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Abstract Basement membrane anionic sites (BMAS) are
involved in the selective transport of electrically charged
macromolecules in cochlear capillaries. Using cationic
polyethyleneimine (PEI), we examined age-related changes
in BMAS in the cochleae of C57BL/6 mice. The mice were
grouped according to age as follows: 3 days, 4 weeks,
8 weeks, 6 months, and 12 months. In the right bony
labyrinths, widths of the stria vascularis were measured in
paraffin-embedded sections using light microscopy. The
left bony labyrinths were immersed in a 0.5 % cationic PEI
solution and embedded in epoxy resin. Ultrathin sections of
the left cochlea were examined using transmission electron
microscopy. A significant difference in stria vascularis
width was observed between the 4-week-old and 12-mon-
th-old mice. The PEI distribution in the capillary and ep-
ithelial basement membranes (BMs) of the cochlea was
observed. In all animals, PEI particles were evenly dis-
tributed in the capillary BM of the spiral ligament and in
the subepithelial BM of Reissner’s membrane. In the stria
vascularis, PEI particles were evenly distributed in the
capillary BM in 3-day-old mice. In 4- and 8-week-old
mice, PEI particle sizes were markedly lower than those
observed in 3-day-old mice. In 6- and 12-month-old mice,
PEI particles were hardly detected in the strial capillary
BM. In the strial capillary BM in these mice, the laminae
rarae externa and interna disappeared, but the lamina densa
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became larger. We speculated that age-related changes of
strial capillary BMAS may affect electrically charged
macromolecule transport systems in the stria vascularis of
C57BL/6 mice.

Keywords Presbycusis - C57BL/6 mice - Stria
vascularis - Basement membrane anionic sites -
Polyethyleneimine - Transmission electron microscope

Introduction

The incidence of presbycusis, i.e., sensorineural hearing
loss associated with aging, has increased as society has
aged. Although presbycusis can be caused by cochlear
dysfunction or retrocochlear disturbance, the main patho-
logic changes seem to occur in the stria vascularis and the
organ of Corti [1].

The stria vascularis is a tissue compartment located in
the mammalian cochlea and is composed of three main cell
types (marginal, intermediate, and basal cells), with a
dense capillary network in the intermediate cells. This
structure is responsible for the development of large ion
gradients between the endolymph and perilymph and
maintains stable cochlear function. The spiral ligament
plays important roles in maintaining cochlear fluid and ion
homeostasis [2]. In addition, Reissner’s membrane is also
responsible for maintaining sodium ion gradients between
the endolymph and perilymph [3].

Anionic sites have been detected on the glomerular and
cochlear capillary basement membranes (BM) of rodents.
Basement membrane anionic sites (BMAS) play an impor-
tant role in the transport of charged macromolecular and
ionic species [4-6]. Since polyethyleneimine (PEI) is a ca-
tionic tracer that electrically attaches to BMAS, assessment
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of PEI distribution is useful for evaluating BMAS changes
in the inner ear and the glomerulus [4, 6, 7].

Although C57BL/6 mice are well known as a model of
early-onset age-related hearing loss because of cadherin 23
mutations, an age-related morphological study in C57BL/6
mice also revealed atrophic changes in the stria vascularis
and a reduced number of fibrocytes in the spiral ligament
[8]. In gerbils, it was demonstrated that the BM of strial
capillaries undergoes age-related thickening [9]. Although
some alterations in capillaries may occur in the stria vas-
cularis and spiral ligament with age in C57BL/6 mice, no
data have demonstrated any age-related changes in the
capillary BM in the stria vascularis or spiral ligament in
C57BL/6 mice. In the current study, we used cationic PEI
to evaluate age-related changes in the capillary BMAS in
the stria vascularis, spiral ligament, and the subepithelial
BMAS in Reissner’s membrane in C57BL/6 mice.

Materials and methods

The experimental protocol was approved by the University
Committee for the Use and Care of Animals at the
University of Tokyo (Medicine-P12-15) and conformed to
the guidelines of EU Directive 2010/63/EU for animal
experiments.

Experimental animals

To examine age-related changes in BMAS in the cochlea,
25 healthy C57BL/6 mice, supplied by CLEA Japan, Inc.,
were used. The mice were grouped according to age:
3days (n=235), 4 weeks (n=5), 8 weeks (n=275),
6 months (7 = 5), and 12 months (n = 5).

Surgical procedure, administration of PEI solution,
and tissue preparation

Animals were anesthetized with a mixture of 90 mgkg
ketamine hydrochloride and 20 mg/kg xylazine. All ani-
mals were decapitated and the bony labyrinths on both
sides were removed. After small fenestrations were per-
formed at the apex of the cochleae, the stapes were
removed.

The right bony labyrinths were briefly rinsed with phos-
phate buffered saline (PBS) and then fixed with 4 %
paraformaldehyde at 4 °C for 3 h. Each labyrinth was de-
calcified by immersion in 10 % ethylenediaminetetraacetic
acid solution. After decalcification, the right bony labyrinths
were divided into two sections along the cochlear modiolus.
The right bony labyrinths were dehydrated and embedded in
paraffin, and sectioned in the radial plane at 7 pm with a
microtome. In paraffin-embedded sections, the widths of the

@ Springer

stria vascularis in the cochlear basal tun were measured
using light microscopy (Nikon, ECLIPSE E800M, Japan).

A 0.5 % cationic PEl solution (M.W., 1800; Poly-
science, Warrington, PA, USA) was dissolved in 0.1 M
cacodylate buffer and adjusted to pH 7.4 with HCL. Ca-
codylate buffer was used because phosphate buffer can
precipitate PEI [4]. The 0.5 % cationic PEI solution was
perfused into the left cochlear turn via the apex, and then
the left bony labyrinths were quickly immersed in a2 0.5 %
cationic PEI solution. Fifteen minutes later, the left bony
labyrinths were rinsed with 0.1 M cacodylate buffer to
remove the remaining PEI solution. Next, they were im-
mersed in 2 % phosphotungstic acid and 2.5 % glu-
taraldehyde at 4 °C for 3 h to stain the PEI particles and fix
the tissues. Each labyrinth was decalcified by immersion in
10 % ethylenediaminetetraacetic acid solution. After de-
calcification, the left bony labyrinths were rinsed with
0.1 M cacodylate buffer and postfixed in 2 % osmium
tetroxide at 4 °C for 2 h. The bony labyrinths were then
divided into two sections along the cochlear modiolus. All
specimens were dehydrated and embedded in epoxy resin
(Quetol 812; Nisshin EM, Tokyo, Japan). Ultrathin sec-
tions of the cochlear basal turn were double stained with
uranyl acetate and lead citrate and examined by transmis-
sion electron microscopy (Nihon Denshi, JEOL, JEM-
1010, Japan).

Data analysis

To compare age-related changes in stria vascularis width,
the thickest portions of the stria vascularis were selected
and measured. To analyze changes in PEI distribution in
each area, we evaluated both the number and size of the
PEI particles located in three layers: the lamina densa,
lamina rara externa, and lamina rara interna. A tissue block
was randomly selected, and the capillary BMs in the stria
vascularis and spiral ligament and the subepithelial BM in
Reissner’s membrane were examined. Several photographs
(magnification 12,000x) of each ear were obtained, and
two films were randomly selected for determining the
numbers and sizes of the PEI particles from a 1 um BM
segment. Each film (12,000%) was enlarged four times for
electron microphotography (48,000x). The numbers and
sizes of the PEI particles were measured on the micrograph
using a magnifying glass and ruler. Small particles (di-
ameter >0.4 mm) located along the BM were counted as
PEI particles. To obtain a measurement reflecting the
numbers and sizes of the PEI particles in a given area of the
BM, we used the following formula: Y [(PEI particle ra-
dius)*n x number of PEI particles)/1 pm BM.

Sigma Stat software (Jandel Scientific Software; SPSS,
Chicago, IL) was used for statistical analyses. A one-way
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analysis of variance (ANOVA) was used to compare
changes in stria vascularis width and PEI particle area
among all groups. When the ANOVA results showed sig-
nificant differences, multiple pairwise comparisons were
performed using a ¢ test with a Bonferroni correction or
Dunnett’s test. A value of p < 0.05 was considered statis-
tically significant.

Results

There was a trend of greater stria vascularis widths in the
4-week-old mice (n = 5) than in the 3-day-old mice
(n = 5); however, the difference was not significant. In
addition, there was a trend towards narrower stria vascu-
laris widths in 6-month-old mice (n = 5) compared to
4-week-old mice (n = 5); however, the difference was not
significant. A significant difference in stria vascularis
widths was observed between 4-weeks-old and 12-month-
old mice (n =15) (Figs. 1, 2). In 3-day-old mice, PEI
particles were evenly distributed on the laminae rarae ex-
terna and interna of the capillary BM in the stria vascularis
and spiral ligament (Fig. 3a, b). A similar distribution of
PEI particles was observed on the laminae rarae externa
and interna of the subepithelial BM of Reissner’s mem-
brane (Fig. 3c). The numbers of PEI particles in the stria
vascularis were much greater than those in the spiral
ligament. In the stria vascularis, the numbers of PEI par-
ticles did not markedly differ between 3-day-old and
4-week-old mice; however, the PEI particle sizes in
4-week-old mice were smaller than those in 3-day-old mice

Fig. 1 The stria vascularis in
4-week-old mice were thicker
than those in 3-day-old mice,
and those in 12-month-old mice
were thinner than those in
4-week-old mice
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Width of the stria vascularis (pum)

8 wks 6me  12mo

age
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Fig. 2 There was a trend for greater stria vascularis widths in
4-week-old mice compared to 3-day-old mice; however, the differ-
ence was not significant. There was a tend for narrower stria
vascularis widths in 6-month-old mice compared to 4-week-old mice;
however, the difference was not significant. A significant difference in
stria vascularis widths was observed between 4-week- and 12-month-
old mice, £ test with a Bonferroni correction; *significant difference

(7 < 0.05)

(Figs. 3a, 4a). The extent of the area containing PEI par-
ticles (PEI area) in 4-week-old mice did not differ sig-
nificantly from that in 3-day-old mice (Fig. 5). However,
the PEI areas in 8-week-old mice were significantly smaller
than those in 3-day-old mice (Figs. 3a, 4b). In 6- and
12-month-old mice, PEI patticles were hardly detected in
the strial capillary BM. The laminae rarae externa and in-
terna had disappeared in these mice, but the lamina densa
became larger (Fig. 4c, d). No significant difference was

12- month-old mice
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Fig. 3 Localization of
polyethyleneimine (PEI)
particles on the capillary and
epithelial basement membrane
(BM) observed in the cochlea
from a 3-day-old mouse. PEI
particles are evenly distributed
on the laminae rarae externa and
interna of the capillary BM, in
the stria vascularis, spiral
ligament, and epithelial BM in
Reissner’s membrane. Arrows
indicate PEI particles

Stria vascularis
—

Capillary fumen

Capillary lumen

Spiral
ligament

Reissner’s membrane

Fig. 4 a Distribution of
polyethylencimine (PET)
particles on the capillary
basement membrane (BM)
observed in the cochlea from a
4-week-old mouse. b The PEI
distribution on the capillary BM
in the stria vascularis from an
8-week-old mouse. ¢ The PEI
distribution on the capillary BM
in the stria vascularis from a
6-month-old mouse. d The PEI
distribution on the capillary
basement membrane (BM) in
the stria vascularis from a
12-month-old mouse. Arrows
indicate PET particles

' Capillary lumen

4avk-old mice

observed in the capillary BM of the spiral ligament or in
the subepithelial BM of Reissner’s membrane between
3-day-old mice and mice in other age groups (Figs. 6, 7).

Discussion
The current study demonstrates that a significant difference

in stria vascularis width occurs between young adult and
aging C57BL/6 mice. Additionally, a decrease in anionic
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%4 Capillary lumen
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sites and the disappearance of the laminae rarae externa
and interna occurs in the capillary BM in the stria vascu-
laris in accordance with aging in C57BL/6 mice.

It has been reported that bony labyrinths continue to
develop up to a few weeks after birth in mice [10]. In the
current study, widths of the stria vascularis in 4-week-old
mice tended to be greater than those in 3-day-old mice.
Ohlemiller reported that endocochlear potential (EP) did
not reduce until 15 months after birth in C57BL/6 niice
[11]. Morphological studies of C57BL/6 mice cochleac
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Fig. 5 The polyethyleneimine (PEI) area of the capillary basement
membrane in the stria vascularis. The PEI areas in 8-week-old mice
and mice over 6 months of age were significantly sialler than those
in 3-day-old mice. Dunneit’s test; *significant difference (p < 0.05)

PEI area (mean + SD: = mm?/pum)
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Fig. 6 The total area of polyethylencimine particles observed on the
capillary basement membrane (BM) in the spiral ligament. No
significant difference was observed in the capillary BM of the spiral
ligament between 3-day-old mice and mice in other age groups.
Dunnett’s test: p < 0.05

showed atrophy of the stria vascularis after 6 months of age
[8, 12]. In the current study, widths of the stria vascularis
tended to be narrower in 6-month-old mice than in 4-week-
old mice. In addition, widths of the stria vascularis in
12-month-old mice were significantly lower than those in
4-week-old mice. These findings suggest that the width of
the stria vascularis reduces gradually in accordance with
aging after the cochlea reaches a young adult size, and that
atrophic changes in the stria vascularis have already oc-
curred before the EP begins to reduce.

We demonstrated age-related changes in BMAS in the
stria vascularis, spiral ligament, and Reissner’s membrane
in C57BL/6 mice. In the stria vascularis, the PEI areas
in 8-week-, 6-month-, and 12-month-old mice were

PEI area (mean + SD: # mm?*/jum)

o o . . [ _
3D 4w 8w 6M I2M

Fig. 7 The total area of polyethyleneimine particles observed on the
subepithelial basement membrane (BM) in Reissner’s membrane. No
significant difference was observed in the subepithelial BM of
Reissner’s membrane between 3-day-old mice and mice in other age
groups. Dunnett’s test: p < 0.05

significantly smaller than those in 3-day-old mice. How-
ever, no significant difference was observed between ani-
mals in each age group in either the capillary BM of the
spiral ligament or the subepithelial BM of Reissner’s
membrane. These findings suggest that age-related changes
in BMAS start from at least 8 weeks after birth in the stria
vascularis in C57BL/6 mice. In the current study, widths of
the stria vascularis tended to be narrower in 6-month-old
mice than in 4-week-old mice. In addition, widths of the
stria vascularis in 12-month-old mice were significantly
lower than those in 4-week-old mice. In C57BL/6 mice,
age-related changes in BMAS in the stria vascularis seem
to begin before atrophic changes of the stria vascularis.

In the gerbil, age-associated degeneration of the stria
vascularis was reported to begin before the onset of the
auditory threshold shift [13]. In addition, strial capillaries
in aged gerbils are reported to be smaller than those in
young gerbils [14]. It is reported that capillary BM thick-
ening also appears in diabetes [15]. Capillary BM thick-
ening in diabetes is caused by a fundamental structural
alteration of small blood vessels [15]. It was also reported
that high glucose-induced excess extracellular matrix ac-
cumulation and altered compositions result in structural
and functional changes that allow increased permeability
[16]. The thickening of the capillary BM induced by
structural changes in BM composition may allow an in-
crease in capillary permeability. The current study
demonstrated that the laminae rarae externa and interna in
the capillary BM of the stria vascularis disappear in 6- and
12-month-old mice, These changes indicate a failure of the
BM structure in the strial capillary, i.e., destruction of the
strial blood-labyrinth barrier.

@_ Springer
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BMAS are thought to act as negative charge barriers,
which are associated with selective permeability for ionic
molecules and ions in the blood-labyrinth barrier. Lin and
Trune reported that a systemically administered ferritin
tracer leaked extensively into the perivascular tissue in
C3H/lpr autoimmune mice, suggesting a breakdown of the
strial blood-labyrinth barrier [17]. Since the disruption of
the charge barrier in the cochlea may result in an increase
in capillary permeability for anionic macromolecules and
ions, cochlear homeostasis could be disturbed by a de-
crease in BMAS [6]. We speculated that the strial capillary
BMAS changes that occur with age may influence the se-
lective transport system of electrically charged macro-
molecules and ions in the stria vascularis in C57BL/6 mice,
which may be associated with the progression of age-re-
lated hearing loss.
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