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Hypothesis: Cochlear pathology can be evaluated in living
animals using optical coherence tomography (OCT).
Background: The current imaging methods available for the
detailed analysis of cochlear pathology in a clinical setting
provide only limited information. Thus, a cochlear imaging
modality with high definition is needed for improving the di-
agnosis of cochlear pathology. OCT has been used in other
fields for obtaining high-resolution subsurface images, and its
use could potentially be extended to the analysis of cochlear
pathogenesis.

Methods: S/c26a4"” mice, which generate endolymphatic
hydrops, and their littermates were used in this study. Auditory
function was monitored by the auditory brainstem responses
(ABR). After the mice were placed under general anesthe-
sia, OCT images of the cochlea were captured. The cochlea
was subsequently dissected out and histologically evaluated.
Three or 7 days later, the wild-type mice cochleaec were visu-
alized again.

Results: In ABR assessments, Slc26a4 "~ mice showed severe
hearing loss, while no significant hearing loss was found in
Slc26a4"™ or Slc26a4"™ mice. OCT demonstrated normal
morphology in the cochlea of both Sic26a4 ™" and Sic26a4 "
mice, including the location of Reissner’s membrane. Mean-
while, in Slc26a4 ™ mice, obvious dislocation of Reissner’s
membrane was observed, indicating severe endolymphatic
hydrops. These findings in the OCT images were consistent with
the histologic results for the cochlear morphology, as observed
with hematoxylin and eosin staining. Three or 7 days later, wild-
type cochleae were successfully visualized using OCT, and no
otitis media or labyrinthitis was observed.

Conclusion: OCT can be applied in the detection of endolym-
phatic hydrops in living mice, indicating the potential of OCT
for cochlear imaging analyses for clinical use in the near future.
Key Words: Endolymphatic hydrops—In vivo imaging—Optical
coherence tomography—Slc26a4.
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The development of novel cochlear imaging modalities
for improving the detailed analysis of cochlear pathology
is an urgent issue because these new imaging modalities
will be crucial for the development of new therapeutic
options for inner ear diseases. At present, only limited
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information on intracochlear structures can be obtained
clinically. For instance, magnetic resonance images (MRIs)
after intratympanic or systemic application of gadolinium-
based contrasting agents have been used to detect endo-
lymphatic hydrops in patients who are suspected of having
Ménicre’s disease (1-3). However, the image resolution of
MRI is limited in visualizing the details of cochlear path-
ogenesis. Thin-sheet laser imaging microscopy and related
microscopic techniques provide high-resolution images of
tissues, including cochlea, without sectioning (4,5). How-
ever, this technique requires tissue to be transparent and
fluorescent, and thus, its application in rodents and other
larger animals, including humans, is difficult.

Optical coherence tomography (OCT) is a noninvasive
technique for obtaining subsurface images of opaque ma-
terials at a high spatial resolution of 1 to 15 wm (6). The
basis of OCT is the use of infrared light to penetrate into
the scattering medium (7). This approach is analogous to
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that of ultrasound B-mode imaging, with the exception that
OCT uses light instead of sound. OCT has been clinically
applied in the field of ophthalmology for the imaging of the
retina and cornea (8,9), as well as in dermatology (10,11).
The clinical use of this imaging method has also been
extended to the field of cardiology for intravascular im-
aging of the coronary vessels (12). OCT imaging of the
inner ear of normal extracted cochlea (13) and the inner ear
structure of living rodents has been reported (14,15). OCT
was also used to visualize the pathologic morphology of
the tectorial membrane in the isolated cochlea of transgenic
Tecta mice, with the apical bony wall removed (16).

The aim of this study was to examine the potential of
OCT for the analysis of cochlear pathogenesis in living an-
imals with the bony capsule intact. Slc26a4 knockout mice
are well known as a model for Pendred syndrome (17). In
this study, we tested the efficacy of OCT for the visualiza-
tion of endolymphatic hydrops in living Slc26a4" mice.

MATERIALS AND METHODS

Animals

Mice with targeted disruption of Slc26a4 (17) and their litter-
mates (Sle26a4, Sle26a4 7, and Slc26a4"™) at the age of
11 weeks after birth were used in this study. Animals were
maintained at the Institute of Laboratory Animals, Kyoto Univer-
sity, Japan. The Animal Research Committee of the Graduate
School of Medicine, Kyoto University, approved all experimental
protocols, which were performed in accordance with the National
Institute of Health Guidelines for the Care and Use of Laboratory
Animals (Approval numbers: MedKyo11516 and MedKyo12172.
Primary investigator: TS).

Auditory Function

Auditory brainstem responses (ABRs) were recorded to assess
the auditory functions of the experimental animals, as previously
described (18). The PowerLab/4sp data acquisition system (AD
Instruments, Castle Hiss, Australia) was used for the generation of
acoustic stimuli and subsequent recording of the evoked potentials.
After the mice had been placed under general anesthesia, subder-
mal stainless steel needle electrodes were inserted at the vertex
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(ground), ventrolateral to the measured ear (active), and contralat-
eral to the measuring ear (reference). The acoustic stimuli, con-
sisting of tone burst stimuli (cos”2 rise/fall with a 0.1-ms gate time
and a 10-ms plateau) were delivered monoaurally through a speaker
(ESl1spc; Bioresearch Center, Nagoya, Japan) with a funnel that
was fitted into the external auditory meatus. The responses between
the ground and the active electrodes were amplified with a digi-
tal amplifier (MA2, Tucker-Davis Technologies, Alachua, FL,
USA). ABR recordings were performed at frequencies of 8, 16, and
32 kHz.

Optlcal Coherence Tomography

OCT images in living mice (Slc26a4"), Slc26a4™"), and
Slc26a4"; n = 2 for each class) were obtained usmg the
OCS1300SS OCT system (Thorlabs, New Jersey, USA), which
was equipped with a swept-source light source with a central
wavelength of 1,300 nm, a spectral bandwidth of 100 nm, and an
average output power of 10 mW. The axial scan rate was 16 kHz.
The theoretical axial resolution in water is 9 wm. After the mice
were placed under general anesthesia with an intraperitoneal in-
jection of medetomidine (0.5 mg/kg), midazolam (13.3 mg/kg), and
butorphanol (0.6 mg/kg), the bulla of the left ear was removed to
expose the cochlea. Next, the animal was placed on the scanning
stage of the OCT system so that the scanning plane (X-Z plane) was
parallel to the midmodiolar section (Fig. 1). OCT images were then
obtained.

Histologic Assessment

Immediately after the OCT image acquisition, the animals were
cuthanized with carbon dioxide and then intracardially perfused
with 0.01 M phosphate buffered saline (PBS) at pH 7.4, followed
by 4% paraformaldehyde (PFA) in 0.01 M PBS at pH 7.4. Next,
the temporal bones were excised, perilymphatically perfused with
4% PFA, and immersed in 4% PFA at 4°C for 4 hours. The
specimens were then decalcified with 10% ethylenediamine tetra-
acetic acid for 7 days. The samples were subsequently embedded
and frozen in Tissue-Tec OCT compound (Sakura Finetek, Japan),
and midmodiolar cryosections were obtained at a thickness of
10 wm. The cryosections were then stained with hematoxylin and
eosin (HE) and viewed with an optical microscope (DP70,
Olympus, Japan).

For more detailed mo: hologlc com};ansons, cochleae from
equivalent mice (Slc26a4 " e , Slc26a4 7, and Slc26a4 ") were
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The scheme of the OCT imaging procedure after surgery. A, The mouse was placed under the OCT imaging probe after the

exposure of the cochlea. B, An enlargement of the surgical field. The optimal section is shown by the rectangle parallel to the modiolus. C,
The cross section of the intracochlear structures represented by the rectangle shown in (B). D, An overview of the objective lens (outer
diameter is 34 mm, working distance is ~25 mm). The animal has been placed on the imaging stage.
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isolated, fixed, paraffin-embedded, sectioned at a thickness of
10 pm, stained with HE, and viewed with the optical microscope.

Repeated Observation of the Cochlea Using OCT

For the repeated observation of the cochlea, Slc26a4 " mice
were used (n = 4). After the first visualization using OCT, the
retroauricular skin incision was closed by a nylon monofilament
suture, and the animals were maintained in heat-controlled
cages. Antibiotic was not administrated. Three or 7 days later,

each animal was anesthetized, and OCT images were obtained.
The mice were then sacrificed for cryosections as above.

RESULTS

Auditory Functions
The mean left hearing thresholds at the frequencies of 8,
16, and 32 kHz were 10, 15, and 57.5 dB in the Slc26a4 """
mice and 10, 5, and 30 dB in the Sic26a4""” mice,
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FIG.2. OCT images and HE staining. A, OCT images from a Sic26a4 “"* mouse 11 weeks after birth: apical turn, at; basal turn, bt; scala
media, sm. The arrowheads indicate the position of Reissner's membrane, and the arrow shows the stapedial artery. Reissner's membrane
was visualized as a straight, relatively thin structure. B, OCT images from a Sic26a4 “'” mouse 11 weeks after birth. The findings were
similar to those of a Slc26a4 “'*) mouse. C, OCT images from a Sic26a4 ™~ mouse 11 weeks after birth. Reissner's membrane was po-
sitioned close to the bony wall of the scala vestibuli, indicating severe dilatation of the scala media. The cochlea had one and a half turns. D,
HE staining of the mouse as shown in (A). E, HE staining of the mouse as shown in (B). F, HE staining of the mouse as shownin (C). (G, H),
HE staining of a Slc26a4 ) mouse 11 weeks after birth: spiral ligament, sl. (/and J), HE staining of a Sic26a4 "2 mouse. (K and L), HE
staining of a Slc26a4 '~ mouse. (A-F), Scale bars = 500 um, (G-L), Scale bars = 100 pm.
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respectively. In the Sle26a4"” mice, no ABR waves were
detected at the maximum sound intensities, similar to pre-
vious findings (17).

OCT Images

Reissner’s membrane in the basal and second turns was
clearly demonstrated in the Slc26a4 " mice (Fig. 2A)
and was visualized as straight lines dividing the scala
vestibuli and the scala media. The basilar membrane in
the second turn was also depicted. Therefore, the area of
the scala media of the second turn was clearly identified
by visualization of Reissner’s membrane, the lateral bony
wall, the basilar membrane, and the cochlear spiral lim-
bus. The cochlear modiolus was detected only at the pe-
ripheral end between the apical and second turns. The
absorption of light by hemoglobin in the stapedial artery
caused the visualization of the area below the vessel to be
difficult, concealing the basilar membrane of the basal
turn and the vestibule. We therefore chose the second turn
for the estimation of endolymphatic hydrops. In the apical
turn, the helicotrema was illustrated.

Sle26a4" mice exhibited similar OCT images to those
in Slc26a4“™ mice (Fig. 2B). The scala media in the sec-
ond turn showed no dilatation, as demonstrated by straight
Reissner’s membrane of the second turn, as well by the

3 days

7 days

other surrounding structures, including the basilar mem-
brane, the lateral bony wall, and the cochlear spiral limbus.

The cochlea of Slc26a4” mice had one and a half
turns, as previously described (17) (Fig. 2C). In the apical
turn, Reissner’s membrane was found close to the bony
wall of the scala vestibuli, indicating severe dilatation of the
scala media. Moreover, the basilar membrane in the apical
turn was invisible, suggesting it was appressed to the bony
wall of the scala tympani. The size of each turn in the
Slc26a4™"” mice was relatively greater compared with
those of Slc26a4"" and Slc26a4 " mice. The modiolus
and the cochlear spiral limbus were not visualized.

HE Staining

In Slc26a4 @' and Slc26a4 - mice, the normal
coiling of the 2 and a half turns was confirmed (Fig. 2, D
and E). As visualized in the OCT cross sections,
Reissner’s membrane was found to be straight without
convexity, and the scala media was not dilated. The organ
of Corti (Fig. 2, H and J), the spiral ligament (Fig. 2, G
and H), the spiral ganglions, and the modiolus had no
degeneration.

In Slc26a4 ) mice, the decreased number of turns was
histologically confirmed (Fig. 2F). Reissner’s membrane
showed marked convexity and was close to the bony wall of

‘"‘g\.\- A\

FIG. 3. Repeated visualization of the cochlea by OCT. OCT images of Sic26a4“"*) mice cochlea 3 or 7 days after the first visualization
(A and C, respectively) showed normally positioned Reissner's and basilar membranes. HE staining of the same cochlea (B and D, re-
spectively) showed no endolymphatic hydrops and no obvious infiltration of inflammatory cells in the middle ear mucosa and inner ear. Scale

bars = 500 pm.
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the scala vestibuli, as shown in the OCT images. The basilar
membrane was adjacent to the bony wall of the scala tym-
pani. The spiral ligament was thinner (Fig. 2K) than that of
Sle26a4 ' and Sle26a4™") mice (Fig. 2, G and T), and the
outer hair cells in the organ of Corti were degenerated
(Fig. 2L). These findings were not observed using OCT
(Fig. 2C) and were consistent with those of a previous report
(17,19,20).

Repeated Observation of the Cochlea Using OCT

All the mice were alive at 3 or 7 days after the first
visualization of the cochlea in Slc26a4"" mice using
OCT. The mice were anesthetized, and the middle ear was
reopened. No obvious infectious pus was present in the
middle ear. After the removal of the fibrin clots, OCT
images were successfully obtained (Fig. 3, A and C).
The intracochlear morphology, including the position of
Reissner’s and basilar membranes, was normal in all the
OCT images. After OCT imaging, each cochlea was re-
moved and processed for histologic assessment. In the
HE images, there was no dilatation of the scala media and
no obvious inflammatory cell infiltration in the middle ear
mucosa and the inner ear (Fig. 3, B and D).

DISCUSSION

In this study, we investigated the potential of OCT for
the analysis of cochlear pathogenesis by examining its
ability to illustrate the cochlear phenotype of Slc26a4"~
mice in vivo. The Slc26a4"” mice were completely
deaf, and the HE specimens revealed a decreased number
of cochlear turns, marked convexity of Reissner’s mem-
branes, basilar membranes adjacent to the bony wall of
the scala tympani, degenerated hair cells, and a thinned
spiral ligament, all of which were the same findings as
previously reported (17). OCT was able to detect the
decreased number of cochlear turns and the extremely
distended Reissner’s membrane, indicating the marked
dilatation of the scala media. Therefore, OCT is consid-
ered a useful device for the evaluation of endolymphatic
hydrops in living mice. However, OCT had difficulties in
showing the basilar membranes, the cochlear modiolus,
the spiral limbus, and hair cells in Sle26a4" mice.
The basilar membrane was invisible in OCT images of
Slc26a4™"” mice because of the proximity of the basilar
membrane to the adjacent bony wall. Meanwhile, the
cochlear modiolus and the spiral limbus were too deep for
OCT to visualize in Slc26a4” mice because of the
limitation of the penetration depth. More detailed axial
resolution at a greater depth (additional micrometers) was
needed to evaluate the extent of hair cell degeneration.

In this study, the cochlear bony walls of living mice
were exposed through the removal of the bulla. Mice are
known to survive after the removal of the bulla, even
when followed by cell transplantation (21,22). Furthermore,
we showed that repeated visualization of the cochlea in
living mice 3 or 7 days after the first visualization was
possible by this method without inducing endolymphatic

Otology & Neurotology, Vol. 35, No. 2, 2014

hydrops, otitis media, or labyrinthitis. Thus, this strategy
can be used, for example, in the evaluation of dynamic
changes in the inner ear of living animals that have re-
ceived a particular drug to induce or reduce endolymphatic
hydrops.

MRI and micro-CT are the other imaging modalities
capable of visualizing the detailed inner structures inside
the cochlea. MRI has been already applied to humans and
is able to illustrate much deeper views than OCT. In addi-
tion, MRI has the ability to reveal the area of the scala media
by enhancing the signal from the perilymph by intratym-
panic or systemic administration of a contrast agent (1-3).
However, MRI is unable to show minute structures such as
Reissner’s membrane because its axial resolution is about
0.5 to 1.0 mm. Moreover, the use of contrast agents con-
tains the risk of inner ear impairment when administered
locally and the possibility of nephrogenic systemic fibrosis
when administered systemically (23). Although micro-CT
has an axial resolution of about 1 to 100 wm (24), this
method is not acceptable for living animals because of the
serious tissue damage that results from the high-dose
ionizing radiation (25).

The thick cochlear bony capsule in humans is an obstacle
to the clinical application of OCT as a cochlear imaging
modality; however, we believe that OCT can be applied in
humans at least for the visualization of the endolymphatic
hydrops in the lower part of the cochlea or the vestibule by
visualization through the round window membrane, which is
accessible through tympanostomy using a side-viewing
OCT fiber (26). OCT is also available for experimental
use. A previous report from Kimura and Schuknecht (27)
demonstrated that obliteration of the endolymphatic sac
in guinea pigs was capable of producing endolymphatic
hydrops. Moreover, various procedures to elicit inner ear
autoimmune disease have been reported. (28,29) The extent
of endolymphatic hydrops in both models were only eval-
uated in samples obtained after the animals were sacrificed.
OCT enables the sequential visualization of endolymphatic
hydrops without sacrificing the animals. Therefore, OCT is
applicable for the evaluation of various drugs for the treat-
ment of Méniére’s disease.

The present findings demonstrate that OCT can be used
to evaluate the gross anatomy of mouse cochlea, includ-
ing the location of Reissner’s membrane and the basilar
membrane. The use of OCT contributes to the evaluation
of pathologic changes in the cochlea of living mice.
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