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Abstract

Background: The receptor for advanced glycation end-products (RAGE) is involved in neuroinflammation. This study
investigated the changes in RAGE expression following noise-induced hearing loss.

Methods: Three-week-old female Sprague-Dawley rats were exposed to 115 dB SPL white noise for 4 h daily for 3
d (noise group, n=16). In parallel, age and sex-matched control rats were raised under standard conditions without
noise exposure (control group, n=16). After 2 h (noise immediate, n =8) and 4 wk (noise 4-week, n=8) of noise
exposure, the auditory cortex was harvested and cytoplasmic and nuclear fractions were isolated. The gene expres-
sion levels of tumor necrosis factor alpha (TNF-a), interleukin 6 (IL6), interleukin 1 beta (IL1(3), nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), and RAGE were evaluated using real-time reverse transcription
polymerase chain reaction. The protein expression levels of nuclear RAGE and cytosolic RAGE were evaluated using
western blotting. Additionally, matrix metalloproteinase 9 (MMP9) was pharmacologically inhibited in the noise
immediate group, and then nuclear and cytosolic RAGE expression levels were evaluated.

Results: The noise immediate and noise 4-week groups exhibited increased auditory thresholds at 4, 8, 16, and 32
kHz frequencies. The genes encoding the pro-inflammatory cytokines TNF-q, IL6, IL1[3, and NF- kB were increased 3.74,
1.63,6.42, and 6.23-fold in the noise immediate group, respectively (P =0.047, 0.043, 0.044, and 0.041). RAGE mRNA
expression was elevated 1.42-fold in the noise 4-week group (P =0.032). Cytosolic RAGE expression was increased
1.76 and 6.99-fold in the noise immediate and noise 4-week groups, respectively (P =0.04 and 0.03). Nuclear RAGE
expression was comparable between the noise and control groups. matrix metalloproteinase 9 (MMP9) inhibition
reduced cytosolic RAGE expression in the noise immediate group (P =0.004).

Conclusions: Noise exposure increased the expression of cytosolic RAGE in the auditory cortex and upregulated pro-
inflammatory genes, but this response could be alleviated by MMP9 inhibition.
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Background

The receptor for advanced glycation end-products
(RAGE) is a transmembrane receptor of the immuno-
globulin superfamily and can bind to multiple ligands,
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including advanced glycation end-products (AGEs) and
B-amyloid peptide [3, 27]. The AGEs have been observed
in aging and neurodegenerative diseases and exert toxic-
ity through RAGE ligation cascades [13, 14]. The AGEs
were associated with hearing loss in elderly patients [21].
RAGE ligation activates multiple neuroinflammatory and
neurodegenerative pathways [7, 9, 28] and RAGE activa-
tion induces proinflammatory cytokines such as TNF-a,
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IL6, IL1 and iNOS in microglia cells [9]. Reportedly,
AGEs/RAGE interactions activate nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB) and
induce the production of reactive oxygen species (ROS)
in the neurodegenerative diseases [28]. Moreover, RAGE
mediates -amyloid peptide transport across the blood—
brain barrier via interaction between the f-amyloid pep-
tide and RAGE-bearing cells in the vascular wall during
the development of cerebral amyloidosis [7]. Although
many studies on the central nervous system have exam-
ined the role of RAGE in normal aging and disease, the
expression and role of these molecules in the context of
hearing loss is unclear.

Studies show that noise-induced hearing loss is involved
in neuroinflammatory changes in the central auditory
pathways [11, 29]. Moreover, chronic noise exposure or
hearing loss has been reported to induce neurodegenera-
tive changes and cognitive dysfunctions [18, 23]. To our
knowledge, there are no studies on the changes of RAGE
expression in the auditory cortex following noise expo-
sure. However, a previous study reported an increase in
RAGE expression in rat hippocampus following a 4 wk
noise exposure [6]. The authors also described increased
expression of pro-inflammatory genes including TNF-a
and amyloid precursor protein and its cleavage enzymes,
B- and y-secretases [6]. This finding implied that noise
exposure induced neuroinflammatory and neurode-
generative changes which might be initiated in the early
phase exposure. Similarly, high glucose-induced hear-
ing loss showed increased expression of RAGE, AGE,
and NF-«xB in rat cochlear hair cells [31]. The increased
RAGE, AGE, and NF-kB levels were attenuated following
antioxidant treatment [31], implicating oxidative stress
responses in inflammation and RAGE pathways.
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We hypothesized that the inflammatory responses after
noise exposure were associated with RAGE expression in
the auditory cortex. In addition, a persistent change in
RAGE expression was anticipated, consistent with previ-
ous studies which reported prolonged inflammatory or
degenerative effects of noise-induced hearing loss on the
central nervous system [18, 22, 23]. To test these hypoth-
eses, we investigated the changes in expression of pro-
inflammatory genes and RAGE in the auditory cortex of
rats with noise-induced hearing loss after immediate and
4 wk noise exposure. Because a previous study reported
the more susceptible changes in the hippocampus to
noise exposure than those in the auditory cortex [5], the
working memory tests were conducted in the 4 wk noise
exposure rats to evaluate the combined hippocampal
dysfunction. To explore the mediator of increased cyto-
solic RAGE expression, a MMP9 inhibitor was adminis-
tered to rats with noise-induced hearing loss, resulting in
the reduction of cytosolic RAGE expression in the audi-
tory cortex.

Methods

Animal experiments

The Institutional Animal Care and Use Committee
of CHA University Medical School (IACUC190047)
approved this study. All animal experiments were con-
ducted in compliance with the guidelines and regulations
of the Institutional Animal Care and Use Committee of
CHA University Medical School.

Twenty-one-day-old female Sprague—Dawley rats were
exposed to white noise (2—20 kHz, 115 dB SPL), delivered
for 4 h per day, for 3 d (noise group, n=16) (Fig. 1). Free-
field electrostatic speaker (Tucker-Davis Technologies,
Alachua, FL, USA) was placed on top of the chamber
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Fig. 1 The experimental schedules and measurements of the present study. The white noise (2-20 kHz, 115 dB SPL), delivered for 4 h per day, for 3
d (noise group, n=16). Immediately and 4 wk after white noise exposure (noise immediate group, n =8 and noise 4-week group, n=8), auditory
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to deliver noise. Rats were exposed to noise in awaken-
ing state. The control group was raised under standard
conditions with about 40-60 dB SPL background noise
(n=16). Immediately and 4 wk after white noise expo-
sure, auditory brainstem responses (ABRs) were meas-
ured in all rats (SmartEP; Intelligent Hearing System,
Miami, FL, USA). Needle electrodes were inserted into
the vertex and behind the ipsilateral pinna and plastic
earphones were plugged into external auditory canals. An
EC1 electrostatic speaker delivered 4, 8, 16, and 32 kHz
of tone-burst stimuli (duration, 1562 ps; envelope, Black-
man; stimulation rate, 21.1/s; low pass filter 5000 Hz;
high pass filter, 0 Hz). Amplified evoked responses with
1,024 sweeps were averaged. From 90 dB SPL, the tone-
burst stimuli were decreased at 10 dB SPL intervals. The
lowest sound intensity that evoked wave II was defined
as the auditory threshold because wave II was the most
prominent waveform of rat ABRs [1, 4, 26].

To evaluate the effect of MMP9 inhibition on RAGE
expression following noise exposure, MMP9 inhibitor
(SB-3CT, 25 mg/kg) was intraperitoneally injected before
noise exposure (noise+ SB-3CT group, n=>5). The pro-
tein expression levels of nuclear and cytosolic RAGE and
MMP?9 in the noise+ SB-3CT group was compared with
those of control and noise groups (each n=>5).

Spatial working memory in the Y-maze

The Y-maze test for spatial working memory was con-
ducted 4 wk after noise exposure in the noise 4-week and
control groups as previously described (n = 8 for each
group) [16]. Briefly, the black plastic Y-maze consisted of
three identical arms (11 cm wide, 50 cm long, 30 cm high,
120° apart). Rats were placed at the distal end of start arm
and allowed to explore the maze freely for 5 minutes.
The number of entries into each arm were recorded. The
number of total arm entry and spontaneous alternation
percentage (%) were compared between noise 4-week
group and control group (each n = 8). Entries were
counted when the rats passed over the midpoint of the
arm. Entries into new arms were considered successful
alternations, as opposed to entering the two previously
visited arms. Alternation percentage (%) was calculated
using the formula: (Number of successful alternations/
[Total arm entries-2]) x 100.

Novelty preference tests

A Y-maze identical to the one used for spatial working
memory tests was used for the novelty preference tests,
which were conducted 2-3 d after the spatial working
memory tests in the noise 4-week and control groups
(n = 8 for each group). In the exposure phase, rats were
placed in the two arms of ‘start arm’ and ‘familiar arm’
in the first 5-minutes but the third arm, the ‘novel arm,
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was closed by the black block. After exposure phase,
rats were placed in a standard cage for 5-minutes. Then
in the test phase, rats were placed back in the start arm
and allowed to explore all three arms for 5-minutes by
removing the black block. The novelty preference (%)
were compared between noise 4-week group and con-
trol group (each n = 8). The novelty preference (%)
was assessed using the formula: (number of novel arm
entries / total arm entries) x 100.

After the tests, the rats were sacrificed using car-
bon dioxide inhalation as previously described [15].
The flow velocity of inhaled gas was 5-6L/min and the
rats were placed in 25.40 cm * 48.26 cm * 22.86 cm
size cage. The auditory cortex was micropunched and
rapidly frozen at — 20 °C (n=28 for each group). Paxi-
nos and Watson coordinates (A/P=— 2.7~5.8 mm,
M/L= £+6.4~8.7 mm) were used to localize the audi-
tory cortex [24]. Both sides of auditory cortex were har-
vested and they were combined together for analyses.
Four rats per group were analyzed for each experiment
(quantitative real-time reverse transcription polymer-
ase chain reaction [RT-PCR] and western blot). For
3B-SCT study, three rats per group were analyzed for
western blotting and two rats per group were analyzed
for immunofluorescence study.

mRNA expression levels of pro-inflammatory genes

The expression levels of TNF-a, IL6, IL1B, NF-«B, and
RAGE mRNA in the auditory cortex were analyzed
using quantitative real-time reverse transcription pol-
ymerase chain reaction (RT-PCR). Total RNA from
each brain tissue was extracted using the TRI Reagent®
(Sigma—Aldrich, St. Louis, MO, USA). The purified RNA
was checked for purity and quantity by measuring the
260/280 nm absorbance ratio on a NanoDrop™1000
spectrophotometer (Thermo Scientific, Madison, W1,
USA). Only samples with values greater than 1.8 for
the 260/280 ratio and greater than 1.5 for the 260/230
ratio were eligible for RT-PCR. The quality of the RNA
was checked using an Agilent 2100 Bioanalyzer™ (Agi-
lent Technologies, Santa Clara, CA, USA) (‘Genomics
Agilent’) ('Genomics Agilent’) ('Genomics Agilent’) 2
(Genomics Agilent’) (‘Genomics Agilent’) (‘Genom-
ics Agilent’) (Genomics Agilent’) (‘Genomics Agilent’)
(Genomics Agilent’) ('Genomics Agilent’) [12]. Only
samples with a value greater than 7.0 for the RNA Integ-
rity Number were eligible for RT-PCR. No samples were
excluded due to low RNA quality. Forward and reverse
oligonucleotides used for reverse transcription are listed
on Table 1. The target gene mRNA expression levels were
expressed as a percentage of the expression level of glyc-
eraldehyde 3-phosphate dehydrogenase mRNA.



Lee et al. BMC Neurosci (2021) 22:38 Page 4 of 11
Table 1 Oligonucleotide primer sequences for quantitative reverse transcriptase polymerase chain reaction

Gene Primer sequence (forward) Primer sequence (reverse) Annealing Product RefSeq Number

temperature (°C) size (bp)

TNFa 5'- CGTCAGCCGATTTGCCATTT -3’ 5'- TCCCTCAGGGGTGTCCTTAG -3 60 88 NM_012675.3
IL6 5'- AGAGACTTCCAGCCAGTTGC -3 5'-TGAAGTCTCCTCTCCGGACT -3 60 88 NM_012589.2
IL18 5- CACCTTCTTTTCCTTCATCTTTG -3' 5- GTCGTTGCTTGTCTCTCCTTGTA -3 60 241 NM_031512.2
NFkB 5-TGTCTGCACCTGTTCCAAAGA -3 5-TGCCAGGTCTGTGAACACTC-3’ 60 143 NM_199267.2
RAGE 5'- GGAAGGACTGAAGCTTGGAAGG -3 5'- TCCGATAGCTGGAAGGAGGAGT -3 60 102 NM_053336.2
GAPDH 5'- ATTGTTGCCATCAACGACCC -3’ 5'-TGACTGTGCCGTTGAACTTG -3’ 60 94 NM_017008.4

Isolation of nuclear and cytoplasmic extract

To estimate the expression levels of nuclear and cytosolic
RAGE, nuclear and cytoplasmic fractions were extracted
using an NE-PER Nuclear Cytoplasmic Extraction Rea-
gent kit (Pierce, Rockford, IL, USA) according to the
manufacturer’s instructions. Briefly, the temporal cortex
tissue was washed twice with cold PBS and centrifuged at
500 x g for 5 min. The pellet was resuspended in 400 uL
of cytoplasmic extraction reagent I by homogenizing.
The suspension was then incubated on ice for 10 min fol-
lowed by the addition of 22 pL of cytoplasmic extraction
reagent II. The mixture was vortexed for 5 s, incubated
on ice for 1 min and centrifuged for 5 min at 16000 x g.
The supernatant (cytoplasmic extract) was transferred to
a microcentrifuge tube. The insoluble pellet was resus-
pended in 200 uL of nuclear extraction reagent by vortex-
ing for 15 s, incubated on ice for 10 min, and centrifuged
for 10 min at 16000 x g. The resulting supernatant con-
stituted the nuclear extract.

Protein expression levels of Intra- and extra-RAGE

and MMP9

Protein expression levels were analyzed using western
blotting. The brain tissue was lysed using the NE-PER
Nuclear Cytoplasmic Extraction Reagent kit (Pierce,
Rockford, IL, USA) and radioimmunoprecipitation assay
buffer (Cell Signaling Technology, Danvers, MA, USA).
Protein concentration was measured using the Bio-Rad
Protein Assay Kit. The proteins were separated using 8%
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis and transferred to polyvinylidene difluoride mem-
branes (Merck Millipore, Burlington, MA, USA). The
membranes were soaked in blocking buffer (5% nonfat
dry milk in Tris-buffered saline containing Tween-20
[TBS-T]) for 1 h and incubated with primary antibod-
ies against intra (nuclear) RAGE (ab3611, Rabbit poly-
clonal, Abcam), extra (cytosolic) RAGE (MAB1179, Rat
monoclonal, R&D system), MMP9 (Rabbit monoclonal,
abcam, UK), and B-actin (D6AS, rabbit mAb; Cell Sign-
aling Technology). Horseradish peroxidase (HRP)-conju-
gated secondary antibodies (anti-rabbit IgG, HRP-linked
antibody; Cell Signaling Technology, #7074S and anti-Rat

IgG, HRP-conjugated Antibody; R&D system, #HAF005)
were used to detect the immunoreactive proteins, and
the samples were visualized using an enhanced chemilu-
minescence kit (Bio-Rad). Protein expression levels were
calculated using Image] gel analysis software (National
Institutes of Health, Bethesda, MD, USA). The protein
levels are expressed as a percentage of the B-actin level.

Immunofluorescence

The expressions of MMP9 and RAGE (cytosol) in the
auditory cortex were analyzed using immunofluores-
cence studies. Paraffin sections of brain tissue were pre-
pared with 10- pum thickness. The brain sections were
mounted on glass slides and deparaffinized in xylene for
10 min. Then the slides were repeatedly washed in etha-
nol (199%, 75%, and 50%) and three times in PBS for 5
min. The blocking was performed in 10% donkey block-
ing serum (Vector Labs, Burlingame, CA, USA) for 1 h
followed by the incubation with the primary antibodies
(extra [cytosolic] RAGE [MAB1179, Rat monoclonal,
R&D system], MMP9 [Rabbit monoclonal, abcam, UK])
overnight at 4 °C. The slides were washed three times
in PBS for 10 min. The secondary antibodies (anti-rat
and anti-rabbit Alexa 594) were incubated for 2 h. The
slides were incubated with 4/,6-diamidino-2-phenylin-
dole (DAPI) (Sigma—Aldrich, St. Louis, MO, USA) for 5
min. The slides were washed three times in PBS for 10
min. Then the slides were covered. The auditory cortex
in Paxinos and Watson coordinates (A/P=-2.7 ~5.8 mm,
M/L=+6.4~8.7 mm, V/D=2.9~4.5 mm) were evalu-
ated using TCS SP5II confocal microscope (Leica, Wet-
zlar, Germany) [25].

Statistical analysis

The differences in gene expression, Y-maze, and novelty
preference tests between the noise and control groups
were analyzed with the Mann—Whitney U test. Paired
t-test was used to analyze the differences of ABR thresh-
olds between pre- and post-noise exposures. Unpaired
t-test was used to analyze the differences of ABR thresh-
olds between control and noise groups. Normality
tests were conducted using Kolmogorov—Smirnov and
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Shapiro—Wilk tests. Statistical significance was set at
P <0.05. SPSS 21.0 (IBM Corp., Armonk, NY, USA) was
used for statistical analysis. All graphs were presented
with mean =+ standard error (SE).

Results

ABR threshold shifts after noise exposures

Average ABR thresholds were not significantly different
between control and noise groups before noise exposures
(Fig. 2 and Additional file 1: Table S1). Following noise
exposures, the ABR thresholds increased and persisted
for 4 wk post-exposure.

Spatial activity changes after noise exposure

In the Y-maze tests, the number of total arm entry was
decreased in the noise 4-week group, compared to con-
trol group (7.17 vs. 13.83, P=0.036) (Fig. 3). However,
the proportions of spontaneous alternation were simi-
lar between control and noise 4-week groups (59.56 vs.
72.73%, P =0.087). The proportions of novelty preference
were also comparable between control and noise 4-week
groups (35.00 vs. 41.23%, P=0.41).

Changes of pro-inflammatory gene expressions

in noise-induced hearing loss rats

The mRNA expression levels of pro-inflammatory genes
were increased in the noise immediate group compared
to the control group (Fig. 4). TNF-a, IL6, IL1B, and
NF-kB mRNA expression levels were elevated 3.74, 1.63,
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6.42, and 6.23-fold in the noise immediate group than
in the control group (P=0.047, 0.043, 0.044, and 0.041).
In the noise 4-week group, NF-kB mRNA expression
level was 1.55-fold higher than that in the control group
(P=0.016). However, TNF-a, IL6, and IL1} mRNA
expression levels were not significantly different between
the noise 4-week and control groups (P=0.162, 0.527,
and 0.313).

RAGE expressions in noise-induced hearing loss rats

RAGE mRNA expression was elevated 1.42-fold in the
noise 4-week group (P=0.032). The protein expression
level of cytosolic RAGE was increased in both noise
immediate and noise 4-week groups, compared to con-
trol groups (Fig. 5, Additional file 2: Figure S1). The noise
immediate group showed 1.76-fold higher expression of
cytosolic RAGE than did the control group (P=0.04).
The noise 4-week group showed 6.99-fold higher expres-
sion of cytosolic RAGE than did the control group
(P=0.029). In contrast, the protein expression level of
nuclear RAGE was not significantly different between
the noise and control groups (P=0.509 and P=0.279,
respectively).

RAGE suppression by MMP9 inhibition in noise-induced
hearing loss rats

To delineate the molecular mediators for RAGE increase
in the noise group, a MMP9 inhibitor (SB-3CT) was
administered (Fig. 6, Additional file 2: Figure S2). Average

Fig. 2 The auditory brainstem response (ABR) thresholds at pre- and post-noise exposures. ABR thresholds were increased after noise exposure,
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ABR thresholds were not significantly different between  both reduced compared to those in the noise group.
noise and noise+ SB-3CT groups after noise exposures MMP9 expression level was 0.56 (SE=0.27) and 3.79
(Additional file 3: Table S2). In the noise + SB-3CT group, (SE=0.78) in noise+ SB-3CT and noise groups, respec-
the expression levels of MMP9 and cytosolic RAGE were  tively (P =0.004). The expression level of cytosolic RAGE
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was 0.19 (SE=0.12) and 3.50 (SE=1.03) in noise+ SB-
3CT and noise groups, respectively (P<0.001). In con-
trast, the expression level of nuclear RAGE was similar
between noise and noise + SB-3CT groups (0.59 vs. 1.29,
P=0.11). The expression levels of MMP9 and cytosolic
RAGE were increased in the auditory cortex of noise
group compared to control group in the immunofluo-
rescence studies (Figs. 7, 8). The noise+ SB-3CT group
showed decreased expression levels of MMP9 and cyto-
solic RAGE compared to noise group (Figs. 7, 8).

Discussion

Noise-induced hearing loss increased the expression
of genes encoding pro-inflammatory cytokines TNEF-q,
IL6, IL1P, and NF-kB in the auditory cortex, immedi-
ately after noise exposure. The increase in the expression

of these pro-inflammatory genes was attenuated at 4 wk
after noise exposure. However, the expression of cyto-
solic RAGE steadily increased until 4 wk after noise
exposure. The inhibition of MMP?9 alleviated the increase
of cytosolic RAGE expression. The findings of the present
study demonstrate immediate pro-inflammatory impacts
and sustained RAGE increment in the auditory cortex
following noise exposure.

Several recent studies have described cognitive deficits
following noise exposures [18, 22, 23]. Together with age-
related and long-term hearing loss models, young adult
CBA/CA]J mice (1.5-2 mo old) showed decreased spatial
learning and memory as early as 3 mo after noise expo-
sure [18]. Moreover, a previous research demonstrated
earlier changes of oxidative stress and tau phosphoryla-
tion in the hippocampus to the 1 week of noise expo-
sure, while the auditory cortex did not show significant
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Fig. 6 The administration of MMP9 inhibitor (SB-3CT) reduced the cytosolic RAGE expressions in noise 4+ SB-3CT group, compared to noise group
(*P <0.05 between noise vs. control groups and **P <0.05 between noise vs. noise 4+ SB-3CT groups, Mann-Whitney U test). (error bar= = standard
errors)
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Fig. 7 The matrix metalloproteinase 9 (MMP9) expression level (red) in the auditory cortex was increased in the noise group. On the other hands,
the MMP9 expression level in the auditory cortex was decreased in the noise + SB-3CT group. (blue: DAPI)
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changes until the 3 weeks of noise exposure [5]. In this
study, only the total number of arm entry in the Y-maze
test was decreased and spontaneous alternation and nov-
elty preference were not decreased in the noise 4-week
group compared to control group. Although the cogni-
tive deficit was not definite, this study demonstrated the
changes in the expression of neuroinflammatory genes in
this early period after noise exposure.

The study showed that the expression of pro-inflamma-
tory genes was increased immediately after noise expo-
sure. In line with these results, prior studies reported
that noise-induced hearing loss cause inflammatory
responses, including the activation of microglia and the
release of proinflammatory cytokines in the auditory
cortex and cochlear nucleus [2, 11, 29]. TNF-a expres-
sion was elevated immediately (12 h) after noise expo-
sure although the increment was attenuated over time
[29]. It was also shown that TNF-« played a crucial role
in neuroinflammation in the auditory cortex following
noise exposure. Accordingly, the inhibition of TNF-a
in a genetic knockout or by a pharmacological inhibi-
tor decreased the expression of the neuroinflammatory
genes TNF-«, IL1B, IL18, and Nod-like receptor protein
3, and prevented microglial activation and tinnitus in
mice with noise-induced hearing loss[29].

This study also showed that the expression of cytosolic
RAGE was increased immediately after noise exposure.

In addition, the increased RAGE level was sustained at 4
wk after noise exposure. In contrast, the elevated expres-
sion levels of the pro-inflammatory genes were attenu-
ated at 4 wk. Interestingly, NF-kB expression was higher
in the noise 4-week group than in the control group
possibly due to long-term effects of noise-induced hear-
ing loss on the central nervous system. Although lit-
tle is known about the changes in the auditory cortex,
it has been suggested that persistent neurodegenerative
changes in the hippocampus which progressed after
transient elevation of oxidative stress and inflammation
occurred after noise exposures [18, 22]. A previous study
demonstrated neurodegeneration in the hippocampus
and other cognitive deficits in mice at 3 mo after noise
exposure, and elevated oxidative stress molecules includ-
ing corticosterone, superoxide dismutase, malondialde-
hyde adduct, and reactive oxygen species, which were
transiently increased after noise exposure and then nor-
malized [18]. In another study, p-tau and lipofuscin were
increased in the mice hippocampus at 12 mo after noise
exposure [22]. In an aminoglycoside-induced hearing
loss, RAGE expression was increased mostly in coch-
lea epithelial cells, while TNF-«, IL1p or IL10 expres-
sion was not detected in the cochlear perilymph [17].
The authors suggested an increase in extracellular high
mobility group box 1, a known RAGE ligand, might regu-
late the epithelial reorganization of the injured organ of
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Corti [17]. Therefore, the sustained RAGE expression
observed in this study might influence the remodeling of
and degenerative changes in the auditory cortex. Indeed,
a clinical study presented high level of AGEs in hearing
loss patients [21].

MMP9 expression was increased in the noise-imme-
diate group. However, inhibition by SB-3CT reduced
MMP9 and cytosolic RAGE expression. A previous study
reported increased MMP9-induced shedding and activa-
tion of RAGE, which mediated neuroinflammation and
the reduction of perineuronal nets (PNNs) in the ante-
rior cingulate cortex in schizophrenia mice models [10].
Likewise, increased MMP9 expression and decreased
PNNs in the auditory cortex following hearing loss have
also been reported [8, 20]. Moreover, MMP9 expression
was increased in the auditory cortex and hippocampus in
the age-related hearing loss model, which demonstrated
cognitive decline [8]. The attenuation of PNNs density in
mice auditory cortex lasted at least 30 d following noise
exposure, suggesting a link with the increased excitabil-
ity of cortex and tinnitus [20]. The relationship between
MMP9 and PNNs expression has been suggested in pre-
vious studies [10, 19, 30]. In a Fmr1 knock-out mice, the
expression of PNNs in the auditory cortex was reduced,
but was normalized and the auditory hypersensitivity
relieved following the genetic knockdown of MMP9 [19,
30]. Thus, the increase in MMP9 could be one media-
tor of RAGE activation and neuroinflammation in the
auditory cortex in the noise-induced hearing loss model
used in this study. The decrease in RAGE expression in
the MMP9 inhibitor administered mice (noise + SB-3CT)
supports this hypothesis.

Conclusion

The immediate noise exposure increased the expression
of pro-inflammatory genes and cytosolic RAGE in the
auditory cortex. RAGE expression was further increased
with a sustained 4 wk noise-induced hearing loss. The
inhibition of MMP9 was accompanied the decreased
cytosolic RAGE expression following noise exposure. In
conclusion, the inflammation responses in the auditory
cortex following noise exposure were initiated as imme-
diately as within 24 h. Although the acute inflammatory
cytokines were normalized, the sustained damages in the
auditory cortex were sustained until 4-weeks after noise
exposure. The increased levels of MMP9 and cytosolic
RAGE were presumed to be involved in these chronic
inflammatory responses in the auditory cortex.
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