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1 | INTRODUCTION

Although several hearing-loss etiologies have been proposed, including
viral infection, vascular disturbance, and immune-mediated mechanisms,
the causes of inner-ear disorders, including sudden sensorineural hearing
loss, noise-induced hearing loss, Meniere's disease, and presbycusis, are
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Abstract

Obijective: This study aimed to identify significant differences in cochlea microvessel
size between a diabetic mouse model (db/db) and normal mice using three-
dimensional (3D) quantitative analysis.

Methods: Six control heterozygote db/+ as well as 18 male B6/BKS(D)-Leprd®/J
(db/db) mice aged 14 (n = 9) and 28 (n = 9) weeks were examined. After clearing the
cochlea, we reconstructed the 3D volumes of the spiral modiolar artery (SMA) in the
cochlea using light-sheet microscopy and analyzed vessel wall thickness, cross-
sectional area, short and long diameter, and vessel height.

Results: The average SMA-wall thickness in the db/db-mouse group (3.418
+ 0.328 pm) was greater than that in the control group (2.388 + 0.411 um). The aver-
age cross-sectional outer area, short diameter, and long diameter of the SMA in
db/db mice were significantly larger than those in control mice (all p < 0.001). The
cross-sectional areas increased with age (control: 221.782 + 121.230 pm, 14 weeks;
294.378 + 151.008 pm, and 28 weeks; 312.925 + 147.943 um).

Conclusion: The db/db mice had thicker and larger proximal-SMA vessel walls and
diameters than control mice, respectively, thus potentially inducing increased blood
viscosity or vascular insufficiency and aggravating hearing loss in type 2 diabetes
mellitus.

Level of Evidence: IIb
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unclear.! Several studies have investigated inner-ear disorders and
impaired cochlear blood flow in animal models. Abnormal cochlear micro-
circulation has long been considered a crucial cause of noise-induced hear-
ing loss.2 Animal models of cochlear microcirculation have provided a
decent understanding of diseases associated with cochlear blood supply
dysfunction, thus directly addressing vascular-related hearing disorders.?
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FIGURE 1 Three-dimensional
analysis of the spiral modiolar
artery (SMA) in the cochlea. The
scheme reveals that db/db mice
exhibited increased vessel-wall
thickness and enlarged vessels of
the SMA compared with those of
normal mice.
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Hearing loss is a common complication in patients with diabetes
mellitus (DM).* However, the etiology and nature of hearing loss associ-
ated with DM remain controversial. DM is strongly associated with
accelerated atherogenesis. Increased vessel-wall thickness has been
reported in human temporal bones in DM, and periodic acid-Schiff-
positive material has been detected in the vascular walls of the cochlea
in patients with diabetes.® Kariya et al. demonstrated that type 2 dia-
betic human cadavers with insulin therapy exhibited increased vessel-
wall thickness and vessel-wall ratio compared with patients with type
1 DM.® The cochlea in patients with DM is potentially related to circula-
tory disturbances compared with that in age-matched normal controls.
However, the human study had limitations in terms of varying values of
vessel thickness due to the limited number of subjects with available
audiograms and postmortem examinations.

B6/BKS(D)-Lepr®®/J (db/db) mice are a perfect animal model of
type 2 diabetes. The phenotypes of severe obesity, hyperphagia, poly-
dipsia, and polyuria are caused by a spontaneous mutation in the lep-
tin receptor. db/db mice were differentiated by spontaneous
mutations in different sites of leptin receptors, and they exhibit abnor-
mal metabolic, reproductive, and immune phenotypes.” A genetically
diabetic db/db-mouse model of type 2 diabetes is characterized by
nephropathy and neuropathy, but not retinopathy, during early exami-
nations. Basement-membrane thickening and accumulation of
basement-membrane material were observed in the outer plexiform
layer capillaries of diabetic db/db-mice retinas. At 19 weeks, the mice
exhibited significantly increased retinal vascular leakage and
decreased levels of tight-junction proteins in the retina. Moreover,
the expression of proinflammatory factors, such as ICAM-1 and TNFa,

is drastically upregulated in diabetic retinas.?
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In this study, we compared the vessel microstructure between a
diabetic mouse model (db/db) and normal mice. Light-sheet fluores-
cence microscopy (LSFM) was used to obtain a highly resolved three-
dimensional (3D) visualization of the spiral modiolar artery (SMA) in
the inner ear (Figure 1). We considered LSFM a sensitive and reliable
method for quantifying the complex architecture of microvessel net-
works in the inner ear.

2 | MATERIALS AND METHODS

21 | Mice

Eighteen male 5-week old B6/BKS(D)-Leprdb/J (db/db) mice (natural
mutation resulting in leptin-receptor deficiency) aged and six control
db/+ heterozygote mice were obtained from the Animal Resources
Centre (Murdoch, Western Australia). Mice were provided with stan-
dard rodent maintenance chow (AIN-93M, Specialty Feeds, WA,
Australia) and had ad libtium access to food and water. Animals were
kept in groups of 2-4 in individually ventilated cages with 12 h light/
dark cycle under ambient temperature of 22°C.

All animal procedures were approved by the Curtin Animal Ethics
Committee (approval no. ARE2020-12) and performed in accordance
with the Australian Code for the Care and Use of Animals for Scien-
tific Purposes, 8th Edition.

The cochleae were harvested at 28 weeks in the control group
and at 14 and 28 weeks in db/db mice. All mice were anesthetized
with isoflurane. All mice were sacrificed by cervical dislocation, and

both cochleae were promptly dissected. The cochleae were perfused
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with a fixative containing 4% paraformaldehyde in phosphate-

buffered saline (pH 7.4) at room temperature. The apical portion of
the bony cochlea was gently opened to allow the fixative to perfuse
through the tissues. The cochleae were decalcified by immersion in
10% ethylenediaminetetraacetic acid (National Diagnostics, Atlanta,
GA) for 24 h. They were subsequently rinsed with Sorenson's buffer;
dehydrated in a series of 50%, 75%, 90%, and 100% ethanol (8-12 h
each step); and immersed in Spalteholz solution for 24 h to render the
sample optically transparent. Thereafter, samples were imaged using a
custom LSFM, based on the method described by Santi et al.,” where
“virtual slices” of the inner ear were imaged at 5-mm steps in the axial
plane, detailed in Brown et al.,!° providing a “z-stack” of between

300 and 1000 virtual slice images.

2.2 | Imaging process and analysis

Image processing, segmentation, modeling, and analysis of microvascular
networks were automated using a combination of readily available soft-
ware tools to determine the length density of microvessels as a function
of vessel diameter. LSFM z-stacks were analyzed using ImageJ) software,
with 3D volumes segmented for volume analysis using the Segmentation
3D plugin. Tag Image File Format (TIFF) files collected from the light-sheet
microscope were reconstructed into representative 3D images. Following
data reconstruction using Arivis visiondD (Germany) software, the
fluorescence-intensity data of the cochlea was exported as a TIFF series.
We tracked the SMA from the basal to the middle turn of the cochlea
demarcated on each imported slide. SMA volumes were determined sepa-
rately, based on thresholds corresponding to their respective autofluores-
cence intensities. Vessel-tracking and -extraction numerical data from the
binary mask of the blood-vessel compartment were visually evaluated for

matching with the original data (Figure 2).

FIGURE 2 Vessel tracking
and reconstruction from the
binary mask of the blood-vessel
compartment. (A) Original two-
dimensional TIFF files were
obtained from the light-sheet
microscope. (B) Auto-
Demarcating the SMA from the
basal turn to middle turn in Arivis
4D software based on thresholds
corresponding to their respective
autofluorescence intensities. (C,D)
Images for vessel reconstruction
from the basal to the middle turn.

We compared SMA characteristics using three parameters:
(1) average vessel-wall thickness, (2) average cross-sectional area, and
(3) short/long diameter and height of the sliced SMA.

After reconstructing the SMA volume, we calculated vessel-
wall thickness in microns in the cross-sectional view (Figure 3).
The average vessel-wall thickness and circumference length per
vessel cross-section were determined using the following formula,
with circumference length being measured manually in sec-

tioned view:

Average vessel — wall thickness
= (outer area of vessel— inner area of vessel) /circumference length

To calculate the average cross-sectional area (outer area) of the SMA,
we divided the SMA volume (Figure 4A) by the SMA length
(Figure 4B).

The image was sectioned transversally using an ortho slicer tool,
and a region of interest of 10 pm in thickness was selected. For a
sliced object, we measured the short and long diameters in the hori-
zontal sectional area and heights in the sagittal view of the sliced
object (Figure 5).

2.3 | Statistical analysis

Variables were analyzed using parametric statistical methods, such as
the independent t test, in the two groups. The data were compiled
and presented as the frequency of vessel distribution and statistically
analyzed using a one-way analysis of variance in the three groups. All
variables were analyzed using SPSS Statistics for Windows (version
25.0; IBM Corporation, Armonk, NY). Statistical significance was set
atp < 0.05.
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FIGURE 3 Measurement of SMA vessel-wall thickness in cross-sectioned images. (A) Definition and formula for calculating vessel-wall
thickness. Examples of the measurement of (B) SMA wall thickness, (C) the circumference length according to the mid-layer of the vessel wall,
(D) outer area of the vessel, and (E) inner area of the vessel. (F) Graph comparing the average vessel-wall thickness between the control and
db/db-mice (DM) groups. The lengths of the bars and mean + SEs of the values.
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FIGURE 4 Measurement of SMA cross-sectional area in nonsliced objects. (A) Example of three-dimensional reconstructed SMA. (B) Tracing
of SMA length; this could be manually traced using the polyline of each dot. (C) Graph comparing the average SMA cross-sectional area. The

lengths of the bars and mean + SEs of the values.

3 | RESULTS
3.1 | SMA vessel-wall thickness in cross-sectioned
images

We calculated the long rectangular area of the vessel walls using the
following formula: outer area—inner area of the vessel. Thereafter, we
determined vessel-wall thickness after dividing the rectangular area
by the circumference length of the mid-vessel wall in a single cross-
sectional image (Figure 3A-E). The circumference was larger in the
db/db-mice group (94.288 + 11.132 pm) than that in the control

group (89.918 + 17.323 um). The average SMA vessel-wall thickness
in the db/db-mice group (3.418 + 0.328 pm) was thicker than that in
the control group (2.388 + 0.411 um) (Figure 3F). A significant differ-
ence was observed between the groups (p = 0.0143).

3.2 | SMA cross-sectional area in nonsliced objects
In the reconstructed volume of the SMAs, we calculated the average
SMA cross-sectional area divided by SMA length, which could be
traced manually using the polyline of each dot. The outer cross-
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FIGURE 5 Measurement of SMA diameters in sliced objects. (A,B) Slicing with regular heights (approximately 8 pm) according to the
longitudinal SMA length. (C) Measuring the height in a single slice. (D) Measuring the shortest and longest diameters in the horizontal plane of a
single slice. (E) Graph comparing the lengths, short diameter, and long diameter of slices between the control and db/db mice (DM). (F) Graph
with dot plots comparing the long diameter of slices in both groups showing distributions of each values. In the DM group, it showed up to 80 um

in the long diameter of sliced objects.

sectional area (SMA volume/SMA longitudinal length) was 221.782
+121.230 pm in the control group and 308.933 + 179.977 pm in the
db/db-mice group. The average cross-sectional outer area of the SMA
in the db/db mice was significantly larger than that in the control mice
(p < 0.001).

3.3 | SMA diameters in sliced objects

In Figure 5, we sliced the entire long SMA vertically to the length axis
with a regular thickness (height). This revealed that the SMA diame-
ters in db/db mice, including the short and long diameters, were lon-
ger than those in control mice. There were also significant differences
in the short diameter between db/db (25.476 + 4.913 pm) and control
(21.906 + 5.743 um) mice (p = 0.001) and the long diameter between
db/db (36.568 + 12.230 um) and control (31.015 * 7.228 pm) mice
(p < 0.001). However, their heights were almost similar (8.586
+3.763pm in db/db and 8.442+ 2323 pum in control mice,
p < 0.695). Some db/db mice had a long diameter > 80 pm (Figure 5F).

3.4 | Change in SMA cross-sectional area
according to db/db-mice age

Figure 6A demonstrates that cross-sectional area increased with age
(control: 221.782 + 121.230 pm; 14 weeks: 294.378 + 151.008 pm;
and 28 weeks: 312.925 £ 147.943 pym) in the analysis of nonsliced
SMAs. Significant differences were noted between the control and
14-week mice (p <0.001) as well as between the control and
28-week mice (p < 0.001) but not between the 14- and 28-week mice

(p value = 0.772). In sliced SMAs (Figure 6B), the short and long diam-
eters increased significantly with age (short diameters: 21.906
+ 5.743 pm in control mice, 23.505 + 5.283 um in 14-week db/db
mice, and 25.476 + 4.913 ym in 28-week db/db/ mice; long diame-
ters: 31.015 £ 7.228 ym in control mice, 35.062 + 11.29 ym in
14-week db/db mice, and 36.568 + 12.229 ym in 28-week db/db/
mice). Between the two groups, all differences were significant (all
p < 0.005), except that between the 14- and 28-week mice with
regard to the long diameter (p = 0.660). There was no significant dif-
ference in SMA height between the two groups (p = 0.165).

4 | DISCUSSION

The cochlear artery, a branch of the labyrinthine artery from the ante-
rior inferior cerebellar artery, is the primary source of blood to the
cochlea. Due to blood-pressure dysregulation of the stria vascularis in
the cochlea, hearing loss is aggravated by small-vessel diseases, such
as age, hypertension, diabetes, coronary heart disease, or cerebral
ischemia.'* Ohlemiller et al. reported that the number of inner and
outer hair cells progressively reduced following hypoperfusion of the
cochlea due to atherosclerosis, predominantly at the basal turn.? In a
previous study, vascular insufficiency was found to be the primary
cause of acute hearing loss. We demonstrated that dilatation or devia-
tion of the vertebrobasilar artery induces sudden hearing loss.*® The
close relationship of plasma fibrinogen®* or neutrophil-to-lymphocyte
ratio®® with hearing loss potentially constitutes evidence for consider-
ing increased blood viscosity or vascular insufficiency as factors that
aggravate hearing loss. We hypothesized that DM-related hearing loss
is potentially predominantly caused by small-vessel disease. In this
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FIGURE 6 Changesin SMA cross-sectional area according to age (14 and 28 weeks) of db/db mice. (A) Graph comparing SMA cross-sectional
area (outer area) in nonsliced objects. (B) Graph comparing the height, shortest diameters, and longest diameters of the SMA in sliced objects. The

lengths of the bars and mean * SEs of the values. * means p < 0.005.

study, we found that db/db mice had thicker and larger proximal-SMA
vessel walls and diameters than control mice, respectively. Arterial
resistance is usually determined by the presence of thick muscular
walls and a narrow lumen and contributes the most to blood-flow
resistance.’® Consequently, chronic high resistance in the vessel
causes it to enlarge.!”

Although a direct causal relationship between type 2 diabetes with
inner-ear pathology and accompanying hearing loss has been difficult to
prove, a recent review revealed that hearing loss is approximately twice
as common in adults with diabetes compared with that in those without
the disease, and those with prediabetes have a 30% higher rate of hearing
loss.* Cerebral small-vessel disease is common in neurologically asymp-
tomatic individuals with type 1 diabetes.*® The retinal vasculature is
thought to mirror the brain vasculature; however, data on this association
in type 1 diabetes are limited.’” Recent studies have revealed that carotid
intima-media thickness is associated with the extent of atherosclerosis
and end-organ damage and that increased carotid intima-media thickness
is related to hearing disorders in the general adult population. Endothelial
dysfunction is one of the principal factors closely associated with athero-
sclerosis development in both type 1 and type 2 DM.?° In a cadaver
study, Kariya et al. examined whether pathological findings were present
in the SMA of the cochlear vessels in patients with DM. They found that
patients with type 2 DM who received insulin therapy exhibited an
increased vessel-wall thickness and vessel-wall ratio compared with those
with type 1 DM and concluded that the cochlea in patients with DM
demonstrated circulatory disturbance compared with that in age-matched
normal controls. The cadaver study was potentially limited by ignorance
of several uncontrolled cofactors that affect vessel size and vessel
changes after death. Even though we did not measure the hearing in
mice, we supposed that the pathophysiologic change would occur prior
to the deterioration of hearing. Therefore, we intended to confirm these
pathologic changes in a well-controlled animal study involving 3D-
analyzed quantifications, such as vessel thickness, short and long diame-
ters of cross-sectioned vessels, and volume of vessels.

The db/db-mouse model of leptin deficiency is currently the most

widely used mouse model for type 2 DM.2' A previous study

demonstrated that leptin-deficient db/db mice potentially display
microvascular dysfunction in both the coronary and renal vascular
beds.?? Therefore, this model may be suitable for translational, mecha-
nistic, and interventional studies to improve our understanding of
microvascular complications in type 2 diabetes. Leptin may target the
labyrinth and contribute to the ongoing protection of the inner ear.?®
Leptin disturbances potentially contribute to metabolic syndromes
involving the audiovestibular system. Another study on the relation-
ship between leptin and hearing loss revealed that serum leptin levels
in patients with idiopathic sudden sensorineural hearing loss did not
differ from those in controls.2* We did not measure leptin levels in
mice; however, leptin-deficient db/db mice were affected by thick
vessel walls, enlarged vessels, and microvascular disturbances of the
SMA in the cochlea. Compensatory arterial enlargement is a patholog-
ical response to early atherosclerosis.!” Human arteries are dynamic
conduits that respond to different stimuli by remodeling their struc-
ture and size. All peripheral arteries dilate in response to intima-media
thickening and early atherosclerotic plaque formation. The percentage
increase in the external diameter was significantly related to lesion
thickness. A similar correlation has recently been reported between
plague volume and total arterial cross-sectional area in coronary arter-
ies studied using intravascular ultrasound.?> The mechanism of com-
pensatory enlargement requires further study in the future.

Vessel size (diameter) in biological systems is routinely evaluated
using large image stacks acquired using conventional microscopy with
histological sections. Even though conventional histology provides
favorable spatial resolution for evaluating microvascular structure, it
cannot produce 3D information without exact perpendicular sections
according to the longitudinal axis of the vessels. This limitation could
lead to misinterpretation of complex microvessel configurations in
health and disease. However, laser scanning microscopy (LSM) is a
nondestructive method that produces well-registered optical sections
suitable for the 3D reconstruction of vessels and can be processed
without any histological sectioning. It is necessary to visualize and
assess all SMA maps from high to low, that is, from the cochlear base
to the apex. We selected the section of the 3D SMA from the base to
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the middle turn because the peripheral portions of the SMA are consid-
erably small and varied, thus affecting average SMA-diameter results.
Current efforts are underway to include the use of automated segmenta-
tion and machine-learning processes to facilitate automated interpretation
and improve quality-control measures.2® In our study, 3D-rendered struc-
tures of SMAs autocalculated by Arivis Vision4D volume analysis were

used to visualize the 3D anatomy of microvessels.

5 | CONCLUSION

The SMA, as the main cochlear artery, is an important factor in aggra-
vating diseases related to hearing loss. Using the 3D reconstruction
technique by LSM in the cochlea, we found that db/db mice had thicker
proximal-SMA vessel walls and larger vessel diameters in the 3D quanti-
tative analysis compared with that of the control mice. The cochlea in
patients with DM potentially demonstrated circulatory disturbance
compared with that in age-matched normal controls because of the high
DM-related arterial resistance associated with thick muscular walls and
a narrow lumen. Based on this pathologic evidence, healthy diets and
the adoption of a healthy lifestyle, in general, have been suggested to

prevent the progression of both diabetes and hearing loss.
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