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Developmental expression of high-mobility group box 1 (HMGB1)
in the mouse cochlea
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The expression changes of high-mobility group box 1 (HMGBI1) in the mouse cochlea have recently been
implicated in noise-induced hearing loss, suggesting that HMGB1 participates in regulating cochlear function.
However, the precise role of HMGBI in the auditory system remains largely unclear. This study aimed to inves-
tigate its function in the developing mouse cochlea by examining the expression pattern of HMGBI1 in the
mouse cochlea from embryonic day (E) 18.5 to postnatal day (P) 28 using double immunofluorescence on
frozen sections. Our findings revealed that HMGB1 was extensively expressed in the cell nucleus across vari-
ous regions of the mouse cochlea, including the organ of Corti. Furthermore, its expression underwent devel-
opmental regulation during mouse cochlear development. Specifically, HMGB1 was found to be localized in
the tympanic border cells at each developmental stage, coinciding with the gradual anatomical transition in this
region during development. In addition, HMGB1 was expressed in the greater epithelial ridge (GER) and sup-
porting cells of the organ of Corti, as validated by the supporting cell marker Sox2 at P1 and P8. However, at
P14, the expression of HMGB1 disappeared from the GER, coinciding with the degeneration of the GER into
the inner sulcus cells. Moreover, we observed that HMGB1 co-localized with Ki-67-positive proliferating cells
in several cochlear regions during late embryonic and early postnatal stages, including the GER, the tympanic
border cells, cochlear lateral wall, and cochlear nerves. Furthermore, by dual-staining Ki-67 with neuronal
marker TUJ1 or glial marker Sox10, we determined the expression of Ki-67 in the neonatal glial cells. Our spa-
tial-temporal analysis demonstrated that HMGB1 exhibited distinct expression patterns during mouse cochlear
development. The co-localization of HMGB1 with Ki-67-positive proliferating cells suggested that HMGB1
may play a role in cochlear development.
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Introduction

High-mobility group (HMG) proteins are non-histone nuclear
DNA-binding proteins, classified into three families: HMGA,
HMGB, and HMGN.!? Among these families, the HMGB protein
family is the most abundant, consisting of three members
(HMGBI1-3), each containing two “box” domains (A and B box) in
the N-terminus.> HMGBI, the most extensively studied and abun-
dant HMG protein, is a 25-kDa protein composed of 215 amino
acids. HMGBI can be actively secreted or passively released from
necrotic cells in response to infection, injury and cellular stress.
When passively released, HMGBI1 acts as a danger-associated
molecular pattern (DAMP) molecule protein by binding to recep-
tors for advanced glycation end-products (RAGE) and Toll-like
family of receptors (TLRs).*” It has also been found that the
release of HMGBI1 from supporting cells of the organ of Corti is
involved in an inflammatory process in the amikacin-poisoned rat
cochlea.? Besides its pathological role, HMGB1 has been proposed
to have many potential roles, acting as a transcription factor and
growth factor involved in various biological processes, including
transcription,’ replication, DNA repair, and recombination.'®!!
Studies have suggested that HMGB1 has a critical role in the
development of the central nervous system.!?> Loss of HMGBI1 in
vivo impairs neural progenitor cell survival and proliferation.!3!4
HMGBI is also involved in other developmental processes, such
as spinal cord regeneration, endothelial cell proliferation,
osteogenic differentiation, and myogenesis in other cell types.!>!#

HMGBI displays a complex temporal and spatial distribution
pattern during tooth development and in the mouse brain.!*2
Besides HMGBI, another member of the high mobility group fam-
ily, HMGAZ2, has been proposed to possibly participate in inner ear
development, based on its extended and overlapping expression
with the stem cell and cochlear supporting-cell marker Sox2.?!
Previous data have indicated changes in HMGBI expression dur-
ing the development of the mouse cochlea, suggesting that
HMGBI1 may participate in the development of the mouse
cochlea.?? Two recent studies have shown that abnormal HMGBI
expression in the mouse cochlea is associated with noise-induced
hearing loss and contributes to the ototoxicity of cisplatin to the
inner ear.”*? In a recent study, Xiao et al. reported on the cytoplas-
mic accumulation of HMGBI in cochlear hair cells, which medi-
ated noise-induced cochlear damage.?®

While the crucial role of HMGBI1 in the cochlea was con-
firmed, its exact function of HMGB1 in the mammalian auditory
systems remained ambiguous. In the present study, we conducted
further investigations into the immunolocalization of HMGBI1 in
the mouse cochlea from embryonic day (E)18.5 to postnatal day
(P) 28, utilizing double immunofluorescence histochemistry.
Before the onset of hearing (approximately P14),%7 our findings
revealed co-localization of HMGBI1 with Sox2 in the supporting
cells of the greater epithelial ridge (GER), a temporary structure
during cochlea development.”® As the hearing commenced, both
HMGBI and Sox2 expression ceased in the GER, aligning spatial-
ly and temporally with the degeneration of the GER into the inner
sulcus cells by the second postnatal week. Furthermore, we
observed specific and stable expression of HMGBI in the tympan-
ic border cells, located on the lower side of the basilar membrane,
gradually transforming from a three- to four-cell layered structure
at P1 into a one-cell layer structure in adulthood.? Notably, this
study first reported that HMGBI1 co-localizes with the proliferation
markers Ki-67 in several regions of the late embryonic and early
postnatal mouse cochlea, including the GER, tympanic border
cells, cochlear lateral wall, and auditory nerves, where cochlear
stem cells were identified. We confirmed the presence of nerve
cells expressing Ki-67 within the osseous spiral lamina and spiral
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ganglion through dual-immunostaining for Ki-67 with the glial
marker Sox10.%° Overall, these results suggest that HMGB1 might
have a vital role in cochlear development.

Materials and Methods

Animals

The husbandry and management of animals were approved by
the Animal Use and Care Committee of Southeast University
(approval No. 20200402025). All animal procedures conform to
international bioethical guidelines. After mating, gestational age
was counted as E1 when a vaginal plug was detected. Individual
embryos were staged according to standard mouse development.

Immunofluorescence

BALB/c mice aged from E18.5 P28 were used in the present
study. Pregnant (gestational day 18.5) and P1-P28 BALB/c mice were
anesthetized using 10% chloral hydrate (0.2 mL/100 g mouse weight).
Then, postnatal mice were intracardially perfused using normal saline
and ice-cold 4% paraformaldehyde in 0.1M phosphate buffer (PB; pH
7.4). Embryonic mice were immediately decapitated, and the cochleae
were dissected. The detailed methods and procedures of immunoflu-
orescence staining were described in previous publications.’!32
Briefly, the cochleae were flushed with the fixative solution through
the oval window and then fixed in 4% paraformaldehyde for 35 min
at room temperature. The cochlea of mice older than P5 was decalci-
fied in 10% EDTA at 4°C. In our protocol, P14 mouse cochlea was
decalcified in 10% EDTA solution at 4°C for 6 h. The cochleae were
washed with 0.01M phosphate-buffered saline (PBS; pH 7.4) for 5
min. The cochleae were processed in 15% sucrose for 3 h and then
30% sucrose for 12 h. After air-drying for 3 min, the cochleae were
mounted in an optimum cutting temperature compound (OCT) at 4°C
3 h, and frozen at -80°C.

Cochlear tissue was cryosectioned at 6 um thickness using a
Leica (Wetzlar, Germany) cryostat microtome. The sections were
incubated with 0.01M PBS containing 10% donkey serum and
0.3% Triton X-100 for 35 min at room temperature. Next, sections
were incubated with primary antibodies in 0.01M PBS overnight
or longer at 4°C. Primary antibodies used were as follows: rabbit
anti-HMGBI1 polyclonal antibody (1:200, Abcam, Cambridge,
MA, USA), goat anti-Sox2 polyclonal antibody (1:200, Santa Cruz
Biochemicals, Dallas, TX, USA), rat anti-Ki-67 monoclonal anti-
body (1:100; Invitrogen, Waltham, MA, USA), biotinylated-
isolectin B4 antibody (1:250, Vector Laboratories, Newark, CA,
USA), mouse anti-TUJ1 monoclonal antibody (1:200, Millipore,
Burlington, MA, USA), rabbit anti-Sox10 monoclonal antibody
(1:50, Abcam). After rinsing with 0.01M PBS three times for 15
min, the cryosections were incubated for 1 h at room temperature
with the corresponding secondary antibodies: Alexa fluor 555 don-
key anti-rabbit IgG (1:250, Yeasen Biotechnology, Shanghai,
China), Alexa fluor 488 donkey anti-rabbit IgG (1:250, Beyotime,
Haimen, China), Alexa fluor 488 donkey anti-goat IgG (1:250,
Beyotime), Alexa fluor 488 donkey anti-rat IgG (1:250,
Beyotime), Streptavidin conjugated with Alexa fluor 488 (1:250,
Yeasen). Coralite488-conjugated Phalloidin was also used (1:250,
Proteintech, Wuhan, China). Rabbit IgG control polyclonal anti-
body (Proteintech) and omission of the primary antibodies assess-
ing non-specific secondary antibody binding was used as a nega-
tive control. After washing with 0.01M PBS three times for 5 min,
sections were counterstained with 4,6-diamidino-2-phenylindole
(DAPI; 1:600, Biyuntian, Beijing, China) for 5 min to visualize
cell nuclei. Cryostat sections were observed and photographed
with a LeicaSP8 laser scanning confocal microscope with 63X
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(NA=1.4) oil-immersion objectives or a Zeiss (LSW900) laser
scanning confocal microscope with 20X (NA=0.8), 40X
(NA=0.95) and 63X (NA=1.4) oil-objectives at 1024 by 1024 pix-
els, LAS AF Version 3.2.1.9702 acquisition software and Zen3.0
acquisition software was used. Immunostaining presented in the
figures was representative of three individual experiments. Images
were cropped and resized using Adobe Photoshop CC 2019.

Results

Co-localization of HMGB1 and Sox2 in the mouse
organ of Corti at P1, P8, P14 and P28

This study employed double-labeling immunofluorescence to
examine the distribution and expression of HMGBI on cryosections
of the mouse cochlea at various developmental stages. In the P1
auditory epithelium, immunofluorescence staining for HMGB1 was
observed in the nucleus, and nuclear labeling for HMGBI1 in the
GER was identified by double-labeling with supporting-cell marker
Sox2. Almost a complete co-localization of HMGB1 and Sox2 was
observed. HMGBI also co-expressed with Sox2 in the Deiters’ cells
and pillar cells of the organ of Corti. Positive expression of HMGBI1
was observed in three-to-four-cell layered tympanic border cells
located on the lower side of the basilar membrane (Figure 1 A-C). At
P8, co-localization of HMGBI1 and Sox2 continued to be detected in
the GER and supporting cells of the organ of Corti. HMGBI1
immunostaining was maintained in the inner and outer hair cells
(IHCs and OHCs), and tympanic border cells (Figure 1 D-F). At
P14, the organ of Corti was mature, the expression of HMGB1 and
Sox2 disappeared from the GER that degenerated into the inner sul-
cus cells, and HMGB1 immunolabeling retained its expression in
the tympanic border cells and the organ of Corti (Figure 1 G-I). In
the adult (P28) mouse cochlea, the general expression pattern of
HMGBI was similar to that seen in P14. HMGB1 continued to be
expressed in a one-cell layer of tympanic border cells and the organ
of Corti (Figure 1 J-L). The location of HMGB1-positive cells in the
IHCs and OHCs was demonstrated by double staining with phal-
loidin, a specific marker for F-actin (Figure 2 A-F). Co-immunos-
taining with HMGB1 and isolectin B4 (IB4), a specific vascular
endothelial marker,* showed nuclear expression of HMGBI1 around
and inside IB4-positive blood vessels within the cochlear lateral
wall, and HMGB]1-labelled nuclei did not colocalize with isolectin
B4 (IB4) (Figure 2 G-L).

Co-localization of HMGBI1 and Ki-67 in E18.5, P1,
P5, and P8 mouse cochlea

Ki-67, a nuclear protein marker for proliferating cells, is wide-
ly used to identify cells acting as stem cells in developing and adult
tissues.’*** In the mammalian inner ear, Ki-67 is a reliable marker
of proliferation.?*3 Several developmental inner ear genes were
identified by co-labeling with Ki-67.34° In the current study, many
Ki-67-positive proliferating cell nuclei were co-expressed with
HMGB/1-positive nuclei at later embryonic stages (Figure 3 A-C).
Consistent with previous reports of expression of Ki-67 in the
GER and tympanic border cells at embryonic developmental
stages,#142 our results showed that Ki-67 immunostaining was
limited to the apical surface of the GER in the apical turn of E18.5;
almost all Ki-67-positive GER cells were co-localized with
HMGBI1-positive GER cells (Figure 3D), whereas no Ki-67
immunostaining was observed in the GER in the middle turns of
the E18.5 cochlea (Figure 3G). Ki-67 and HMGBI1 co-localized in
the Reissner’s membrane, cochlear lateral wall, spiral limbus and
cochlear nerve cells within the spiral ganglion region (Figure 3 E-
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F, I-K). We also found that Ki-67-positive cells among the tympan-
ic border cells were co-localized with HMGB1-positive cells. It is
worth noting that HMGB1 and Ki-67 were co-localized in the tym-
panic border cells below the hair cells where the cochlear spiral
modiolar artery exists (Figure 3H). No immunofluorescence label-
ing of HMGB1 and Ki-67 was detected in any parts of the E18.5
cochlea in negative controls omitting the primary antibody (Figure
3L). Also, no antibody binding was observed in negative controls
stained with normal rabbit IgG (data not shown). At P1, the distri-
bution of Ki-67 in the GER also differed between the apical, mid-
dle, and basal cochlear turns. Only at the apical turn of PI,
immunostaining for Ki-67 was detectable in the GER (Figure 4 A-
C). HMGBI1-Ki-67 double-positive cells were abundantly present
in the cochlear modiolus (Figure 4 D-F). Several tympanic border
cells surrounding the cochlear spiral modiolar artery and located
below the outer sulcus cells showed immunostaining for Ki-67 and
HMGBI (Figure 4 G-I), but Ki-67 expression was largely absent
from the spiral limbus at P1 (Figure 4J). HMGB1-Ki-67 double-
positive cells were also seen in the stria vascularis, the spiral liga-
ment and the Reissner’s membrane (Figure 4K). In the basal turn
of the P1 mouse cochlea, HMGB1-Ki-67 double-positive cells
could be detected in the tympanic border cells (Figure 4L).
Previous studies suggested that the expression of Ki-67 is only
detected in spiral ganglion neurons (SGNs) at E16 and E20 in rat.#
In addition, we have previously shown that most Sox2-positive
small and spindle-shaped glial cells were co-labeled with HMGB1
at this stage.?? To investigate this further, dual immunostaining was
performed using SGN markers for TUJ1 and either HMGBI1 or Ki-
67. Nuclear expression of HMGBI in large and spherical SGN was
identified by co-staining of TUJ1 with HMGBI, and spindle-
shaped glial cells wrapping SGNs were immunolabeled for
HMGBI (Figure 5 A-C). At the same time, Ki-67 immunostaining
was seen only in the nuclei of the non-neuronal (TUJ1-negative)
cells in the spiral ganglion (Figure 5 D-F). Cochlear nerve cells
within the spiral ganglion of the P1 Rosenthal canals were double-
labeled with HMGBI1 and Ki-67 (Figure 5 G-I). Given that the
Sox 10 transcription factor is a marker for glial cells in the neonatal
and postnatal cochlea and other regions of the nervous system,*-4
which regulates Wnt/B-catenin signaling in diverse developmental
processes in normal tissues, dual-immunostaining for Sox10 and
Ki-67 was performed to determine further the identification of the
nerve cells expressing Ki-67 in the spiral ganglion of the Rosenthal
canals. Consistent with previous observations, Sox10-positive
nuclei were detectable in the stria vascularis, mainly in the strial
marginal cells. Reissner’s membrane, the interdental cells and sup-
porting cells were also positive for Sox10% (Figure 6 A-C).
Interestingly, Ki-67 was co-localized with Sox10 in the GER
(Figure 6 D-F). Additionally, to the best of our knowledge, this is
the first time that many Sox10-positive neonatal cochlear glial
cells within the osseous spiral lamina and the spiral ganglion were
found to co-label with Ki-67 (Figure 6 G-L). At P3, no Ki-67-pos-
itive cells were seen in the GER throughout the cochlear duct. Ki-
67 continued to be expressed in the tympanic border cells, cochlear
lateral wall and nerve cells within the spiral ganglion region, and
colocalized with HMGBI1 (Figure 7 A-F). From P5 onwards, Ki-
67-positive cells were scarcely detectable in the Rosenthal canals.
The distribution of HMGB1-Ki-67 double-positive cells was con-
strained to the tympanic border cells and cochlear lateral wall
(Figure 7 G-I). As previously reported, at P8, the distribution of
Ki-67-positive proliferating cells changed with the advancement of
development,* and only a few Ki-67-HMGB1 double-labeled cells
were scattered in the cochlear lateral wall and the osseous spiral
lamina, but there is no significant colocalization between Ki-67
and HMGBI in the Rosenthal canals and tympanic border cells at
this time point (Figure 7 J-L).
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Figure 1. High magnification view of P1, P8, P14 and P28 mouse organ of Corti double labeled by HMGBI (red), Sox2 (green) under
confocal microscopy. A-C) Detail of HMGBI labeling (red) and Sox2 (green) in the auditory epithelium in the middle turn of the P1
mouse cochlea and the merged image+DAPI (blue); HMGBI labeled the nuclei of the greater epithelial ridge located medial to the inner
hair cells, and HMGBI1 (red) was colocalized (shown in yellow) with Sox2 (green) in the greater epithelial ridge; co-localization of
HMGBI and Sox2 was detected in the Deiters’ cells and pillar cells separating the inner hair cells from the outer hair cells; in addition,
nuclear expression of HMGB1 was detected in the inner and outer hair cells. HMGB1 was also detected in the spiral limbus, Reissner’s
membrane and outer sulcus cells; HMGB1 immunoreactivity was detected in the tympanic border cells (arrowheads) lining the underside
of the basilar membrane, particularly in cells beneath Sox2-labeled supporting cells. D-F) Detail of HMGBI1 labeling (red) and Sox2
(green) in the auditory epithelium in the middle turn of the P8 mouse cochlea and the merged image+DAPI (blue); HMGBI1 immunola-
beling (red) was detected in the inner and outer hair cells, and tympanic border cells; HMGB1 immunoreactivity was present in the inner
sulcus cells, HMGBI (red) was colocalized (shown in yellow) with Sox2 (green) in the greater epithelial ridge and the supporting cells of
the organ of Corti. G-I) Detail of HMGBI1 (red) labeling and Sox2 (green) in the P14 organ of Corti and the merged image+DAPI (blue);
the expression of both HMGBI1 and Sox2 disappeared from the greater epithelial ridge; HMGB1 colocalized with Sox2 in the supporting
cells of the organ of Corti, HMGBI1 labeling was retained in the inner and outer hair cells, tympanic border cells. J-L) Detail of HMGB1
(red) labeling and Sox2 (green) in the adult organ of Corti and the merged image+DAPI (blue); HMGBI1 (red) immunolabeling was still
present in the Sox2-labeled supporting cells of the organ of Corti, HMGB1 immunoreactivity was maintained in the nuclei of the hair cells
and one-layered tympanic border cells. ihc, inner hair cells; ohc, outer hair cells; pc, pillar cells; dc, Deiters’ cells; os, outer sulcus; is,
inner sulcus; tbc, tympanic border cells; sb, spiral limbus; rm, Reissner’s membrane; ger, the greater epithelial ridge.

[European Journal of Histochemistry 2023; 67:3704] OPEN 8 ACCESS
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auditory sensory epithelium. This suggests that HMGBI1 expres-
Discussion sion may be associated with cochlear development. As the failure
of the GER cell proliferation leads to hypoplasia of the organ of
Corti,* the location of stem cells has been identified in the embry-
onic and neonatal mouse cochlea using the proliferation marker
Ki-67.414 Therefore, we performed dual-immunostaining for
HMGBI and Ki-67 on cryosections of the mouse cochlea to fur-

In this study, we investigated the expression and distribution of
HMGBI in the mouse organ of Corti by dual-staining for HMGB1
and Sox2. We observed age-related changes in HMGBI1 expression
in the GER, a crucial cell population essential for developing the

Phalloidin
Phalloidin

Figure 2. A-C) Double staining of phalloidin (green) and HMGBI1 (red) in the mouse cochlea at P1; phalloidin labeled the cuticular plates
of P1 inner and outer hair cells, HMGB1 was expressed in the cell nuclei of inner and outer hair cells. D-F) Double staining of phalloidin
(green) and HMGBI (red) in the mouse cochlea at P28; phalloidin staining was noted in Deiters’ cups underlying HMGB1-positive outer
hair cells. G-I) IB4-stained blood vessel (green) located in the stria vascularis and spiral ligament of P5 mouse cochlea appeared largely
HMGBI1 immuno-negative. J-L) Double immunofluorescence staining of IB-4 (green) and HMGB1 (red) in the mouse cochlea at P28;
few IB4-HMGBI1 double-labeled strial capillaries were detectable. ihc, inner hair cells; ohc, outer hair cells; pc, pillar cells; de, Deiters’
cells; tbc, tympanic border cells; SV, strial vascularis; SL, spiral ligament; cp, the cuticular plates.
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Figure 3. Double immunofluorescence staining of Ki-67 (green) and HMGBI1 (red) in the mouse cochlea at E18.5. A-C) Low-magnifica-
tion view of the expression of HMGB1 (red) and Ki-67 (green) in the apical turn of E18.5 and the merged image; the expression of Ki-67
was located at the apical portion of the greater epithelial ridge. D,E) HMGB1-Ki-67 double-positive cell nuclei (yellow) were restricted
to the apical part of the greater epithelial ridge in the apical turn of E18.5; HMGB1-Ki-67 double-positive cell nuclei (yellow) were detect-
ed in the tympanic border cells (arrowheads) and the Reissner’s membrane (arrowheads). F) In the lateral wall of the E18.5 cochlea,
HMGBI1-Ki-67 double-positive cell nuclei were mainly present in the spiral ligament. G) Double immunofluorescence staining of Ki-67
(green) and HMGBI (red) in the middle turn of E18.5. Ki-67 was not expressed in the greater epithelial ridge in the middle turn of E18.5.
H) In the middle turn of E18.5, HMGB1-Ki-67 double-positive cell nuclei (yellow) were found in the tympanic border cells located below
the hair cells where a cochlear spiral modiolar artery (arrows) exists. L,J) Ki-67-positive nuclei in the spiral limbus and cochlear lateral
wall were colocalized with HMGB1. K) HMGB1-Ki-67 double-positive nerve cells were observed in the spiral ganglion in the middle
turn of E18.5. L) No immunofluorescence labeling of HMGB1 and Ki-67 was detected in negative controls. ger, greater epithelial ridge;
tbe, tympanic border cells; SL, spiral ligament; SV, stria vascularis; rm, Reissner’s membrane; sb, spiral limbus; sg, spiral ganglion.
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Figure 4. Double immunofluorescence staining of Ki-67 (green) and HMGBI (red) in the mouse cochlea at P1. A-C) Low-magnification
view of the expression of HMGBI (red) and Ki-67 (green) in the apical turn of P1 and the merged image; the expression of Ki-67 was
located at the apical portion of the greater epithelial ridge of P1. D-F) HMGB1-Ki-67 double-positive nerve cells were observed in the
modiolus of P1 mouse cochlea. G-I) Double immunofluorescence staining of HMGBI (red) and Ki-67 (green) in the auditory epithelium
in the P1 middle turn; in the greater epithelial ridge, there is no colocalization between the two immunoreactivities. HMGB1-Ki-67 dou-
ble-positive cells were detected in the tympanic border cells below the hair cells and the outer sulcus cells. J) Cochlear nerve cells (arrow-
heads) within the osseous spiral lamina were double immunostained for HMGBI (red) and Ki-67 (green). K) Ki-67-HMGB1 double-pos-
itive cell nuclei (yellow) were detected in the spiral ligament, stria vascularis, and Reissner’s membrane. L) Ki-67-HMGB1 double-posi-
tive cell nuclei (yellow) were also found in the tympanic border cells (arrowheads) in the basal turn of the P1 mouse cochlea. ger, greater
epithelial ridge; tbe, tympanic border cells; SL, spiral ligament; SV, stria vascularis; rm, Reissner’s membrane; sb, spiral limbus; sg, spiral
ganglion; ihc, inner hair cells; ohc, outer hair cells; tbc, tympanic border cells; os, outer sulcus; MOD, the modiolus..
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ther examine the potential roles of HMGBI in cochlear develop-
ment. Our results demonstrated that HMGB1 co-express with Ki-
67 in several cochlear regions at later embryonic and early postna-
tal stages, including the GER, tympanic border cells, cochlear lat-
eral wall and cochlear nerve cells. These findings suggest that
HMGBI1 might participate in cell proliferation during cochlear
development, which aligns with previous studies showing the
essential role of HMGBI1 in cell proliferation of various cell
types.>->2 Knockdown of HMGBI can significantly reduce the Ki-67
expression and inhibit the proliferative activities.® Previous stud-
ies reported that HMGBI1 affects cell proliferation via modulation
of multiple signaling pathways such as NF-xB, PI3K/Akt, JNK
and RAGE/TLR4.545¢ Given the expression of the RAGE, one of
the main receptors for HMGBI that contribute to cochlear matura-
tion,”” we hypothesized that HMGBI1 could participate in cochlear
development via signaling to RAGE. To the best of our knowledge,

press

this is the first study reporting the expression of HMGBI in the
tympanic border cells and its co-localization with Ki-67. Tympanic
border cells are Wnt-responsive and act as progenitors for postna-
tal mouse cochlear cells.*? These cells express Ki-67 and exhibit
active proliferation until the second week of postnatal develop-
ment. Our data showed that HMGB1-Ki-67 double-positive tym-
panic border cells were located near the cochlear spiral modiolar
artery, which is consistent with the specific localization of the
slow-cycling cells within the tympanic border zone near the vascu-
lar structure. Previous studies reported that acoustic or drug-
induced injury to the mammalian and chick cochlea induces the
proliferation of tympanic border cells,®*° thus, we assumed that
changes in HMGBI1 expression in the tympanic border cells fol-
lowing cochlear damage may correlate with cochlear pathology, as
demonstrated in the spiral limbus and spiral ligament.
Additionally, we found the presence of HMGBI in Reissner’s

Figure S. Double immunofluorescence staining of TUJ1(red) with both Ki-67 (green) and HMGBI1 (green) in the spiral ganglion region
of P1 mouse cochlea. A-C) Double immunofluorescence staining of TUJ1 (red) with HMGBI (green) in the spiral ganglion region of P1;
HMGBI1 was expressed in the nuclei of TUJ1-positive spiral ganglion neurons and its surrounding glial cells (arrowheads). D-F) Double
immunofluorescence staining of TUJ1 (red) with Ki-67 (green) in the spiral ganglion region of P1; TUJ1-positive the cytoplasm of spiral
ganglion neurons was surrounded by Ki-67-positive cochlear nerve cells. G-I) HMGB1-Ki-67 double-positive nerve cells were observed

in the spiral ganglion in Rosenthal's canal. sg, spiral ganglion.

[European Journal of Histochemistry 2023; 67:3704]
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Figure 6. Double immunofluorescence staining of Ki-67 (green) and Sox10 (red) in the mouse cochlea at P1. A) Low-magnification view
of the frozen sections of the P1 mouse cochlea labeled with Sox10 (red); Sox10 was mainly expressed in the greater epithelial ridge,
Reissner’s membrane, spiral limbus, the stria vascularis and glial cells within the spiral ganglion region of P1. B,C) Sox10 immunoreac-
tivity was mainly found in the strial marginal cells in the apical turn of P1; most of Sox10-positive strial marginal cells did not colocalize
with Ki-67. D-F) Sox10 partially colocalized with Ki-67 in the greater epithelial ridge. G-I) Sox10 partially colocalized with Ki-67 in the
glial cells within the osseous spiral lamina. J-L) Many, not all of Sox10-positive glial cells colocalized with Ki-67. ger, greater epithelial
ridge; tbe, tympanic border cells; SL, spiral ligament; SV, stria vascularis; sb, spiral limbus; rm, Reissner’s membrane; sg, spiral ganglion.
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Figure 7. Double labeling for Ki-67 (green) and HMGBI (red) in the mouse cochlea at P3, PS5 and P8. A-C) Low-magnification view of
the expression of HMGBI (red) and Ki-67 (green) in the apical and middle turn of P3 and the merged image; note that immunostaining
for Ki-67 disappeared from the greater epithelial ridge of P3. D-F) Ki-67-HMGB1 double-positive cell nuclei were detected in the tym-
panic border cells, the cochlear lateral wall and spiral ganglion region of P3. G) In the middle turn of the PS5 mouse cochlea, Ki-67-positive
tympanic border cells beneath the basilar membrane were co-labeled with HMGB1. H) Ki-67-HMGB 1double-positive cells (yellow) were
confined to spiral ligament fibrocytes. I) In the middle turn of PS5 mouse cochlea, only a few scattered Ki-67-positive cells were seen in
the Rosenthal canal. J) An overview of Ki-67 (green) labeling in the middle turn of P8. K,L)) Only a few Ki-67-HMGB1 double-positive
cells were scattered in the spiral ligament and the osseous spiral lamina, almost no Ki-67-HMGB1 double-positive cell nuclei were found
in the tympanic border cells and the Rosenthal canal of P8 mouse cochlea. ger, greater epithelial ridge; tbc, tympanic border cells; SL, spi-
ral ligament; SV, stria vascularis; sb, spiral limbus; sg, spiral ganglion; ihc, inner hair cells; ohc, outer hair cells; tbe, tympanic border cells.
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membrane and the co-localization of HMGB1 and Ki-67 in
Reissner’s membrane at E18.5 and P1. Several proteins contribut-
ing to cochlear development, such as LaminB1 and Pax2,°0¢! are
expressed similarly in Reissner’s membrane, which acts as a barri-
er between endolymph and perilymph, maintaining their unique
fluid compositions.®>¢* The cell nucleus of Reissner’s membrane is
resistant to degeneration resulting from acute atoxyl intoxication
and is the last cell component to disintegrate.®* The number of cells
and cellular proliferation in Reissner’s membrane has also been
implicated in endolymphatic hydrops.®>¢ Therefore, the expres-
sion of HMGBI in the Reissner’s membrane observed in this study
may be essential in cochlear function.

In our previous study, we found that HMGB1 was mainly
expressed in the nuclei of the SGNs and Sox2-positive glial cells
in the spiral ganglion regions at various developmental stages.
Moreover, upregulation of HMGBI1 expression in glial cells of the
spiral ganglion regions was linked to cochlear pathogenesis after
acoustic trauma.?* Similar changes in HMGBI1 expression were
also observed in the SGNs of amikacin-treated rats.®” Previous
studies have shown that HMGBI1 can promote neural stem cell
proliferation.®®%° In this study, we further extended our previous
investigation by demonstrating the co-localization of HMGB1 and
Ki-67 in the non-neuronal cells within the spiral ganglion regions
during prenatal and early postnatal stages. Additionally, Ki-67 was
co-expressed with Sox10 in cochlear neonatal glial cells. Sox10 is
known to be essential for the determination, differentiation and
maintenance of peripheral glial cells,”® suggesting the potential
involvement of HMGB1 in cochlear nerve cell proliferation during
cochlear development.

In conclusion, we identified a specific expression pattern of
HMGBI in the tympanic border cells throughout the developmen-
tal period. Using double immunofluorescence histochemistry, we
revealed that the changes in HMGB1 and Sox2 expression in the
GER correlate with the morphological degeneration of the GER
during postnatal development. Additionally, we found that Ki-67-
positive proliferating cells co-localize with HMGB1 during late
embryonic and early postnatal cochlear development. These find-
ings offer some insights into the potential physiological functions
of HMGBI in the cochlea.

References

1. Kang R, Chen R, Zhang Q, Hou W, Wu S, Cao L, et al.
HMGBI in health and disease. Mol Aspects Med 2014;40:1-
116.

2. Malarkey CS, Churchill ME. The high mobility group box: the
ultimate utility player of a cell. Trends Biochem Sci
2012;37:553-62.

3. Goodwin GH, Johns EW. Are the high mobility group non-his-
tone chromosomal proteins associated with 'active' chromatin?
Biochim Biophys Acta 1978;519:279-84.

4. Lee S, Kwak MS, Kim S, Shin J. The role of high mobility
group box 1 in innate immunity. Yonsei Med J 2014;55:1165-
76.

5. Sparvero LJ, Asafu-Adjei D, Kang R, Tang D, Amin N, Im J,
et al. RAGE (receptor for advanced glycation endproducts),
RAGE ligands, and their role in cancer and inflammation. J
Transl Med 2009;7:17.

6. Sims GP, Rowe DC, Rietdijk ST, Herbst R, Coyle AJ. HMGB1
and RAGE in inflammation and cancer. Annu Rev Immunol
2010;28:367-88.

7. Dajon M, Iribarren K, Cremer 1. Toll-like receptor stimulation
in cancer: A pro- and anti-tumor double-edged sword.
Immunobiology 2017;222:89-100.

OPEN aACCESS

8. Ladrech S, Mathieu M, Puel JL, Lenoir M. Supporting cells
regulate the remodelling of aminoglycoside-injured organ of
Corti, through the release of high mobility group box 1. Eur J
Neurosci 2013;38:2962-72.

9. Calogero S, Grassi F, Aguzzi A, Voigtlinder T , Ferrier P,
Ferrari S, et al. The lack of chromosomal protein Hmgl does
not disrupt cell growth but causes lethal hypoglycaemia in
newborn mice. Nat Genet 1999;22:276-80.

10. Stros M, Muselikova-Polanska E, Pospisilova S, Strauss F.
High-affinity binding of tumor-suppressor protein p53 and
HMGB1 to hemicatenated DNA loops. Biochemistry
2004;43:7215-25.

11. Colavita L, Ciprandi G, Salpietro A, Cuppari C. HMGB1: A
pleiotropic activity. Pediatr Allergy Immunol 2020;31:63-5.

12. Fang P, Schachner M, Shen YP. HMGBI in development and
diseases of the central nervous system. Mol Neurobiol
2012;45:499-506.

13. Zhao X, Kuja-Panula J, Rouhiainen A, Chen Y, Panula P,
Rauvala H. High mobility group box-1 (HMGB1; amphoterin)
is required for zebrafish brain development. J Biol Chem
2011;286:23200-13.

14. Zhao X, Rouhiainen A, Li Z, Guo S, Rauvala H. Regulation of
neurogenesis in mouse brain by HMGBI1.Cells 2020;9:1714.

15. Fang P, Pan HC, Lin SL, Zhang WQ, Rauvala H, Schachner M,
et al. HMGBI1 contributes to regeneration after spinal cord
injury in adult zebrafish. Mol Neurobiol 2014;49:472-83.

16. Khoo CP, Roubelakis MG, Schrader JB, Tsaknakis G,
Konietzny R, Kessler B, et al. miR-193a-3p interaction with
HMGBI1 downregulates human endothelial cell proliferation
and migration. Sci Rep 2017;7:44137.

17. Feng L, Xue D, Chen E, Zhang W, Gao X, Yu J, et al. HMGB1
promotes the secretion of multiple cytokines and potentiates
the osteogenic differentiation of mesenchymal stem cells
through the Ras/MAPK signaling pathway. Exp Ther Med
2016;12:3941-7.

18. Dormoy-Raclet V, Cammas A, Celona B, Lian XJ, van der
Giessen K, Zivojnovic M, et al. HuR and miR- 1192 regulate
myogenesis by modulating the translation of HMGB1 mRNA.
Nat Commun 2013;4:2388.

19. Sugars R, Karlstrom E, Christersson C, Olsson ML, Wendel M,
Fried K. Expression of HMGBI1 during tooth development.
Cell Tissue Res 2007;327:511-9.

20. Guazzi S, Strangio A, Franzi AT, Bianchi ME.HMGBI, an
architectural chromatin protein and extracellular signalling
factor, has a spatially and temporally restricted expression pat-
tern in mouse brain. Gene Expr Patterns 2003;3:29-33.

21. Smeti I, Watabe I, Savary E, Fontbonne A, Zine A. HMGAZ2,
the architectural transcription factor high mobility group, is
expressed in the developing and mature mouse cochlea. PLoS
One 2014;9:¢88757.

22. Liu W, Ding X, Wang X, Yang J. Expression and distribution
of high mobility group box 1 (HMGBI1) during cochlear devel-
opment in postnatal mice. Chinese J Otol 2020;18:545-51.

23. Shih CP, Kuo CY, Lin YY, Lin YC, Chen HK, Wang H, et al.
Inhibition of cochlear HMGB1 expression attenuates oxidative
stress and inflammation in an experimental murine model of
noise-induced hearing loss. Cells 2021;10:810.

24. Xiao L, Sun Y, Liu C, Zheng Z, Shen Y, Xia L, et al. Molecular
behavior of HMGBI in the cochlea following noise exposure
and in vitro. Front Cell Dev Biol 2021;9:642946.

25. Sheth S, Mukherjea D, Rybak LP, Ramkumar V. Mechanisms
of cisplatin-induced ototoxicity and otoprotection. Front Cell
Neurosci 2017;11:338.

26. Xiao L, Zhang Z, Liu J, Zheng Z, Xiong YP, Li CY, et al.
HMGBI1 accumulation in cytoplasm mediates noise-induced

[European Journal of Histochemistry 2023; 67:3704]



27.
28.
29.

30.

31.
32.

33.

34.

35.

36.
37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

cochlear damage. Cell Tissue Res 2023;391:43-54.

Liu WJ, Yang J. Developmental expression of inositol 1, 4, 5-
trisphosphate receptor in the post-natal rat cochlea. Eur J
Histochem 2015;59:2486.
Liang Y, Huang L, Yang J. Differential expression of ryanodine
receptor in the developing rat cochlea. Eur J Histochem
2009;53:e30.

Angelborg C, Engstrom B. The tympanic covering layer. An
electron microscopic study in Guinea pig. Acta Otolaryngol
1974;77:43-56.

Lang H, Li M, Kilpatrick LA, Zhu J, Samuvel DJ, Krug EL, et
al. Sox2 up-regulation and glial cell proliferation following
degeneration of spiral ganglion neurons in the adult mouse
inner ear. J Assoc Res Otolaryngol 2011;12:151-71.
Liu WJ, Chen HJ, Zhu X, Yu H. Expression of calbindin-D28K
in the developing and adult mouse cochlea. J Histochem
Cytochem 2022;70:583-96.

Liu WJ, Wang CX, Yu H, Liu SF, Yang J. Expression of acety-
lated tubulin in the postnatal developing mouse cochlea. Eur J
Histochem 2018;62:2942.

Ishiyama G, Wester J, Lopez 1A, Beltran-Parrazal L, Ishiyama
A. Oxidative stress in the blood labyrinthine barrier in the mac-
ula utricle of Meniere's disease patients. Front Physiol
2018;9:1068.

Kloppel G, La Rosa S. Correction to: Ki67 labeling index:
assessment and prognostic role in gastroenteropancreatic neu-
roendocrine neoplasms. Virchows Arch 2018;472:515.

Sun X, Kaufman PD. Ki-67: more than a proliferation marker.
Chromosoma 2018;127:175-86.

LiY, Sheng Y, Liang JM, Hu J, Ren XY, Cheng Y. Self-protec-
tion of type III fibrocytes against severe 3-nitropropionic-acid-
induced cochlear damage in mice. Neuroreport 2018;29:252-8.
Chen MC, Harris JP, Keithley EM. Immunohistochemical
analysis of proliferating cells in a sterile labyrinthitis animal
model. Laryngoscope 1998;108:651-6.

Taura A, Kojima K, Ito J, Ohmori H. Recovery of hair cell
function after damage induced by gentamicin in organ culture
of rat vestibular maculae. Brain Res 2006;1098:33-48.
Takebayashi S, Nakagawa T, Kojima K, Kim TS, Kita T, Dong
Y, et al. Expression of beta-catenin in developing auditory
epithelia of mice. Acta Otolaryngol Suppl 2004;(551):18-21.
Dong Y, Nakagawa T, Endo T, Kim TS, Iguchi F, Yamamoto N,
et al. Role of the F-box protein Skp2 in cell proliferation in the
developing auditory system in mice. Neuroreport
2003;14:759-61.

Taniguchi M, Yamamoto N, Nakagawa T, Ogino E, Ito J.
Identification of tympanic border cells as slow-cycling cells in
the cochlea. PLoS One 2012;7:¢48544.

Jan TA, Chai R, Sayyid ZN, van Amerongen R, Xia A, Wang
T, et al. Tympanic border cells are Wnt-responsive and can act
as progenitors for postnatal mouse cochlear cells.
Development 2013;140:1196-206.

Hayashida M, Minoda R, Shinmyo Y, Ohta K. PC3 is involved
in the shift from proliferation to differentiation and maturation
in spiral ganglion neurons. Neuroreport 2010;21:90-3.

Locher H, de Groot JC, van Iperen L, Huisman MA, Frijns JH,
Chuva de Sousa Lopes SM. Distribution and development of
peripheral glia cells in the human fetal cochlea. PLoS One
2014;9:e88066.

Kuhlbrodt K, Herbarth B, Sock E, Hermans-Borgmeyer I,
Wegner M. Sox10, a novel transcriptional modulator in glial
cells. Neurosci 1998;18:237-50.

Watanabe K, Takeda K, Katori Y, Ikeda K, Oshima T,
Yasumoto KI, et al. Expression of the Sox10 gene during
mouse inner ear development. Brain Res Mol Brain Res

[European Journal of Histochemistry 2023; 67:3704]

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Vpress

2000;84:141-5.

Hao X, Xing Y, Moore MW, Zhang J, Han D, Schulte BA, et
al. Sox10 expressing cells in the lateral wall of the aged mouse
and human cochlea. PLoS One 2014;9:¢97389.

Tafra R, Brakus SM, Vukojevic K, Kablar B, Colovic Z,
Saraga-Babic M. Interplay of proliferation and proapoptotic
and antiapoptotic factors is revealed in the early human inner
ear development. Otol Neurotol 2014;35:695-703.

Pirvola U, Ylikoski J, Trokovic R, Hébert JM, McConnell SK,
Partanen J. FGFR1 is required for the development of the audi-
tory sensory epithelium. Neuron 2002;35:671-80.

Wang XH, Zhang SY, Shi M, Xu XP. HMGBI1 promotes the
proliferation and metastasis of lung cancer by activating the
Wnt/B-catenin pathway. Technol Cancer Res Treat 2020;19:
1533033820948054.

Chitanuwat A, Laosrisin N, Dhanesuan N. Role of HMGBI1 in
proliferation and migration of human gingival and periodontal
ligament fibroblasts. J Oral Sci 2013;55:45-50.

Wang L, Yu L, Zhang T, Wang L, Leng Z, Guan Y, et al.
HMGBI enhances embryonic neural stem cell proliferation by
activating the MAPK signaling pathway. Biotechnol Lett
2014;36:1631-9.

Dong YD, Cui L, Peng CH, Cheng DF, Han BS, Huang F.
Expression and clinical significance of HMGB1 in human liver
cancer: Knockdown inhibits tumor growth and metastasis in
vitro and in vivo. Oncol Rep 2013;29:87-94

Li Y, Li H, Chen B, Yang F, Hao Z. miR-141-5p suppresses
vascular smooth muscle cell inflammation, proliferation, and
migration via inhibiting the HMGBI1/NF-kB pathway. J
Biochem Mol Toxicol 2021;35:€22828.

Wang FP, Li L, Li J, Wang JY, Wang LY, Jiang W. High mobil-
ity group box-1 promotes the proliferation and migration of
hepatic stellate cells via TLR4-dependent signal pathways of
PI3K/Akt and INK. PLoS One 2013;8:¢64373.

Xu X, Zhu H, Wang T, Sun Y, Ni P, Liu Y, et al. Exogenous
high-mobility group box 1 inhibits apoptosis and promotes the
proliferation of Lewis cells via RAGE/TLR4-dependent signal
pathways. Scand J Immunol 2014;79:386-94.

Hanusek C, Setz C, Radojevic V, Brand Y, Levano S, Bodmer
D. Expression of advanced glycation end-product receptors in
the cochlea. Laryngoscope 2010;120:1227-32.

Girod DA, Duckert LG, Rubel EW. Possible precursors of
regenerated hair cells in the avian cochlea following acoustic
trauma. Hear Res 1989;42:175-94.

Yamasoba T, Kondo K, Miyajima C, Suzuki M. Changes in cell
proliferation in rat and guinea pig cochlea after aminoglyco-
side-induced damage. Neurosci Lett 2003;347:171-4.

Du Z, Chen J, Chu H. Differential expression of LaminB1 in
the developing rat cochlea. J Int Adv Otol 2019;15:106-11.
Liu S, Wang Y, Lu Y, Li W, Liu W, Ma J, et al. The key tran-
scription factor expression in the developing vestibular and
auditory sensory organs: a comprehensive comparison of spa-
tial and temporal patterns. Neural Plast 2018;2018:7513258.
Lee JH, Marcus DC. Endolymphatic sodium homeostasis by
Reissner's membrane. Neuroscience 2003;119:3-8.

Huang LC, Thorne PR, Vlajkovic SM, Housley GD.
Differential expression of P2Y receptors in the rat cochlea dur-
ing development. Purinergic Signal 2010;6:231-48.

Anniko M. Damage to Reissner's membrane in the guinea-pig
cochlea following acute atoxyl intoxication. Acta Otolaryngol
1976;81:415-23.

Yoon TH, Paparella MM, Schachern PA, Le CT. Cellular
changes in Reissner's membrane in endolymphatic hydrops.
Ann Otol Rhinol Laryngol 1991;100:288-93.

Cureoglu S, Schachern PA, Paul S, Paparella MM, Singh RK.

OPEN a ACCESS



\_’press

67.

68.

Cellular changes of Reissner's membrane in Meniere's disease:
human temporal bone study. Otolaryngol Head Neck Surg
2004;130:113-9.

Ladrech S, Wang J, Mathieu M, Puel JL, Lenoir M. High
mobility group box 1 (HMGB1): dual functions in the cochlear
auditory neurons in response to stress? Histochem Cell Biol
2017;147:307-16.

Abraham AB, Bronstein R, Chen EI, Koller A, Ronfani L,
Maletic-Savatic M, et al. Members of the high mobility group
B protein family are dynamically expressed in embryonic neu-

Article

ral stem cells. Proteome Sci 2013 ;11:18.

69. Xue X, Chen X, Fan W, Wang G, Zhang L, Chen Z, et al. High-

70.

mobility group box 1 facilitates migration of neural stem cells
via receptor for advanced glycation end products signaling
pathway. Sci Rep 2018;8:4513.

Breuskin I, Bodson M, Thelen N, Thiry M, Borgs L, Nguyen
L, et al. Glial but not neuronal development in the cochleo-
vestibular ganglion requires Sox10. J Neurochem 2010;114:
1827-39.

Received: 7 March 2023. Accepted: 18 August 2023.
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
©Copyright: the Author(s), 2023

Licensee PAGEPress, Italy

European Journal of Histochemistry 2023; 67:3704
doi:10.4081/ejh.2023.3704

Publisher's note: all claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those
of the publisher; the editors and the reviewers. Any product that may be evaluated in this article or claim that may be made by its manufacturer is not guaranteed
or endorsed by the publisher.

OPEN a ACCESS

[European Journal of Histochemistry 2023; 67:3704]



