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ARTICLE INFO ABSTRACT

Keywords: Although research on hearing loss, including the identification of causative genes, has become increasingly
Rfﬂssne_r’s membranff ) active, the pathogenic mechanism of hearing loss remains unclear. One of the reasons for this is that the structure
Magnetic resonance imaging of the inner ear of mice, which is commonly used as a genetically modified animal model, is too small and
nner ear

complex, making it difficult to accurately capture abnormalities and dynamic changes in vivo. Especially,
Reissner’s membrane is a very important structure that separates the perilymph and endolymph of the inner ear.
This malformation or damage induces abnormalities in hearing and balance. Until now, imaging analyses, such
as magnetic resonance imaging (MRI) and computed tomography, are performed to investigate the inner ear
structure in vivo; however, it has been difficult to analyze the small inner ear structure of mice owing to reso-
lution. Therefore, there is an urgent need to develop an image analysis method that can accurately capture the
structure of the inner ear of mice including Reissner’s membrane, both dynamically and statically.

This study aimed to investigate whether it is possible to accurately capture the structure (e.g., Reissner’s
membrane) and abnormalities of the inner ear of mice using an 11.7 T MRI. By combining two types of MRI
methods, in vivo and ex vivo, we succeeded for the first time in capturing the fine structure of the normal mouse
inner ear, such as the Reissner’s membrane, and inflammatory lesions of otitis media mouse models in detail and
accurately. In the future, we believe that understanding the state of Reissner’s membrane during living condi-
tions will greatly contribute to the development of research on inner ear issues, such as hearing loss.

ex vivo MRI
In vivo MRI

small and complex, making it impossible to identify the abnormal area
in detail, and dynamic changes in the living organisms. Although im-
aging techniques such as magnetic resonance imaging (MRI) [4] and
computed tomography [5] are used to capture the inner ear structure in
vivo, it has been difficult to accurately analyze the structure of the small
mouse inner ear because of resolution limitations. Therefore, there is a
strong desire among inner ear researchers for a high-resolution image
analysis method.

Reissner’s membrane, a two-layered membrane located between the
scala vestibuli and scala media in the inner ear, is a very important

1. Introduction

Recent advances in medical genetics have led to the elucidation of
the genes that cause hearing loss [1,2]. Improvements in genetic
recombination technology [3] have made it possible to prepare mouse
models, such as transgenic and knockout mice; moreover, research to
elucidate the causes of hearing loss is increasingly active. However, the
mechanism by which the causative gene causes hearing loss remains
unknown. One of the reasons for this is that the inner ear structure is too
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Abbreviations

MRI magnetic resonance imaging
LPS lipopolysaccharide

3D Three Dimension

PBS phosphate-buffered saline
HE hematoxylin and eosin

structure that separates the perilymph and endolymph. Reissner’s
membrane is greatly involved in endolymph homeostasis [6]. Therefore,
stretching and cell density changes of Reissner’s membrane cause
endolymph hydrops [7]. Since endolymphatic hydrops cause hearing
loss and vertigo, accurate understanding of in vivo condition of Reiss-
ner’s membrane is extremely important in research in the field of
otorhinolaryngology.

In this study, we investigated an effective in vivo/ex vivo MRI method
for inner ear analysis to identify Reissner’s membrane using 11.7 T MRL

2. Materials and methods
2.1. Animals and otitis media mouse models

Ten male C57B6/J mice, 6-8 weeks old, weighing 19-24 g (average
22.7 g; Japan SLC Co., Ltd., Shizuoka, Japan) were used in all experi-
ments. Mice were kept in an environment with temperature, 23-25 °C,
and humidity, 50 %). To induce inflammation in the middle ear, the
tympanic membrane was penetrated from the left external auditory
canal using a 27G needle, and 100 pl of saline containing 10 mg/ml
lipopolysaccharide (LPS; Merck KGaA, Darmstadt, Germany) was
injected into the left tympanic cavity; this was performed under anes-
thesia using a combination anesthetic (0.3 mg/kg medetomidine, 4.0
mg/kg midazolam, and 5.0 mg/kg butorphanol). The mouse was laid
down with its left ear facing upward, and the LPS solution was kept in
the tympanic cavity for 12 h until the mouse woke up from the anes-
thesia. Saline was administered to the right ear, which served as the
contralateral control.

This study was conducted in strict accordance with the recommen-
dations of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The study protocol was approved by the Committee
of Animal Experiments of the Osaka University (approval numbers: 21-
086-0, 27-043-000). This study was conducted according to the ARRIVE
guidelines, minimizing the number of mice and their suffering as much
as possible. If food or water was unavailable, food was placed on the
bedding, and agar jelly was used as a supplement. In addition, if
experimental mice exhibited abnormalities or hypothetical humane
endpoints (e.g., difficulty feeding, drinking, or breathing, self-harm,
rapid weight loss of 20 % or more over several days), animals were
immediately euthanized by intraperitoneal administration of pento-
barbital (200 mg/kg).

2.2. MRI analysis

In vivo and ex vivo MRI data were acquired using an 11.7 T scanner
with ParaVision 6 (Bruker BioSpin, Ettlingen, Germany).

2.3. In vivo MRI

2.3.1. Mouse preparations

Gd MRI contrast agent (Gadoteridol, Eisai Co., Ltd., Tokyo, Japan)
was injected intraperitoneally (100 pL/20 g body weight) to discrimi-
nate scala media from scala vestibuli and scala tympani by MRI [8]. MRI
was performed 50-60 min after Gd injection. Anesthesia was initially
induced with 2.0 % isoflurane and maintained with 1.6 % isoflurane
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during MRI. The body temperature of the mice was maintained at 37 °C
with circulating warm water.

2.3.2. MRI

T, weighted sagittal images of mouse head were obtained using the
sequence of Rapid Acquisition with Relaxation Enhancement Three
Dimensional (3D) with the following parameters: field of view, FOV =
20 mm x 20 mm, matrix = 512 x 512 (in plane resolution = 39.1 pm x
39.1 pm), slice thickness = 0.2 mm, TR/TE = 800 ms/16.1 ms, number
of scan = 16, and acquisition time = 27 min 18 s.

2.4. Ex vivo MRI

2.4.1. Mouse head preparations

The heads of mice were dissected after perfusion fixation. After
removal of the marginal skin, the head was immersed in neutralized
formaldehyde for 2 days at 4 °C. Subsequently, the head was placed in
4 °C phosphate-buffered saline (PBS) for 2-4 days. Finally, the head was
soaked in 5 mM Gd contrast agent (Gadoxetate Sodium, Bayer Yakuhin,
Ltd., Tokyo, Japan) for 4-14 days at 22-24 °C before MRI.

2.4.2. MRI

T; weighted mouse head images were obtained using the sequence of
3D Fast Low Angle Shot with the following parameters: volume = 15
mm X X 15 mm x 12.6 mm, matrix = 512 x 512 x 252 (resolution =
29.3 pm x 29.3 pm x 50.0 pm), TR/TE = 40 ms/4 ms, number of scan =
8, and acquisition time = 11 h 28 min 7 s. The matrix was zero-field to
1024 x 1024 x 252 using post-processing. The final 3D image resolution
was 14.6 pm x 14.6 pm x 50.0 pm.

2.5. Hematoxylin and eosin (HE) stain

After ex vivo MRI analysis, the inner ears were fixed using 4 %
paraformaldehyde in 0.1 M phosphate buffer and then decalcified for 1
week. Subsequently, samples were dehydrated in an ascending series of
ethanol solution and embedded in paraffin (tissue preparation, T580;
FALMA, Tokyo, Japan) using Clear Plus (FALMA). Sections with a
thickness of 7 pm were prepared using a microtome (RM2145, Leica
Microsystems K-K, Tokyo, Japan) and attached to MAS-coated glass
slides (Matsunami-glass, Osaka, Japan). Slides were stored at 4 °C until
use. After deparaffinization using xylene, hydrophilic treatment was
performed using a descending series of ethanol solution. The slides were
stained with a hematoxylin solution (FUJIFILM Wako Chemicals Cor-
poration, Osaka, Japan) for 5 min, washed with tap water for 10 min,
and subsequently stained using an eosin solution (FUJIFILM Wako
Chemicals Corporation) for 3 min. After washing, the slides were
dehydrated in an ascending ethanol series, cleared using xylene, and
mounted on a cover glass using Entellan (Merck KGaA, Darmstadt,
Germany). Slides were observed and analyzed using a Keyence micro-
scope (Keyence Corporation, Osaka, Japan).

3. Results
3.1. In vivo contrast-enhanced MRI analysis

First, MRI analysis of the inner ear was performed in healthy mice
administered with a contrast agent. The outline of the cochlear labyrinth
and its entire circumference were determined from the acquired MRI
images (Fig. 1a). By contrasting the scala vestibuli and scala tympani,
the boundary between the scala media was clearly delineated. In addi-
tion, the boundaries between the scala media, bone spiral plate, and
cochlear axis were visible. However, the boundaries of the other struc-
tures were unclear. For in vivo MRI analysis, it was possible to determine
the areas of endolymph and perilymph; however, it was difficult to
obtain information that requires higher resolution, such as structural
abnormalities.
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in vivo MRI ex vivo MRI

modiolus

Fig. 1. Representative normal right cochlea images of in vivo and ex vivo MRI

(a) in vivo MRI image. The boundary between the endolymph space and perilymph space was clear and distinguishable. However, the boundaries of other structures
were unclear. (b) Ex vivo MRI image. The boundary between the scala vestibule and scala media was clearly seen by Reissner’s membrane. The structures of the organ
of Corti and stria vascularis can now be seen more clearly. SV: scala vestibuli, ST: scala tympani, SM: scala media, and LW: lateral wall. Black arrowheads: Reissner’s
membrane, white arrows: the organ of Corti, asterisks: stria vascularis and grey arrows: osseous spiral lamina, modiolus. Scale bar: 500 pm.

3.2. Ex vivo contrast-enhanced MRI analysis structure of the organ of Corti in the scala media and the boundary

between the endolymph space and stria vascularis were observed

Subsequently, we performed ex vivo MRI analysis of the excised inner (Fig. 1b). Furthermore, we confirmed the boundary between the scala

ear. Compared with in vivo MRI images, the boundaries of the cochlear vestibuli and scala media, which are separated by Reissner’s membrane.

structures were more clearly defined in ex vivo MRI images. The Although in vivo MRI analysis did not detect the morphology of
in vivo MRI ex vivo MRI

Cochlea Ear bone capsule

Cochlea

Ear bone capsule

Fig. 2. Representative right cochlea images of in vivo and ex vivo MRI in LPS-induced otitis media mouse models

(a-d) in vivo MRI images. Structural changes in the cochlea were not obvious on the right sham side (a) and left LPS-injected side (b); however, a signal (white arrows)
was observed only in the upper part of the ear bone capsule on the left LPS-injected side (d) unlike the right sham side (c). (e-h) Ex vivo MRI images. No obvious
structural changes were observed in the cochlea on the right sham side (e) and left LPS-injected side (f). However, the mucosa of the left ear bone capsule, which was
in direct contact with LPS, was clearly thickened (h: black arrowheads) compared to the sham side (g). Sham: right sham inner ear, LPS: left lipopolysaccharide-
injected inner ear. Scale bar: 500 pm.
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Reissner’s membrane, ex vivo MRI analysis revealed that Reissner’s
membrane had a single thick linear structure (Fig. 1). Ex vivo MRI
analysis techniques have significantly improved resolution, making it
possible to observe the inner ear at higher magnification. Contrast agent
infiltration into the endolymph space helped in distinguishing the
structures within the endolymph, such as Reissner’s membrane and stria
vascularis. These findings demonstrate that ex vivo MRI analysis is a
useful method for the detailed analysis of mouse inner ear structures
including Reissner’s membrane.

3.3. MRI analysis in LPS-induced otitis media mouse models

Further, we investigated whether our MRI analysis could capture
pathological changes in the mouse inner ear using otitis media mouse
models. In vivo MRI analysis revealed that the contrast agent-induced
signal was enhanced in the left cochlear perilymph treated using LPS
compared with that in the untreated right cochlear perilymph. However,
there was no difference in the volume ratio of cochlear perilymph to
endolymph or in their respective structures in the right (sham side) and
left (LPS side) inner ears (Fig. 2a and b). In addition, thickening of the
mucosal structures was observed in the left ear bone capsule (Fig. 2d),
whereas no such thickening was observed in the right ear bone capsule
(Fig. 2c). Subsequently, to analyze structural alternation caused by
inflammation in detail, ex vivo MRI analysis was performed. No differ-
ences were observed in the structure of the cochlea between the right
and left sides (Fig. 2e and f); however, thickening of the mucous mem-
brane was clearly observed in the left ear capsule (Fig. 2g and h). No
structural abnormality was observed in the right ear capsule. No
extension of Reissner’s membrane due to otitis media was observed
(Fig. 2e-h). In summary, by combining the two MRI analysis methods, in
vivo and ex vivo, we were able to capture the inner ear structure and its
changes in greater detail.

3.4. Pathological analysis using HE-stained inner ear specimens

Finally, to examine the accuracy of the findings obtained from the
MRI analysis, we performed a pathological analysis using HE-stained
mouse inner ear specimens. No structural changes were observed in

oy %

4" | ‘
Cochlea ¥ 4 *

‘modiolus X

Ear bone capsule
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the cochlea, without or with LPS treatment (Fig. 3a and b). In contrast,
there was no change in the mucosa of the right ear capsule (Fig. 3c);
however, thickening of the mucosa of the left ear capsule was observed
(Fig. 3d). Therefore, the pathological analysis using HE-stained speci-
mens revealed similar results as those of the findings from the MRI
analysis. Conversely, in HE-stained specimens, the morphology of
Reissner’s membrane was observed to be loose and extend, which could
not reflect the results of ex vivo MRI analysis.

In summary, our two types of MRI analyses were found to be superior
methods that can be used to understand the structure such as Reissner’s
membrane and pathology, more accurately.

4. Discussion

In this study, we used 11.7 T upfield MRI for the first time to analyze
the structure of the inner ear. Compared with the 9.4 T MRI image of
Degerman et al. [4], the entire circumference of the cochlear labyrinth
could be clearly distinguished in our MRI image, and the boundaries of
the internal and external lymphatic spaces were clearly delineated.
Unlike previous MRI analyses, the resolution was clearly improved, and
the structure of the inner ear could be clearly observed. However, it was
also revealed that even our in vivo MRI analysis was insufficient to
investigate Reissner’s membrane and structural abnormalities in inner
ear. In ex vivo MRI analysis, the inner ear is directly immersed in the
contrast agent; therefore, the boundaries with all structures within the
cochlea are clearer than those in the in vivo MRI analysis method.
Furthermore, the Reissner’s membrane could be clearly visualized,
albeit with a low signal intensity. In the ex vivo MRI analysis method, the
inner ear of the mouse is removed immediately after sacrifice; therefore,
tissue invasion due to contrast agent immersion is minimal, and it is
possible to perform image evaluations that are similar to in vivo condi-
tions. In ex vivo MR, the slice thickness is 50 pm, and the planar reso-
lution, including post-processing, is 14.6 pm. Therefore, the Reissner’s
membrane is almost perpendicular to the slice plane, but since the
Reissner’s membrane is 10 pm thick, it was possible to observe it. In ex
vivo MRI analysis, Reissner’s membrane was observed as a single linear
structure, and for the first time, the exact structure of Reissner’s mem-
brane was revealed by MRI analysis.

T,

Lesion

Fig. 3. Representative micrographs of HE-stained cochlea and ear bone capsule in LPS-induced otitis media mouse models

(a-d) No obvious structural changes in the cochlea were noticed between the sham side (a) and LPS-injected side (b), but the mucosa of the left ear bone capsule
(white arrowhead), which was in direct contact with the LPS, was clearly thickened in the LPS-injected side (d) compared to the right sham side (c). SV: scala
vestibuli, ST: scala tympani, SM: scala media and LW: lateral wall. Black arrowheads: Reissner’s membrane, asterisks: the organ of Corti, black arrows: stria vascularis
and black stars: osseous spiral lamina, modiolus. Sham: right sham inner ear, LPS: left lipopolysaccharide-injected inner ear. Scale bar: 100 pm.
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In the LPS-treated otitis media mouse models, ex vivo MRI succeeded
in capturing results similar to those of the pathological analysis using
HE-stained specimens. Conventionally, the structural analysis of the
mouse inner ear is conducted by morphological methods using inner ear
sections. However, the fixative and embedding materials used when
preparing tissue sections affect the tissue morphology [9], and the
structure may be artificially damaged during the analysis process. Such
artifacts occur in tissues with numerous cavities, such as the cochlea.
Distinguishing endolymphatic hydrops by increasing the endolymph
space area is extremely difficult. Reissner’s membrane, which is the
boundary between the endolymphatic and perilymphatic spaces, is often
displaced from its original position during the sectioning and staining
processes; therefore, it is difficult to determine whether the expansion of
the endolymph space area is a structural change associated with a
pathological condition or an artificial change. In fact, the HE staining
results did not reflect the ex vivo MRI images, and Reissner’s membrane
was loose and stretched. Judging from the HE staining results alone, we
would have mistakenly assumed that endolymphatic hydrops had
occurred in the inner ear of the otitis media mouse models (Figs. 2 and
3). There were parts where the Reissner’s membrane was cut (Fig. 3a
and b); however, it was difficult to determine whether this structural
abnormality was artificial. Additionally, it is difficult to capture chro-
nological alterations in the same individual because the inner ear must
be removed when preparing tissue sections.

The MRI analysis was developed as a method that can eliminate such
artificial flaws in morphological analysis and capture changes over time.
Inner ear imaging evaluation using MRI began in 1990 using guinea
pigs. Because the analyses were performed using ex vivo MRI with the
inner ears removed [10,11], it was not possible to perform a longitudinal
analysis using living organisms. Since 2010, MRI has been conducted in
mice. Although living organisms can be photographed, the resolution of
these images was poor. However, the presence or absence of endolym-
phatic hydrops can be confirmed, and it has been used to evaluate
endolymphatic hydrops [12,13]. Thus, improvements in the accuracy of
MRI have made it possible to evaluate images even in the small inner ear
of mice.

The magnetic field of the MRI we used was 11.7 T, which is the
highest magnetic field among existing reports. The inner ear images
obtained using our MRI analysis had significantly improved image
quality compared with conventional MRI images, similar to the inner ear
images obtained by our in vivo MRI analysis that had significantly
improved image quality compared with existing images; making it easier
to understand he endolymph and perilymph spaces and identify areas of
structural change. Additionally, biological chronological changes and
spatial comprehension improved significantly. However, owing to the
difficulty in obtaining clear images such as HE-stained tissue specimens,
it has been difficult to perform detailed morphological evaluations of the
inner ear using in vivo MRI analysis. To overcome these shortcomings,
we combined ex vivo MRI analysis methods. Using this ex vivo MRI
analysis, we obtained images with better contrast than those in previous
similar analyses. The results of the ex vivo MRI analysis reflected those of
in vivo MRI analysis. Therefore, the first step is to use in vivo MRI analysis
to examine the timing and individuals in whom major changes such as
structural abnormalities occur. At the time points obtained, we recom-
mend removing the inner ear and performing a detailed analysis using
clear images obtained by ex vivo MRI analysis.

We previously reported the usefulness of analysis methods using
11.7 T MRL In a study using mouse models with brain injury, in vivo MRI
analysis identified the detailed location of the brain injury site, and ex
vivo MRI analysis (diffusion tensor tractography) revealed the left-right
differences (the LPS and the contralateral side) in the degree of white
matter damage caused by brain contusion [14]. Additionally, we visu-
alized the inflammatory state of the large intestine in a mouse model of
ulcerative colitis using T2 images, and analyzed the state of new blood
vessels caused by inflammation using magnetic resonance angiography
(MRA) [15].

Biochemical and Biophysical Research Communications 723 (2024) 150153

In the present study, our method combined in vivo and ex vivo MRI
analyses, to obtain a detailed overview of the structural changes caused
by inflammation. MRI analysis is an excellent technology that can cap-
ture the three-dimensional structure of various structures, abnormal-
ities, and changes over time. Our analytical method using 11.7 T MRI is
revolutionary and allows us to take full advantage of the strengths of
MRI analysis. Especially, precise visualization of the Reissner’s mem-
brane in mouse inner ear will enable the analysis of pathological con-
ditions such as endolymphatic hydrops; further, advance the analysis of
diseases, such as Meniere’s disease that are associated with such path-
ological conditions. This method is expected to significantly contribute
to the research progress in the field of Otolaryngology, including hearing
loss.

5. Conclusions

We demonstrated an effective method for imaging analysis of small
tissues, such as the mouse inner ear using 11.7 T MRI. Using two
methods, in vivo and ex vivo MRI, for the first time, we succeeded in
understanding the fine structure of the mouse inner ear, such as the
Reissner’s membrane and inflammation state, more accurately. We
believe that understanding the exact state of Reissner’s membrane in
vivo will contribute to further progress in the field of
otorhinolaryngology.
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