous administration of
KM and EA and a 2-day feeding); and (4) streptomycin sulfate (SM)
group (perilymphatic perfusion with 20% SM and a 4-month feed-
ing). These experiments were approved by the Tokyo University
animal care and use committee, and conformed to the Animal Wel-
fare Act and the guiding principles for animal care produced by the
Ministry of Education, Culture, Sports and Technology, Japan.

Surgical Procedure for the Electrocauterization of ES

EH can be either primary or secondary. Primary idiopathic EH
(known as Méniére’s disease) occurs for no known reason, while
secondary EH appears to occur in response to an event or underly-
ing condition (e.g. following head trauma or ear surgery, or with
other inner ear disorders, allergies or systemic disorders such au-
toimmune disorders). EH was initially reported in patients with
Méniére’s disease independently by Yamakawa [1938] and Hall-
pike and Cairns [1938] and has since been found to be frequent in
patients with Méniére’s disease. EH represents a histopathological
finding in which the structures bounding the endolymphatic space
are distended by an enlargement of endolymphatic volume. The
most widely studied animal model of EH was created by surgical
ablation of the endolymphatic duct and sac in guinea pigs [Kimu-
ra and Schuknecht, 1965; Kimura, 1967].

To induce EH, we performed electrocauterization of the ES. An-
imals were anesthetized with an intraperitoneal injection of keta-
mine (35 mg/kg) and xylazine (5 mg/kg) and received local anes-
thesia with Xylocaine in sterile conditions. Then, they were placed
in a prone position with a head holder and underwent a dorsal
midline scalp incision under a Carl Zeiss operation microscope.
The left occipital bone was removed to visually expose the ES via an
epidural occipital approach. Then, the extraosseous portion of the
sac was cauterized electrically so as not to injure the sigmoid sinus
with the bipolar electrocoagulator (Surgitron Model FFPF; Ellman
International Inc., Hewlett, N.Y., USA). The skin incision was su-
tured and the animals were allowed to survive for 4 weeks.

Procedures for Intravenous Administration of KM and EA

Auditory hair cells can be damaged and lost as a consequence
of acoustic trauma, treatment with ototoxic agents, infections, au-
toimmune pathologies and genetic susceptibilities or as a part of the
aging process. The loss of auditory hair cells in the human cochlea
is a leading cause of permanent hearing deficits, currently affecting
an estimated 600 million worldwide. In recent studies, loop diuret-
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Fig. 1. Parameters for quantitative assess-
ment of changes in endolymphatic space,
organ of Corti and lateral wall. a Cross-sec-
tional area of the dilated scala media (red
areas), organ of Corti (yellow areas) and
upper part of the lateral wall over the ex-
tended line of the lower level of the basilar
membrane (green area) in an OCT image.
b Cross-sectional area of the original scala
media (blue areas) enclosed by a straight
line segment. This line segment represents
the position of the idealized Reissner’s
membrane at the upper margin of the stria
vascularis to its normal medial attachment
at the spiral limbus. ¢ Cross-sectional area
of the dilated scala media (red areas) of an
HE specimen. d Cross-sectional area of the
original scala media (blue areas) of an HE
specimen. Colors refer to the online ver-
sion only.

ics have been used to augment the ototoxic effect of aminoglycoside
antibiotics and eliminate hair cells in mammals [Xu et al., 1993;
Yamasoba and Kondo, 2006; Kashio et al., 2007; Taylor et al., 2008].

To induce degeneration of the organ of Corti, animals were
given KM (Meiji, Tokyo, Japan) and EA (Sigma-Aldrich). They
were anesthetized with an intraperitoneal injection of ketamine
(35 mg/kg) and xylazine (5 mg/kg). A single dose of KM (400 mg/
kg) was injected subcutaneously; 2 h after the KM injection, EA (50
mg/kg) was infused into the jugular vein as previously described
[Yamasoba and Kondo, 2006]. The animals were then allowed to
survive for 2 days after deafening.

Procedures for Perilymphatic Perfusion with 20% SM

Strial atrophy is one of the leading causes of deafness and three
major etiologic factors have been reported: hereditary strial hypo-
plasia/atrophy [Gates et al., 1999; Ohlemiller et al., 2006}, aging
[Schuknecht and Gacek, 1993] and ototoxicity due to loop diuret-
ics or the erythromycin group of antibiotics [Arnold et al., 1981;
McGhan and Merchant, 2003].

To induce both hair cell loss and strial atrophy, animals under-
went perilymphatic perfusion with 20% SM (Meiji) dissolved in
Ringer’s solution (Fuso, Osaka, Japan). The animals were anesthe-
tized with an intraperitoneal injection of ketamine (35 mg/kg) and
xylazine (5 mg/kg). The left cochlea was exposed using the lateral
approach, and both the scala tympani and the scala vestibuli of four
cochlear turns were perfused as follows. A 20% SM solution was
gently perfused into the scala tympani through the round window
membrane until the solution flowed out from the drilled hole ad-
jacent to the oval window, as previously described [Terayama et
al,, 1977]. After the perfusion, the tympanic cavity was cleaned, the
skin incision closed and the animals allowed to survive for 4 weeks.

OCT and Histological Observations

To observe the cochleae by OCT, all animals were given phys-
iological saline from the left ventricle under deep anesthesia with
ketamine and xylazine and fixed with 10% formalin. Both tempo-

OCT Images of Normal and Pathological
Cochleae

ral bones were obtained immediately following the fixation and
kept in a 10% formalin solution for 1 week. Subsequently, the
specimens underwent decalcification in ethylenediamine tetra-
acetic acid (EDTA) for 14 days. Then we obtained midmeodiolar
images of the cochleae by using the Santec OCT system controlled
by Inner Vision (Santec Co., Aichi, Japan). The characteristics of
the Santec OCT system were as follows. The center wavelength
band was 1,320 nm and the band width 90 nm. The axial and lat-
eral resolutions were 12.0 and 17.0 pm, respectively. The measure-
ment speed and frame rate were 50,000 lines/scan and 100
frames/s, respectively. The image depth and width were 6.0 and
10.0 mm, respectively. After OCT images were obtained, the tem-
poral bones were dehydrated in increasingly higher concentra-
tions of alcohol, embedded in paraffin and cut serially at 6 ym in
the plane parallel to the modiolus to obtain approximately the
same plane as the OCT image. The sections were stained with he-
matoxylin and eosin (HE) and observed under a light microscope
[light microscopic mode of the BZ-9000 fluorescence microscope
(Keyence, Osaka, Japan) controlled by BZ-II Analyzer (Keyence)
software].

Quantitative Assessment of Endolymphatic Space, Organ of

Corti and Lateral Wall

We used the digital image measurement software Micro Ana-
lyzer version 1.1 (Nippon Poladigital Co. Ltd, Tokyo, Japan) for
quantitative assessment. In the EH group, we compared the degree
of EH between OCT and HE images. For the quantitative assessment
of endolymphatic space variations of the cochlea, we measured the
increase in the cross-sectional area of the scala media (IR-S) over
that in the midmodiolar sections. For this analysis, we used the fol-
lowing two parameters in the basal, second, third and apical turns,
not including the hook portion: (1) the cross-sectional area of the
dilated scala media (fig. 1a, ¢; red areas) and (2) the cross-sectional
area of the original scala media (fig. 1b, d; blue areas) which were
enclosed by a straight line segment. This line segment represents the
position of the idealized Reissner’s membrane at the upper margin
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Fig. 2. a Representative cross-sectional OCT
image of all turns of the spiral-shaped co-
chlea. b Magnified image (turned 90°) of the
rectangular area in a. ¢ Cross-sectional im-
age of an HE specimen, using a light micro-
scope. HE specimens exhibited several arti-
facts such as bending of the interscalar sep-
tum and basilar membrane and folding of
Reissner’s membrane as a consequence of
separating the spiral ligament from the bony
wall. The proportion of the area of the organ
of Corti is smaller in the HE specimen (star)
than in the OCT image (a; white star), espe-
cially in the basal turn. d Magnified image of
the rectangular area in ¢. O = Otic capsule;
M = modiolus; RM = Reissner’s membrane;
OC = organ of Corti; SL = spiral limbus;
LW = lateral wall consisting of stria vascu-
laris and spiral ligament; ST = scala tympani;
SM = scala media; SV = scala vestibuli; ar-
rowhead = bending of interscalar septum;
double arrowheads = bending of basilar
membrane; white arrowheads = folding of
Reissner’s membrane; asterisk = separating
spiral ligament from bony wall.

of the stria vascularis to its normal medial attachment at the spiral
limbus. From these parameters, we calculated the increase (%) in
IR-S in the four turns with the following formula:

Total IR-S (%) = 100 x (red area - blue area)/blue area

Statistical Analysis

Data are presented as means + SD, and they were compared by
the paired Student t test. Differences were regarded as significant
when p < 0.05.

We compared the degree of flattening of the organ of Corti and
strial atrophy between the normal control and KM-EA groups and
between the normal control and SM groups, respectively. To analyze
the flattening of the organ of Corti, we used the following parameter
in the basal, second, third and apical turns, not including the hook
portion: the cross-sectional area of the organ of Corti (fig. 1a; yellow
areas). Data for each turn were separately compared by Student’s t
test, and a difference was regarded as significant when p < 0.05. For
the analysis of strial atrophy, we used the following parameter in the
second turn: the cross-sectional area of the upper part of the lateral
wall over the extended line of the lower level of the basilar membrane
(fig. 1a; green area). We selected the second turn for the assessment
because there was no proliferative change such as fibrosis.

Results
Normal Control Group

OCT provided detailed internal structures of the nor-
mal cochleae. We clearly identified not only the otic
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capsule and the modiolus, but also Reissner’s mem-
brane, the organ of Corti, the spiral limbus, the lateral
wall consisting of the stria vascularis and spiral ligament
in all four turns of the midmodiolar section (fig. 2a, b).
The scalae tympani, media and vestibuli were clearly
distinguishable. The OCT images were virtually identi-
cal with the corresponding histological sections (fig. 2c,
d), although the HE specimens exhibited several arti-
facts such as the bending of the interscalar septum and
basilar membrane and the folding of Reissner’s mem-
brane as a consequence of the separation of the spiral
ligament from the bony wall. Concerning the organ of
Corti, the proportion of the area was smaller in the HE
specimen than in the OCT image, especially in the basal
turn.

EH Group

OCT clearly demonstrated the presence of EH in all 5
cases 4 weeks after electrocauterization of the ES. In a case
shown in figure 3a, mild but distinct hydrops was ob-
served in the basal and second turns, and the hydrops was
most evident in the third turn (fig. 3b, d). The spiral liga-
ment, stria vascularis and organ of Corti appeared nor-
mal. A midmodiolar HE-stained section in this ear
showed similar histological findings (fig. 3c), although
the extent of EH was greater in the histological specimens
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Fig. 3. a Representative cross-sectional
OCT image of the cochlea in animals with
electrocauterization of the ES. Mild but dis-
tinct hydrops was found in the basal and
second turns, and hydrops was most evi-
dent in the third turn. b Magnified image
of the rectangular area in a. ¢ Cross-sec-
tional image of an HE specimen, using a
light microscope. A midmodiolar HE-
stained section in this ear showed similar
histological findings, although the extent of
EH was greater in the histological speci-
mens than in the OCT images. There are
several artifacts similar to those seen in the
normal cochlea. Note that hydrops was
most evident in this turn. d Magnified im-
age of the rectangular area in ¢. Arrows =
Distention of Reissner’s membrane.

than in the OCT images (fig. 4). Further, there were sev-
eral artifacts similar to those seen in the normal cochlea.
Figure 4 shows the IR-S in OCT and HE images: 54.3
4.05% and 62.4 + 6.51%, respectively. The IR-S was statis-
tically larger in the HE than in the OCT images (paired
Student’s t test, p < 0.05).

KM-EA Group

Two days after the treatment with KM and EA, all an-
imals lost the Preyer reflex and exhibited degeneration of
the organ of Corti in all turns (fig. 5a). In a case shown in
figure 5b, the flattening of the organ of Corti was obvious
in the third and apical turns, whereas the spiral ligament
and stria vascularis appeared normal. A slight collapse of
Reissner’s membrane was seen in all four turns. A mid-
modiolar HE-stained section in this ear showed similar
histological findings, except that there was no collapse of
Reissner’s membrane (fig. 5e, f). The difference regarding
Reissner’s membrane between the OCT and histological
findings may have been caused by histological prepara-
tion. Further, there were several artifacts similar to those
seen in the normal cochlea. To assess the effects of KM-
EA treatment on the organ of Corti, a comparison of the
normalized size ratio of the organ of Corti (size of the
targeted organ of Corti/average of the size of the normal
organ of Corti) was made between the normal control and
KM-EK groups, using OCT images. The normalized size

OCT Images of Normal and Pathological
Cochleae

10 I N .
80 b v
60 fo
40 o

IR-S (%)

Fig.4. Comparison of IR-S between OCT (light gray) and HE (dark
gray) images. The IR-S (means + SD) on the OCT and HE images
were 54.3 + 4.05% (n = 5) and 62.4 + 6.51% (n = 5), respectively.
The IR-S on the HE images was statistically larger than that on the
OCT images (paired Student’s t test, p < 0.05).

ratios of the basal, second, third and apical turns were
0.63 + 0.14, 0.78 £ 0.16, 0.51 + 0.10 and 0.58 + 0.14, re-
spectively, in the KM-EA group (n = 5; fig. 6). The KM-
EA treatment resulted in a marked decrease in normal-
ized size ratio of the organ of Corti. The decreases in the
basal, second, third and apical turns were significant at
p < 0.001, p < 0.05, p < 0.001 and p < 0.05, respectively
(Student’s t test).
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Fig. 5. a Representative cross-sectional
OCT image of the cochlea in animals with
intravenous administration of KM and EA.
The flattening of the organ of Corti was ob-
vious in the third and apical turns. The spi-
ral ligament and stria vascularis appeared
normal. A slight collapse of Reissner’s
membrane was seen in all four turns.
b Magnified image of the rectangular area
in a. ¢ Representative cross-sectional OCT
image of the cochlea in the normal group.
d Magnified image of the rectangular area
in c¢. e A midmodiolar HE-stained section
showed similar histological findings, al-
though there was no collapse of Reissner’s
membrane. There are several artifacts sim-
ilar to those seen in the normal cochlea.
Note that flattening of the organ of Corti
was evident. f Magnified image of the rect-
angular area in e. Arrows = Flattening of
the organ of Corti.
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Fig. 6. Comparison of normalized size ratio
(size of organ of Corti/averaged size of nor-
mal organ of Corti) of organ of Corti be-
tween normal control (dark gray) and KM-
EA (light gray) groups, using OCT images.
The normalized size ratios (means + SD) of
the basal, second, third and apical turns
were 1.00 £ 0.09, 1.00 £ 0.09, 1.00 + 0.14
and 1.00 £ 0.31, respectively, in the normal
control group (n =5),and 0.63 +0.14, 0.78
+0.16,0.51 £0.10 and 0.58 =+ 0.14, respec-
tively, in the KM-EA group (n = 5). The
decreases in the basal, second, third and
apical turns were significant at p < 0.001,
p <0.05,p <0.001 and p < 0.05, respective-
ly (Student’s t test).
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Fig. 7. a Representative cross-sectional
OCT image of the cochlea in animals with
perilymphatic perfusion with SM. Strial at-
rophy and flattening of the organ of Corti
were seen in the basal, second and third
turns. The strial atrophy reflected that the
curvature of the medial surface increased
in the lateral wall. A remarkable collapse of
Reissner’s membrane was also seen. In the
apical turn, the fibrosis of the organ was re-
markable. b Magnified image of the rect-
angular area in a. ¢ Representative cross-
sectional OCT image of the cochlea in
the control ear. d Magnified image of the
rectangular area in ¢. e Optical cross-sec-
tional image of an HE specimen, using a
light microscope. There are the same arti-
facts in the HE specimen as seen in the nor-
mal cochlea. f Magnified image of the rect-
angular area in e. Arrows = Strial atrophy;
stars = fibrosis.
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Fig. 8. Comparison of normalized size ratio (size of lateral wall/
averaged size of normal lateral wall) of lateral wall between normal
control (dark gray) and SM (light gray) groups, using OCT images.
The normalized size ratio (mean * SD) of the second turn was 1.00
+ 0.08 in the normal control group (n = 5) and 0.74 £ 0.02 in the
SM group (n = 5). The decrease in the second turn was significant
at p < 0.001 (Student’s t test).

OCT Images of Normal and Pathological
Cochleae
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SM Group

The strial atrophy and damage to the organ of Corti
were evident in all cases 4 weeks after perilymphatic per-
fusion with 20% SM (fig. 7a, b). Strial atrophy and flatten-
ing of the organ of Corti were seen mostly in the basal,
second and third turns. The strial atrophy reflected that
the curvature of the medial surface increased in the lat-
eral wall. The remarkable collapse of Reissner’s mem-
brane was also seen mostly in the basal, second and third
turns. In some animals, fibrosis was observed in the apical
part of the cochlea. The OCT images were comparable
with the corresponding histological sections (fig. 7e, f),
although the loss of spiral ganglion cells observed in the
HE specimen could not be visualized by OCT because of
the limited spatial resolution and depth of penetration.
To assess the effects of SM treatment on the lateral wall,
a comparison of the normalized size ratio of the lateral
wall was made between the normal control and SM
groups, using OCT images. The normalized size ratio of
the second turn was 0.74 + 0.02 in the SM group (n = 5;
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fig. 8). SM treatment resulted in a marked decrease in the
normalized size ratio of the lateral wall. The decrease in
the second turn was significant at p < 0.001 (Student’s t
test).

Discussion

The current study demonstrated that by decalcifying
the bony wall of the cochlea with EDTA, the internal
structures of the cochlea could be clearly visualized by
OCT. The OCT images of the normal cochleae were sig-
nificantly improved compared with those from previous
reports [Wong et al., 2004; Lin et al., 2008; Sepehr et al.,
2008; Subhash et al., 2010]. We found that OCT could
prevent unnecessary misinterpretations due to artifacts
introduced during the preparation of specimens for con-
ventional histological examination. We could also dem-
onstrate that three major cochlear pathologies, i.e. EH,
hair cell degeneration and strial atrophy, could be clearly
visualized by using OCT.

EH is commonly observed in patients with Méniére’s
disease and may also occur following head trauma or ear
surgery, or in other inner ear disorders, allergies or sys-
temic disorders such autoimmune disorders. The patho-
physiology of Ménié¢re’s disease has been studied using
animal models, and surgical ablation of the endolym-
phatic duct and sac of guinea pigs [Kimura and Schu-
knecht, 1965; Kimura, 1967] has most widely been used.
Itisimpossible to determine the presence of EH by using
physiological tests such as the auditory brainstem re-
sponse or caloric test, since such examinations provide
only information on the extent of damage to hearing or
vestibular function. Thus, it is mandatory to evaluate the
presence/absence and extent of EH by histological ex-
amination in animals. Schuknecht [1987, 1993] estab-
lished a standard procedure for the morphological study
of the human temporal bone that involved formalin fix-
ation, EDTA decalcification, celloidin embedding and
serial sectioning. Celloidin and paraffin are the two
common embedding media used for histopathologic
study of the human temporal bone by light microscopy.
Although celloidin embedding permits excellent mor-
phologic assessment, celloidin is difficult to remove, and
there are significant restrictions on success with immu-
nostaining. Other potential disadvantages of the use of
celloidin include the length of time needed for embed-
ment. Embedding in paraffin allows immunostaining
to be performed, but the preservation of cellular detail
within the membranous labyrinth is relatively poor
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[Merchant et al., 2006]. During the preparation process,
the specimen must be embedded in a mold such as par-
affin or celloidin, and such a process, especially with
paraffin, is known to induce significant artifacts, making
it difficult to evaluate the extent of EH. Compared with
the OCT images in our study, paraffin-embedded HE
specimens exhibited EH to a greater extent and also
showed artifacts such as bending of the interscalar sep-
tum and basilar membrane and folding of Reissner’s
membrane. These findings suggest that estimating the
extent of EH and associated tissue damage can be done
more precisely using OCT images than by histological
evaluation, especially using paraffin-embedded HE
specimens. Further, the specimen can be easily used for
molecular and immunohistochemical techniques after
OCT imaging.

We also observed that OCT could visualize the degen-
eration of the organ of Corti, collapse of Reissner’s mem-
brane and strial atrophy 2 days after systemic administra-
tion of a combination of KM and EA and 4 weeks after
perfusion with 20% SM throughout the cochlea. An intra-
venous administration of KM and EA induces hair cell
degeneration and scar formation, which start 3 h after
drug administration [Raphael and Altschuler, 1991]. In
Raphael and Altschuler’s report, mild flattening of the or-
gan of Corti was seen from 9 h after drug administration.
At this time, the outer hair cells from all three rows are
replaced by supporting cells, which fill the entire space
between the tunnel of Corti and Hensen cells. However,
the inner hair cells are present and the shape of the organ
of Corti is preserved. In our study, OCT could detect such
degeneration as a reduction in the size of the organ of Cor-
ti, which could not be observed in the basal turn of an HE-
stained section because of the artifacts produced (fig. 2a,
b). Further, OCT could detect a mild collapse of Reissner’s
membrane, which again could not be detected in HE-
stained sections. These findings suggest that estimating
the extent of the degeneration of the organ of Corti and
associated tissue damage (e.g. collapse of Reissner’s mem-
brane) can be done more precisely by using OCT images
than histological evaluation, especially with paraffin-em-
bedded HE specimens. Conversely, although OCT could
detect severe degeneration of the organ of Corti, strial at-
rophy and remarkable collapse of Reissner’s membrane in
the SM group, it could not detect the loss of spiral gan-
glion cells, which could be observed in the HE specimens.

The method shown here cannot be applied to clinical
evaluations of pathology in the cochlea. Therefore, we
still need other novel technologies to improve the trans-
parency and translucency of OCT.

Kakigi/Takubo/Egami/Kashio/Ushio/
Sakamoto/Yamashita/Yamasoba
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Conclusions

By decalcifying the bony wall of the cochlea, we could
clearly and widely visualize the internal structures of nor-
mal and pathological cochleae. We could easily manipu-
late the slice axis to obtain arbitrary plane views using
OCT, and we could demonstrate EH, strial atrophy and
damage to the organ of Corti as a distention of Reissner’s
membrane, a thinning of the lateral wall and a flattening
of the organ of Corti, respectively. The OCT images of
normal and pathological cochleae were virtually identical
with those of HE specimens, except that the extent of EH
was overestimated in histological images compared with
OCT images and that there were several artifacts in the
HE specimen, such as bending of the interscalar septum
and basilar membrane, folding of Reissner’s membrane,
separation of the spiral ligament from the bony wall, and

flattening of the organ of Corti in the basal turn, which
were not seen in the OCT images. These findings indicate
that observing the decalcified cochlea by using OCT
would be of great value when examining cochlear pathol-
ogy, especially EH, prior to or without histological ex-
aminations.
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Morphological and functional changes in a new animal
model of Méniere’s disease

Naoya Egami', Akinobu Kakigi', Takashi Sakamoto', Taizo Takeda®, Masamitsu Hyodo? and Tatsuya Yamasoba'

The purpose of this study was to clarify the underlying mechanism of vertiginous attacks in Méniere's disease (MD) while
obtaining insight into water homeostasis in the inner ear using a new animal model. We conducted both histopatho-
logical and functional assessment of the vestibular system in the guinea-pig. In the first experiment, all animals were
maintained 1 or 4 weeks after electrocauterization of the endolymphatic sac of the left ear and were given either saline
or desmopressin (vasopressin type 2 receptor agonist). The temporal bones from both ears were harvested and the
extent of endolymphatic hydrops was quantitatively assessed. In the second experiment, either 1 or 4 weeks after surgery,
animals were assessed for balance disorders and nystagmus after the administration of saline or desmopressin. In the
first experiment, the proportion of endolymphatic space in the cochlea and the saccule was significantly greater in ears
that survived for 4 weeks after surgery and were given desmopressin compared with other groups. In the second
experiment, all animals that underwent surgery and were given desmopressin showed spontaneous nystagmus and
balance disorder, whereas all animals that had surgery but without desmopressin administration were asymptomatic.
Our animal model induced severe endolymphatic hydrops in the cochlea and the saccule, and showed episodes of
balance disorder along with spontaneous nystagmus. These findings suggest that administration of desmopressin

can exacerbate endolymphatic hydrops because of acute V2 (vasopressin type 2 receptor)-mediated effects, and,
when combined with endolymphathic sac dysfunction, can cause temporary vestibular abnormalities that are similar
to the vertiginous attacks in patients with MD.

Laboratory Investigation (2013) 93, 1001-1011; doi:10.1038/labinvest.2013.91; published online 22 July 2013

% animal model; aquaporin; desmopressin; endolymphatic hydrops; Méniére's disease; vasopressin; vestibular disorder

Meéniere’s disease (MD) is a well-known inner ear disorder
characterized by symptoms including recurring attacks of
vertigo typically lasting for hours, fluctuating sensorineural
hearing loss, and tinnitus. Since the milestone findings on the
temporal bones of MD patients,"> endolymphatic hydrops
(EH) has been considered as the histopathological origin of
MD, as characteristic morphological changes were reported
to be produced by surgical obstruction of the endolymphatic
sac (ES) in guinea-pig.® This observation indicates that
malabsorption of endolymph in the ES is one of the possible
mechanisms underlying the development of EH. This
experimentally induced EH has been frequently used as an
animal model to investigate the pathogenesis of inner ear
disorders associated with EH. In terms of vestibular function,
while canal dysfunction and/or spontaneous nystagmus have
been occasionally observed in this animal model,*® episodes
of vertiginous attack or balance disorder have only rarely

been observed.® In other words, this model is insufficient for
fully representing the common symptoms of MD.

Water homeostasis of the inner ear is essential for main-
taining the functions of hearing and balance. EH is con-
sidered to be the result of disruption of inner ear water
homeostasis, which involves excessive production of endo-
lymph and/or reduced absorption of endolymph. Until
recently, however, the detailed mechanisms underlying the
overaccumulation of endolymph were unclear. Since the
discovery of aquaporin (AQP) water channels,” it has been
proposed that precise regulation of water reabsorption
largely depends on the regulation of AQP2 channels and
that water permeability can change rapidly in response to
vasopressin(VP).® Recently, it has come to light that this
mechanism has a crucial role not only in the kidney but also
in the inner ear. In addition, the following evidence has
accumulated to suggest that VP is closely associated with the
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formation of EH: (1) plasma levels of arginine VP are higher
in patients with MD and may depend on the phase that the
patient is in,”!! (2) acute and chronic application of arginine
VP produces EH in guinea-pigs and rats,'714 (3) V2 receptor
mRNA is expressed in rat and human inner ear,'>!% and
(4) expression of V2 receptor mRNA in the rat inner ear is
downregulated by VP application.’? Such accumulated
evidence has led to the assumption that production of
endolymph is controlled by VP-AQP2 system.

In a previous study using an animal model of MD,
Dunnebier et al* reported chronic ES dysfunction induced
by destruction of the ES, and acute stress-induced endo-
lymph production by aldosterone administration revealed
severe degrees of hydrops in the cochlea.?® In this
investigation, we successfully developed a new clinically
relevant animal model for MD, in which desmopressin
(a VP type 2 receptor agonist) was administered after electro-
cauterization of the ES.

We evaluated both morphological and behavioral altera-
tions of the vestibular system in this animal model to
elucidate the role of VP in the pathogenesis of MD.

MATERIALS AND METHODS

This study was composed of two experiments. Experiment 1
was designed to investigate the influence of desmopressin on
the development of EH morphologically. Experiment 2 was
designed to investigate the role of desmopressin on changes
in vestibular function. The animals used in Experiment 1
were albino outbred English short-haired guinea-pig
(Hartley). In Experiment 2, pigmented English short-haired
guinea-pig were used. Pigmented animals were selected for
Experiment 2 to facilitate eye movement recording using an
infrared-sensitive CCD camera.

These experiments were approved by Tokyo University
Animal Care and Use Committee, and were conducted in
accordance with The Animal Welfare Act and the guiding
principles for animal care produced by the Ministry of
Education, Culture, Sports, and Technology, Japan.

Experiment 1

Animals

A total of 24 guinea-pigs with a positive Preyer’s retlex and
weighing approximately 300g were used in this experiment.
All animals underwent electrocauterization of the ES of the left
ear as reported previously.?"?? The right ear was not treated
surgically. The surgical procedures are described below (in the
Surgical procedure for electrocauterization of the ES section).
Animals were divided into two major groups. Twelve animals
were allocated to survive for 1 week after electrocauterization
of the ES and the other 12 for 4 weeks. In either group, six
animals were given saline and the remaining six were treated
with desmopressin systemically 1h before euthanasia.
In animals treated with desmopressin, 100 ug/kg (25 ml/kg)
desmopressin acetate hydrate (desmopressin 4; Kyowa Halko
Kirin, Tokyo, Japan) was administered subcutaneously 1h
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before euthanasia. In saline-treated animals, 25 ml/kg saline
solution was administered subcutaneously 1h before
euthanasia. All animals were killed under deep anesthesia
using ketamine and xylazine, and the temporal bones were
collected from both sides. As shown in Figure 1a, 48 temporal
bones harvested were classified into eight groups (n=6)
according to the presence or absence of surgery, the survival
duration, and type of treatment: (1) right temporal bones,
1-week survival after left ear electrocauterization, administered
saline (1W Control group (RIGHT)); (2) left temporal
bones of the above-mentioned animals (1 W Surgery group
(LEFT)); (3) right temporal bones, 1-week survival after left
ear electrocauterization, administered desmopressin (1W
Desmopressin group (RIGHT)); (4) left temporal bones of
the above-mentioned animals (1 W Combined group (LEFT));
(5) right temporal bones, 4-week survival after left ear electro-
cauterization, administered saline (4W Control group
(RIGHT)); (6) left temporal bones of the above-mentioned
animals (4 W Surgery group (LEFT)); (7) right temporal
bones, 4-week survival after left ear electrocauterization,
administered desmopressin  (4W  Desmopressin =~ group
(RIGHT)), and (8) left temporal bones of the above-
mentioned animals (4 W Combined group (LEFT)).

Surgical procedure for Electrocauterization of the ES

All experimental animals were anesthetized by an intra-
muscular injection of ketamine (35mg/kg) and xylazine
(5 mg/kg). The animals received local anesthesia using xylo-
caine under sterile conditions. Subsequently, they were placed
in a prone position with a head holder and underwent
dorsal midline scalp incision. The left occipital bone was
removed for visual exposure of the ES via an epidural
occipital approach. Thereafter, the extraosseous portion of
the sac was cauterized electrically with a bipolar electro-
coagulator (Surgitron Model FFPF; Ellman International,
Hewlett, NY, USA) so as not to injure the sigmoid sinus.
The operation was performed using a Carl Zeiss operation
microscope.

Quantitative Assessment of the Endolymphatic Space

Under deep anesthesia by an intraperitoneal injection of
ketamine (35 mg/kg) and xylazine (5 mg/kg), all animals were
perfused from the left ventricle with physiological saline
solution, and then fixed with 10% formalin. The temporal
bones were removed on both sides and postfixed in 10%
formalin solution for 7 days. Subsequently, the specimens
were decalcified in ethylenediamine tetraacetic acid for 14
days, and then dehydrated in a graded ethanol series before
being embedded in paraffin. The prepared blocks were cut
horizontally parallel to the axis of the modiolus into 6-um
sections. The sections were stained with hematoxylin and
eosin for observation under a light microscope. We examined
the degree of EH in the cochleae, vestibules, and semi-
circular canals using digital image measurement software,
Micro Analyzer Ver. 1.1 (Nippon Poladigital, Tokyo, Japan).
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Figure 1 (a) Flow diagram of the experimental animals in Experiment 1. All animals underwent electrocauterization of the endolymphatic sac (ES)

and duct on the left side and were randomly divided into two groups of either 1 or 4 weeks survival. The right ear of the saline administration

group represents the ‘Control group’, and the left ear the ‘Surgery group’. The right ear of the desmopressin administration group represents the
‘Desmopressin group’, and the left ear the ‘Combined group’. (b) The study design of Experiment 2: (1) V-Control group; (2) V-Desmopressin group:
animals without any surgical procedure, and with saline or desmopressin treatment 1h before vestibular examination; (3) V-Surgery-1 W group;

(4) V-Combined-1 W group: animals with electrocauterization of the ES after 1 week survival, and saline or desmopressin treatment 1 h before vestibular
examination; (5) V-Surgery-4 W group; and (6) V-Combined-4 W group: animals with electrocauterization of the ES after 4 weeks survival, and saline

or desmopressin treatment 1 h before vestibular examination.

To assess quantitatively the endolymphatic space variations
across the cochlea turns, we measured the increase in the
ratio of the cross-sectional area of the scala media (IR-S) in
the basal, second, third, and apical turns, excluding the hook
portion at the mid-modiolar sections. For this analysis, we
used the following two parameters: (1) the cross-sectional
area of the dilated scala media (Figure 2a, gray area), and (2)
the cross-sectional area of the original scala media, enclosed
by a straight line segment (Figure 2a, black area). This line
segment represents the normal position of Reissner’s mem-
brane at the upper margin of the stria vascularis and its
normal medial attachment at the spiral limbus. From these
parameters, we calculated the increased ratios (%) of the
cross-sectional area of the scala media (IR-S) of a total of four
turns using the following formula:

Total IR-S (%) = 100 x (3 _(Ax — Bx)/xBx) (x: basal second,
third, apical turn)

For the quantitative assessment of the spread of the endo-
lymphatic space of the saccule, we measured the proportion of

tionorg | Laboratory Investigation | Volume 93 September 2013

the area of the saccule (Figure 2b, gray area) relative to that of
the vestibule (Figure 2b, black area) in the horizontal section
including the stapes footplate. In the utricle, we also examined
the proportion of the area of the utricle (Figure 2c, gray area)
to that of the labyrinth (Figure 2¢, black area) in the horizontal
section including the crista of the lateral semicircular canal.
For the semicircular canal, we examined the area of endo-
lymph of the posterior semicircular canal (Figure 2d, gray
area) relative to the area of bony posterior semicircular canal
(Figure 2d, black area) in the horizontal section including the
crista of the posterior semicircular canal.

Statistical Analyses

Differences in the degree of endolymph space by surgical
procedure were evaluated for individual subjects by paired
t-test. We compare the differences in the mean values among
each group with Tukey’s multiple comparison test. StatMate
IV (ATMS, Tokyo, Japan) was used to conduct these analyses.
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The data are presented as mean:ts.d., unless otherwise
noted. A difference of P<0.05 was considered significant.

Experiment 2

Animals

A total of 24 pigmented guinea-pigs with a positive Preyer’s
reflex weighing approximately 300g were used. Sixteen
animals underwent electrocauterization of the ES in the left
ear, and the remaining eight animals received no surgical
procedure. The 16 animals that underwent surgery were
divided into two groups, which were maintained for 1 week
or 4 weeks before administration of saline or desmopressin.
In either group, four animals were given saline and the
remaining four animals were given desmopressin. Saline and
desmopressin treatments were performed in the same
manner as in Experiment 1. Animals that underwent surgery
were assessed for evidence of a balance disorder and the
presence of nystagmus for 1h after they received a sub-
cutaneous injection of 25 ml/kg saline solution, or 100 ug/kg
(25ml/kg) desmopressin acetate hydrate. Similarly in the

eight surgery-free animals, vestibular examinations were under-
taken for 1h after administration of saline or desmopressin.
As shown in Figure 1b, experimental animals were classi-
fied into six groups (n=4) according to the presence or
absence of surgery, the survival duration, and type of treat-
ment: (1) V-Control group: surgery-free animals administered
saline; (2) V-Desmopressin group: surgery-free animals
administered desmopressin; (3) V-Surgery-1 W group: ani-
mals given saline 1 week after electrocauterization of the ES;
(4) V-Combined-1 W group: animals given desmopressin 1
week after electrocauterization of the ES; (5) V-Surgery-4 W
group: animals given saline 4 weeks after electrocauterization
of the ES; and (6) V-Combined-4 W group: animals given
desmopressin 4 weeks after electrocauterization of the ES.

Vestibular Examinations

We recorded spontaneous nystagmus with an eye movement
recording system in a dark room for 1 h after administration
of saline or desmopressin. The maximum slow-phase velocity
was measured. The recording procedure has been described
previously.” The dark iris can be detected using an infrared-

apical

apical

3rd

3rd

Figure 2 Parameters for the quantitative assessment of changes in the endolymphatic space. (a) The cross-sectional areas of the basal, 2nd, 3rd, and
apical turns are indicated for the non-bulging scala media (gray, left) and the bulging scala media (black, right). (b) The vestibule (gray area, left) and
the saccule (black area, right) in a horizontal section including the stapes footplate. (c) The labyrinth (gray area, left) and the utricle (black area, right)
in a horizontal section including the crista of the lateral semicircular canal. (d) The bony posterior semicircular canal (gray area, left) and the
endolymph of the posterior semicircular canal (black area, right) in a horizontal section including the crista of the posterior semicircular canal.
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Figure 2 (Continued)

sensitive CCD camera to produce a binary image; the eye
position and velocity are then calculated by a personal
computer. We also monitored posture for 1h after the
administration of saline or desmopressin to determine the
presence or absence of a balance disorder. Postural
disturbances during a vestibular attack were videotaped.

RESULTS

Experiment 1

Figures 3 and 4 show representative pictures of the cochlea
and the saccule in the four following groups: 4 W Control
group, 4 W Surgery group, 4 W Desmopressin group, and
4W Combined group. Reissner’s membrane was almost
straight in the 4W Control group and 4 W Desmopressin
group (Figures 3a and ¢}, whereas it was moderately extended
in the 4 W Surgery group (Figure 3b), and bulged into the
scala vestibuli in the 4W Combined group (Figure 3d).
Saccular hydrops was not observed in the 4 W Control group
or the 4 W Desmopressin group (Figures 4a and ¢), whereas
the saccular space was moderately extended in the 4W
Surgery group (Figure 4b). In the 4 W Combined group, the

' | Laboratory Investigation | Volume 93 September 2013

saccular space was markedly extended and the saccular
membrane was widely adhered to the stapes footplate
(Figure 4d). There was no significant hydrops in the utricle or
semicircular canal in any group, except that one animal in
4 W Combined group showed a slight expansion of the
utricular space.

Figure 5 shows the results of quantitative analyses of the
changes in the endolymphatic space in the cochlea, saccule,
utricle, and the semicircular canal. In the cochlea, total
IR-S (%) in the 1W or 4W Combined group showed a
significantly greater ratio compared with the 1W or 4 W
Desmopressin group (paired t-test, P<<0.05 and P<0.01,
respectively; Figure 5a). In the 4 W Surgery group, the IR-S
was significantly greater than that of the 4 W Control group
{paired t-test, P< 0.05; Figure 5a); however, the IR-S was not
significantly different between 1 W Control group and 1W
Surgery group (paired r-test, P>0.05; Figure 5a). Total IR-S
(%) in the 4W Combined group was significantly greater
when compared with the 1 W Surgery group, 1 W Combined
group, and 4W Surgery group (Tukey’s multiple compa-
rison test, P<0.001; Figure 5a). There were no significant
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Figure 3 Representative pictures of the cochlea in the four ear groups maintained for 4 weeks: (a) saline-infused Control ear, (b) saline-infused
Surgery ear, (¢) desmopressin-infused Desmopressin ear, and (d) Combined ear. In the Surgery ear group, the scala media is distended and shows
moderate hydrops (arrowhead). In the Combined ear, Reissner's membrane is bulging into the scala vestibule, which exhibits severe endolymphatic

hydrops (arrow).

differences among 1 W and 4 W Control groups and 1 W and
4 W Desmopressin groups (Tukey’s multiple comparison test,
P>0.05; Figure 5a). Total IR-S (%) was significantly greater
in the 4 W Combined group than in the 4 W Surgery group,
and also in the 1 W Combined group than in the 1 W Surgery
group (t-test, P<0.05; Figure 5a).

We also estimated the progression of cochlea EH in the
Surgery and Combined groups. In the Surgery group, EH
appeared to gradually develop over a time scale of weeks. The
average growth rates of EH development in the Surgery
group were estimated from the IR data in the 1W or 4W
groups using the following formula: (IR-S (%) of the 1 W or
4W Surgery groups — IR-S (%) of the 1W or 4 W Control
groups)/168h (1 W) or 672h (4 W). The average growth
rates of EH development were 0.008%/h in the 1 W group

1006

and 0.025%/h in the 4 W group. In the Combined group, EH
appeared to develop within 1h of desmopressin adminis-
tration. The average growth rates of EH development
were estimated from the IR data using the following formula:
IR-S (%) of the 1W or 4W Combined group —IR-S (%)
of the 1W or 4W Surgical group. The average growth
rates of EH development were 27.2—14.7% = 12.5%/h
and 60.0 —36.3% =23.7%/h for the 1W and 4W groups,
respectively.

The proportion of the saccular space was greater in the
1 W Combined group compared with the 1 W Desmopressin
group (paired r-test, P<0.05; Figure 5b) and in the 4 W
Combined group compared with the 4 W Desmopressin
group (paired t-test, P<0.001; Figure 5b). In the 1 W and
4 W Surgery groups, the proportion of the saccular space was
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Figure 4 Representative pictures of the saccule in the four ear groups maintained for 4 weeks: (a) saline-infused Control ear, (b) saline-infused Surgery
ear, (¢) desmopressin-infused Desmopressin ear, and {d) Combined ear. In the Surgery ear group, moderate saccular hydrops can be seen (arrowhead).
In the Combined ear group, severe saccular hydrops has extended to press against the stapes footplate (arrow).

significantly greater compared with the 1 W and 4 W Control
groups (paired f-test, P<0.05 in both comparisons;
Figure 5b). The proportion of the saccular space in the 4 W
Combined group was significantly greater when compared
with the 1 W Surgery group, 1 W Combined group, and 4 W
Surgery group (Tukey’s multiple comparison test, P<0.001;
Figure 5b). There were no significant differences among
the 1 W and 4 W Control groups and 1 W and 4 W Desmo-
pressin groups (Tukey’s multiple comparison test, P> 0.05;
Figure 5b). The proportion of the saccular space was
significantly greater in the 4 W Combined group than in the
4W Surgery group (t-test, P<0.001; Figure 5b), and also
in the 1 W Combined group than in the 1 W Surgery group
(r-test, P<<0.05; Figure 5b).

We also estimated the progression of saccular hydrops in
the Surgery and Combined groups. In the Surgery group,
saccular hydrops appeared to develop over a time scale of
weeks. The average growth rates of development of saccular
hydrops was estimated from the proportion of saccular space
remaining using the following formula for both the 1 W and
4W groups: (proportion remaining (%) in the IW or 4W
Surgery group — proportion remaining (%) in the 1W or
4W Control group)/168h (1W) or 672h (4 W). The aver-
age growth rates of development of saccular hydrops were

g | Laboratory Investigation | Volume 93 September 2013

0.03%/h and 0.02%/h for the 1W and 4 W groups, respec-
tively. Comparing growth rates of development of saccular
hydrops in the Surgery and Combined groups in the same
manner yielded average speeds of 25.2 —12.7% = 12.5%/h
for the 1 W group and 51.9 — 24.6% = 27.3%/h for the com-
bined group.

In the utricle, there were no significant differences among
the four groups maintained for either 1 week or 4 weeks
(Figure 5¢). In both the semicircular canal ampulla and the
duct, there were also no significant differences among
the four groups maintained for either 1 week or 4 weeks
(Figures 5d and e).

Experiment 2

All of animals in the V-Combined-1 W and V-Combined-4 W
groups showed spontaneous nystagmus (Table 1 and
Supplementary Movie 1 in Supplementary Material) and
balance disorder (Supplementary Movie 2 in Supplementary
Material). After the administration of desmopressin, one
animal in the V-Desmopressin group demonstrated sponta-
neous nystagmus. No animals in the V-Control group,
V-Surgery-1W, and V-Surgery-4 W groups showed any nys-
tagmus. Table 2 shows the maximum slow-phase velocity in
the animals in the V-Combined-1W and V-Combined -4 W
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Figure 5 Result of quantitative analyses of the changes in endolymphatic space. (a) In the cochlea, total IR-S (%) in the Combined group maintained
for 4 weeks showed a significant increase among four groups (paired t-test, *P<0.05, **P < 0.01; t-test, *P <0.05; Tukey's multiple comparison test,

#p <0.001). (b) The proportion of the area of the saccule to that of the vestibule showed a significant increase in the Combined group maintained for
4 weeks {paired t-test, *P < 0.05, ***P <0.007; t-test, *P <0.05, ***P<0.001; Tukey's multiple comparison test, **P<0.001). (c) The proportion of the area
of the utricle to that of the vestibule showed no differences among either ear group or period of maintenance, 1 or 4 weeks. (d, e) In addition, the
proportion of the area of the semicircular canal ampulla and duct to that of the vestibule showed no difference among either ear group or period of

maintenance, 1 or 4 weeks.

groups, which presented spontaneous nystagmus. In cases 2,
6, and 7, the direction of nystagmus changed from the left to
the right, indicating a change from irritative nystagmus to
paralytic nystagmus. Typically, 10 min after the onset of the
irritative nystagmus, the direction of nystagmus changed to
the paralytic.

In cases 1, 5, and 8, only paralytic spontaneous nystagmus
appeared (Supplementary Movie 1). In cases 3 and 4, only
irritative spontaneous nystagmus appeared. The amplitude
and direction of the maximum slow-phase velocity varied
among the animals.

DISCUSSION

In this investigation, we successfully developed a new clini-
cally relevant animal model for MD, in which desmopressin
was administered after electrocauterization of the ES. In this
animal model, distinct EH was evident in the cochlea and
saccule, whereas there were no obvious changes in the utricle
or semicircular canals. Temporal bone studies of patients
with MD have revealed that EH is more frequently observed
in the pars inferior than in the pars superior of the inner ear.
It has been shown that severe EH is observed most frequently
in the saccule, followed by the cochlea, utricle, and the semi-
circular canals.?® Recent studies using magnetic resonance
imaging have also confirmed these histopathologic
findings.2%?> In the Surgery group in Experiment 1, ears
that underwent electrocauterization of the ES but without
administration of desmopressin developed slight to moderate
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hydrops, indicating that prolonged ES dysfunction induced
by electrocauterization may cause malabsorption of
endolymph, and thus development of EH. This assumption
is in line with following histopathologic findings related to
the ES in patients with MD: poor development of the ES,?%?’
fibrotic changes of the ES, and a hypoplastic vestibular
aqueduct.?®?

Experimentally induced EH, first proposed by Kimura and
Schuknecht in 1965,% is well known as an animal model of
MD. The EH of their model is thought to involve retention
hydrops caused by the obliteration of the endolymphatic duct.
This model animal is reported to have spontaneous nystagmus
in the dark,>%% but not in the light.*! In horizontal vestibular
ocular reflex testing, vestibular ocular reflex gain was found to
have decreased 1 week after the obliteration of ES.> These
experimental results suggest that EH might contribute to
vestibular dysfunction to some extent and that vestibular
dysfunction might occur during the development and/or
progression of EH. Episodes of temporary imbalance or
vertigo, which are typical features of patients with MD, have
not however been reported in animals that underwent
obliteration of their ES. Therefore, such animals with EH
due only to the retention of endolymph are not considered
suitable as an animal model of MD.

Considering these issues, we speculated that the lack
of temporary vestibular episodes in the classical MD
animal model might be related to growth rates of formation
of EH, not the degree of EH. That is, the development

132



of EH caused by malabsorption in the ES is too slow to
produce a vertiginous attack. Indeed, animals that survived
for 4 weeks after electrocauterization of the left ES (4 W
Surgery group) developed severe EH in the cochlea and
the saccule, but showed no distinct vestibular disorders.
Therefore, we modified the classical animal model with the
additional administration of desmopressin to accelerate the
development of EH.

As expected, animals given desmopressin 1 or 4 weeks after
the electrocauterization of the ES showed both spontaneous
nystagmus and balance disorders (V-Combined-1W group
and V-Combined-4W group). Most of the V-Combined
group animal showed desmopressin-induced vestibular
disorders about 1h, which agrees with the time course of
desmopressin-induced  intrastrial space enlargement.>
Morphological changes indicated that animals that survived
for 4 weeks after the electrocauterization of the left ES
combined with administration of desmopressin (4 W
Combined group) had severe EH in the cochlea and the
saccule, and that the degree of EH was extremely high
compared with animals that survived for only 1 week after
electrocauterization of the left ES and the administration of
desmopressin (1W Combined group) even though both
groups demonstrated episodes of vestibular dysfunction. The
degree of EH and the saccular hydrops in the 1 W and 4W
combined groups was extremely high compared with animals
that survived for 1 or 4 weeks after the electrocauterization of
the left ES alone (1 W and 4 W Surgery group) (Figure 5a
and b). Thus, the disorders of vestibular function could not
be rationalized on the basis of the degree of EH. With the
dynamic changes of EH in mind, however, another theory
could be proposed. In the 1 Wand 4 W Surgery groups, EH is
thought to develop gradually over 1 and 4 weeks. On the
other hand, EH in animals administered desmopressin is
thought to develop as rapidly as within 1h. Analysis of the
average growth rates of EH development, estimated from the
IR and proportion of saccular space, indicates that animals
in the Combined groups had very high growth rates of
EH development both in the cochlea and in the saccule,
regardless of the survival time between surgery and the
measurement. Taking these results into consideration, the
desmopressin-induced vestibular disorders in animals in
the V-Combined-1 W group are readily understandable.

Generally, EH is well known to exist in cases with a clinical
diagnosis of Meniere’s syndrome. Conversely, nearly one-
third of the cases of idiopathic hydrops show no association
with the classic symptoms of Meniere’s syndrome.*® In
addition, previous histopathological examinations have
revealed that the contralateral ears of patients with
unilateral Meniere’s disease showed asymptomatic saccular
hydrops in around 30% of patients.*»? Recently, Kato et al >
reported that there was no significant association between the
degree of EH and caloric responses, using MRI. Previous
studies have suggested that not only static morphological
hydrops but also dynamic changes of hydrops may be
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Table 1 Presence or absence of spontaneous nystagmus in
experimental animals

Spontaneous nystagmus

Positive (%) Negative (%)
V-Control group 0 100
V-Desmopressin group 25 75
V-Surgery-1 W group 0 100
V-Surgery-4 W group 0 100
V-Combined-1W group 100 0
V-Combined-4 W group 100 0

Table 2 Maximum slow-phase velocity in animals with
spontaneous nystagmus

1 Week after Surgery MSPV
Animal 1 —3.71
Animal 2 399 —» —-1.09
Animal 3 14.7
Animal 4 241

4 Weeks after surgery
Animal 5 -5.08
Animal 6 651 — —68
Animal 7 559 — —247
Animal 8 - 3.66

Abbreviation: MSPV, maximum slow-phase velocity (°/s).

Positive and negative values are nystagmus toward surgical (left) and
non-surgical (right) ears, respectively. In animals 2, 6, and 7, spontaneous
nystagmus switch from irritative to paralytic.

responsible for the symptoms of MD, and further support the
validity of our new animal model for MD.

Endolymph flow measurements show that endolymph
does not flow along the cochlea and it is generally agreed that
most of the potassium in endolymph is recycled between
perilymph and endolymph.*”*® When the ES is in a normal
state, the secretion and absorption of endolymph are well
balanced. Previous molecular biological studies revealed
that AQP2 mRNA expression in the cochlea as well as in
the ES was upregulated by systemic application of VP.>°
Morphologically, the endolymphatic space was found to
increase in response to systemic application of VP.!3
Clinically, Takeda et al® demonstrated evidence of elevated
serum arginine VP levels in patients with MD. Hornibrool
et al’® reported that there have not been abnormal plasma
levels of arginine VP in patients of MD. The reasons for these
controversial results might have been that because platelets
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present in plasma cause overestimation of plasma arginine
VP and partly to avoid degradation of AVP activity resulting
from its short half-life, 4% it might be one of the most
important reasons for the great differences in basal arginine
VP concentrations observed in different laboratories. These
previous experimental findings indicate that the water
homeostasis of the inner ear fluid is partly regulated via the
VP-AQP2 system. In this study, desmopressin (V2 agonist)
was used to examine the V2 effect of VP, not the vasopressin
type 1 (V1) effect, because the V1 receptor, although limited
to mRNA, is also expressed in the inner ear.**

On the basis of previous and present investigations, and
given that patients with EH alone do not suffer from vertigo,
we assume that the pathogenesis of vertiginous attacks is as
follows: activation of the VP-AQP2 system by the V2 effect
may yield overproduction of endolymph, with an increase in
the influx of water from the perilymph into the endolymph,
which causes sudden changes in endolymphatic pressure.
We speculate that under chronic endolymphatic dysfunction,
it may reduce absorption of endolymph and chemical
mechanisms can concomitantly cause Meniere’s symptoms.
Chemical factors include hydrostatic pressure alterations, it
changes membrane permeability, causing inappropriate ion
across the membrane barrier so as to incite sensory dendrites
and lead to cochlear and vestibular symptoms. In our experi-
ment, we can see a remarkable histopathological change in
the cochlea and saccule, not in the utricle and semicircular
canals. There remains some discussion about whether an
endolymph—perilymph pressure gradient may cause these
morphological variations. Previous studies have shown that
AQP2 protein and/or mRNA are expressed in the inner ear of
rats.%3%4 Furthermore, the V2 receptor and/or its mRNA
are found in the cochlea.'®!® These previous studies suggest
that water homeostasis in the inner ear is partly regulated via
the VP-AQP2 system. If AQP2 protein and/or mRNA was to
be overexpressed in the stria vascularis or vestibular dark
cells, the VP-AQP2 system may promote overproduction of
endolymph. Therefore, the difference in AQP2 expression in
the stria vascularis and the dark cells may cause morpholo-
gical variations. Further study is needed to determine
the mechanism of the VP-AQP2 system in the inner ear
using this animal model to understand the relationship
between VP and MD.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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