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Abstract. Accumulating evidence has revealed the link 
between age‑related hearing loss (presbycusis) and cognitive 
decline; however, their exact association remains unclear. 
The present study aimed to investigate the association 
between age‑related hearing loss and cognitive decline, and 
to explore the underlying mechanisms. Briefly, three groups 
of C57BL/6J mice were evaluated, based on their age, as 
follows: Young group, 3 months; adult group, 6 months; and 
middle‑aged group, 15 months. The results of an auditory 
brainstem response (ABR) test demonstrated that the hearing 
threshold levels of the mice were increased in those aged 
6 and 15 months compared with those aged 3 months, thus 
suggesting that significant hearing loss occurred at 6 months, 
and worsened at 15 months. The results of a Morris water maze 
test demonstrated that spatial learning and memory function 
was significantly decreased in 15‑month‑old mice, but not in 
6‑month‑old mice. Pearson analysis indicated that the escape 
latency was positively correlated with hearing threshold at 
16 kHz and percentage of time in the target quadrant was 
negatively correlated with hearing threshold at 16 kHz, thus 
suggesting a correlation between age‑related hearing loss and 
cognitive decline. The auditory cortex and hippocampal CA1 
region in 15‑month‑old mice exhibited significantly decreased 
cell numbers, abnormal arrangement and morphological 
alterations. Transmission electron microscopy revealed 
reduced synapse numbers and synaptic vesicle density in mice 
aged 15 months. Furthermore, the protein expression levels 

of matrix metalloproteinase (MMP)‑9 in the auditory cortex 
and hippocampus in the 15‑month‑old mice were significantly 
higher than in the 3‑month‑old mice. In conclusion, these 
findings support the correlation between age‑related hearing 
loss and cognitive decline in C57BL/6J mice, and indicated that 
MMP‑9 expression in the auditory cortex and hippocampus 
may be associated with the underlying mechanisms.

Introduction

A link between age‑related hearing loss and cognitive decline 
has been supported by numerous studies (1‑4). In recent years, 
such studies have demonstrated that hearing loss may serve a 
causal role in cognitive decline (1‑4). In addition, it has been 
reported that central auditory dysfunction significantly increases 
the risk of dementia (5). The rates of cognitive decline and the 
risk for incident cognitive impairment are linearly associated 
with the severity of an individual's baseline hearing loss, 
which indicates that hearing loss is independently associated 
with accelerated cognitive decline and incident cognitive 
impairment in community‑dwelling older adults (2,6).

Although the mechanisms underlying this association are 
unclear, a reliable relationship between age‑related hearing 
loss and cognitive decline is considered to exist. If hearing loss 
can lead to cognitive decline, the use of hearing aids or other 
rehabilitative strategies much earlier in the course of hearing 
loss may be valuable in the prevention of cognitive decline 
or Alzheimer's disease, which has important healthcare and 
public policy implications (7,8). Therefore, it is necessary to 
determine the effects of age‑related hearing loss on cognitive 
decline and to explore the mechanisms underlying the associa-
tion between them.

Age‑related hearing loss, also referred to as presbycusis, 
is associated with the deterioration of central and peripheral 
auditory systems  (9‑12). Age‑related dysfunction and 
degeneration of the auditory cortex in age‑related hearing 
loss have been detected in humans and in numerous animal 
models  (13‑16). It is well known that the hippocampus is 
associated with memory formation and recognition, and 
participates in auditory information processing (17,18). Direct 
and indirect connections between the auditory pathway and 
the hippocampus exist, and auditory system activity induces 
hippocampal plasticity (12,19). A direct connection between 
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the CA1 hippocampal region and the auditory association 
cortex, and even to the primary auditory cortex, has been 
detected in rats (19). Therefore, auditory cortex‑hippocampus 
interactions may be involved in the mechanisms underlying 
the association between age‑related hearing loss and cognitive 
decline.

C57BL/6J mice are widely used as a model of presbycusis, 
since they exhibit progressive hearing loss (20‑22). C57BL/6J 
mice, but not CBA/CaJ mice, clearly exhibit decreased perfor-
mance in the Morris water maze test and degeneration of 
synapses within the hippocampus, which demonstrate that the 
age‑related hearing loss is accompanied by the degeneration 
of synapses in the hippocampal CA3 region (23). Conversely, 
CBA/CaJ mice retain the majority of their hearing sensitivity 
up to 18 months of age, further supporting the association 
between age‑related hearing loss and cognitive decline (24). 
The present study aimed to determine the association between 
age‑related hearing loss and cognitive decline in C57BL/6J 
mice, and to explore the mechanisms underlying this 
association.

Materials and methods

Animals. The present study was approved by the Ethics 
Committee of Shanghai University of Traditional Chinese 
Medicine (Shanghai, China). Male C57BL/6J mice at the 
following ages were used in the present study: Young mice 
(25±2 g), 3 months old; adult mice (31±2 g), 6 months old; 
and middle‑aged mice (40±3  g), 15  months old (n=10 
mice/group). All of the mice were obtained from Shanghai 
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The 
animals were maintained under a 12‑h light/dark cycle at 
20‑26˚C and 40‑70% humidity, and were allowed free access 
to normal food and water until experimentation.

Auditory brainstem response (ABR) test. Each mouse was 
anesthetized via intraperitoneal injection with sodium 
pentobarbital (100  mg/kg). ABRs were recorded using a 
TDT‑III system with BioSig32 software (both Tucker‑Davis 
Technologies, Alachua, FL, USA). Tone burst stimuli were 
generated at the following frequencies: 8, 16, 24 and 32 kHz. 
The average response to 1,000 repetitive stimuli was obtained 
by reducing the intensity at 5 dB sound pressure level (SPL) 
intervals from 90 dB SPL. The ABR threshold was defined 
as the lowest dB level at which a response could be visually 
detected.

Morris water maze. The water maze used in the present study 
consisted of a circular pool (diameter, 120 cm; height, 30 cm), 
which included a hidden platform, and a video camera‑based 
computer tracking system (DigBehv‑MM water maze; Shanghai 
Jiliang Software Technology Co., Ltd., Shanghai, China). The 
water temperature in the circular pool was maintained at 22±1̊ C. 
The platform was submerged 1 cm below the water level. During 
the 4‑day hidden platform test, the time spent taken to find the 
hidden platform (latency) was recorded. If the mouse could not 
find the platform, it was placed on the platform for 30 sec. On 
the fifth day, the platform was removed and the probe trial was 
performed. The percentage of time spent in the previous plat-
form quadrant, also known as the target quadrant, was recorded.

Hematoxylin and eosin staining. Following anesthetiza-
tion via intraperitoneal injection with sodium pentobarbital 
(120 mg/kg), animals were immediately sacrificed by cervical 
dislocation. The brain tissues were removed quickly on 
ice and fixed in 4%  paraformaldehyde overnight at  4˚C. 
Following dehydration in a graded series of alcohol, tissues 
were embedded in paraffin and sliced into 4 µM sections. 
The sections were stained with hematoxylin for 7 min and 
eosin for 2 min. Subsequently, the sections were observed and 
images were captured under a microscope (BX53; Olympus 
Corporation, Tokyo, Japan) after mounting. The location of the 
hippocampus and auditory cortex was identified in accordance 
with the mouse brain stereotaxic coordinates described by 
Paxinos and Franklin (25).

Transmission electron microscopy (TEM). The hippocampus 
and auditory cortex tissues were perfused and fixed with 
2.5% glutaraldehyde overnight at 4˚C. Following post‑fixation 
in 1% osmium tetroxide for 2 h at room temperature, the tissues 
were dehydrated in an ascending graded ethanol series at 4˚C 
and acetone series at room temperature. Subsequently, tissues 
were immersed in acetone/Epoxy 618 mixture for 2 h and 
Epoxy 618 for 2 h, and were finally embedded in Epoxy 618 
for 12 h at 37˚C and for 8 h at 60˚C. Serial ultrathin sections 
(50 nm) were collected on copper grids and stained with lead 
citrate. The ultrastructure of the stained sections was examined 
under a transmission electron microscope (Tecnai G2 Spirit; 
FEI; Thermo Fisher Scientific, Inc., Hillsboro, OR, USA).

Western blot analysis. The hippocampus and auditory cortex 
tissues were lysed in radioimmunoprecipitation acid lysis buffer 
containing protease inhibitor (Shanghai Weiao Biotechnology 
Co., Ltd., Shanghai, China). Protein concentrations were 
determined using a Bicinchoninic acid protein assay kit 
(Beyotime Institute of Biotechnology, Haimen, China). 
Proteins (40 µg) were then subjected to electrophoresis on 
12% polyacrylamide gels and were transferred to polyvinylidene 
difluoride membranes by electrotransfer (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). The membranes were blocked 
with 5%  non‑fat milk in Tris‑buffered saline containing 
0.5% Tween‑20 for 1 h at room temperature, and were then 
incubated overnight with matrix metalloproteinase‑9 (MMP‑9; 
cat. no.  AF909; 1:800; R&D systems, Minneapolis, MN, 
USA) and GAPDH (cat. no. 2118S; 1:1,000; Cell Signaling 
Technology, Inc., Danvers, MA, USA) primary antibodies at 
4˚C. Subsequently, the membranes were washed and incubated 
with the following corresponding secondary antibodies: HRP 
conjugated rabbit anti‑goat IgG (cat. no.  ab6741; 1:2,000; 
Abcam, Cambridge, UK) and HRP conjugated goat anti‑rabbit 
IgG (cat. no.  AP132P; 1:2,000; Merck KGaA, Darmstadt, 
Germany) for 2 h at room temperature. Finally, the protein 
bands were visualized with Enhanced Chemiluminescence Plus 
Western blotting detection reagents (GE Healthcare, Chicago, 
IL, USA). The relative levels of the target protein compared 
with GAPDH were determined via densitometric analysis using 
ImageJ software (version 2.1.4.7; National Institutes of Health, 
Bethesda, MD, USA).

Statistical analysis. Data are presented as the mean ± standard 
error of the mean. Statistical analysis was conducted using 
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GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, 
USA). Multiple comparisons were made by one‑way analysis 
of variance and Turkey's post hoc multiple comparison test. 
P<0.05 was considered to indicate a statistically significant 
difference. Pearson correlation analysis was performed to 
investigate the association between hearing threshold with the 
escape latency and percentage of time in the target quadrant.

Results

Age‑related hearing loss. An ABR test was used to evaluate 
the hearing function of C57BL/6J mice. As presented in Fig. 1, 
the hearing thresholds at 16, 24 and 32 kHz were significantly 

higher in 6‑month‑old mice compared with in 3‑month‑old mice 
(P<0.001). The hearing thresholds at 8, 16, 24 and 32 kHz were 
significantly higher in the middle‑aged group (age, 15 months) 
compared with in the 3‑month‑old mice (P<0.001). In addition, 
the hearing thresholds at 8, 16 and 24 kHz were significantly 
higher in the 15‑month‑old mice compared with in the 
6‑month‑old mice (P<0.001). These findings suggested that the 
C57BL/6J mice exhibited age‑related hearing loss.

Age‑related spatial learning and memory decline. A Morris 
water maze test was used to examine spatial learning and 
memory in C57BL/6J mice. As shown in Fig. 2A, the time 
taken to find the submerged platform decreased every day in 
mice aged 3 and 6 months; however, this phenomenon was not 
observed in 15‑month‑old mice. On the fourth training day, 
the escape latency of 15‑month‑old mice was significantly 
higher than that of 3‑month‑old mice (P<0.01). However, 
there was no significant difference between the 6‑month‑old 
and 3‑month‑old mice (Fig.  2A). As shown in Fig.  2B, 
15‑month‑old mice spent less time in the target quadrant 
compared with the 3‑month‑old mice in the probe test on day 5 
(P<0.05). No significant differences were revealed between the 
6‑month‑old and 3‑month‑old mice. These findings suggested 
that 15‑month‑old mice, but not 6‑month‑old mice, may exhibit 
significant spatial learning and memory decline.

Correlation between age‑related hearing loss and cognitive 
decline. Pearson correlation analysis was used to determine 
the correlation between age‑related hearing loss and cognitive 
decline. Results demonstrated that escape latency was posi-
tively correlated with hearing threshold at 16 kHz (R=0.691, 
P<0.001; Fig. 3B) and percentage of time in the target quadrant 
was negatively correlated with hearing threshold at 16 kHz 
(R=‑0.469, P<0.01; Fig. 3B). These findings indicated that a 
positive correlation exists between age‑related hearing loss 
and cognitive decline.

Pathological alterations in the auditory cortex and 
hippocampus. As presented in Fig. 4, the number of neurons 
in the auditory cortex and hippocampal CA1 region was 
markedly decreased in 15‑month‑old mice compared with in 
3‑month‑old mice, but not in 6‑month‑old mice. Furthermore, 
pyramidal neurons in the hippocampal CA1 region exhibited a 
disorganized arrangement in the 15‑month‑old mice; however, 
no marked alterations were detected in 6‑month‑old mice.

Ultrastructural alterations in the auditory cortex and 
hippocampus. TEM was used to observe synaptic ultra-
structure in the auditory cortex and hippocampus. As 
shown in Fig. 5, there was no marked difference between 
the 6‑month‑old and 3‑month‑old mice. However, synaptic 
number and synaptic vesicle density were markedly decreased 
in the 15‑month‑old mice compared with in the 3‑month‑old 
mice.

Alterations in the protein expression levels of MMP‑9 in 
the auditory cortex and hippocampus. Western blotting 
was used to assess the protein expression levels of MMP‑9 
in the auditory cortex and hippocampus. Results revealed 
that MMP‑9 expression in the auditory cortex (Fig. 6A) and 

Figure 1. Age‑related hearing loss in C57BL/6J mice. Hearing thresholds 
were measured in mice aged 3, 6 and 15 months using an auditory brain-
stem response test. ***P<0.001 compared with 3‑month‑old mice; ###P<0.001 
compared with 6‑month‑old mice (n=10). SPL, sound pressure level.

Figure 2. Age‑related spatial learning and memory decline. (A) Escape 
latency during the 4 training days and (B) the percentage of time spent in the 
target quadrant during the probe test on the fifth day were used to evaluate 
spatial learning and memory. *P<0.05, **P<0.01 compared with 3‑month‑old 
mice (n=10).
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hippocampus  (Fig. 6B) was significantly enhanced in the 
15‑month‑old mice compared with in the 3‑month‑old mice 
(P<0.05). There were no significant differences in MMP‑9 
expression between the 6‑month‑old and 3‑month‑old mice 
in the auditory cortex and hippocampus; however, MMP‑9 
expression was slightly increased in the 6‑month‑old mice.

Discussion

In the present study, significant hearing loss, but not cogni-
tive decline, was detected in 6‑month‑old C57BL/6J mice. 
However, 15‑month‑old mice exhibited severe hearing loss and 
obvious cognitive decline. Correlation analysis demonstrated 
that cognitive decline was positively correlated with hearing 
loss in C57BL/6J mice. These findings indicated the associa-
tion between age‑related hearing loss and cognitive decline in 
C57BL/6J mice. In addition, hearing impairment may occur 
earlier than cognitive decline.

At present, the mechanisms underlying the association 
between age‑related hearing loss and cognitive decline are 
unclear. It has been suggested that cognitive decline may 
be the manifestation of fatigue from compensating for 
impaired auditory input, which would be temporary and 
reversible. However, permanent cognitive decline caused by 

hearing loss may be associated with neuroplastic alterations 
that disadvantage general cognition in favor of processes 
supporting speech perception (2,7). It is well known that the 
hippocampus is a major limbic region critical for learning 
and memory. The hippocampus has been reported to receive 
direct or indirect neural input from the central auditory 
system  (26). In addition, there is a direct connection 
between the CA1 region and the primary auditory cortex in 
rats (19,26). It has previously been reported that high intensity 
noise exposure not only damages the cochlea, but also 
causes a significant and persistent decrease in hippocampal 
neurogenesis, which may contribute to functional deficits in 
memory (27). Cheng et al indicated that the hippocampus 
may be more vulnerable to environmental noise than the 
auditory cortex  (28). The present study demonstrated 
that the auditory cortex and the CA1 hippocampal 
region exhibited significant pathological alterations and 
synaptic injury in 15‑month‑old C57BL/6J mice. These 
findings suggested that auditory cortex‑hippocampus 
interactions may be involved in the association between 
age‑related hearing loss and cognitive decline. In addition, 
although significant hearing impairment was detected, no 
obvious morphological alterations were observed in the 
auditory cortex of 6‑month‑old mice. The hearing loss of 

Figure 4. Pathological alterations in the AC and HP of C57BL/6J mice (n=3; magnification, x400). AC, auditory cortex; HP, hippocampus.

Figure 3. Pearson correlation analysis was used to determine the correlation between age‑related hearing loss and cognitive decline. (A) Correlation between 
escape latency and hearing threshold at 16 kHz, and (B) between percentage of time in the target quadrant and hearing threshold at 16 kHz.
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6‑month‑old mice may be caused by pathological damage to 
the peripheral auditory system; therefore, cognitive function 
was not significantly affected by hearing loss in 6‑month‑old 
C57BL/6J mice.

MMP‑9, which is also known as 92 kDa type IV colla-
genase, 92 kDa gelatinase or gelatinase B, is a member of a 
large family of zinc‑dependent endopeptidases that can cleave 
extracellular matrix and numerous cell surface receptors, 
allowing for synaptic and circuit level reorganization (29). 
MMP‑9 has been reported to serve a crucial role in synaptic 
plasticity and the cognitive process (30,31). Furthermore, a 
previous study revealed that diabetes‑associated cognitive 
deficits partially stemmed from upregulation of hippocampal 
MMP‑9 via activation of the nuclear factor‑κB signaling 
pathway (32). MMP‑mediated proteolysis has an important 
role in regulating nonpathological synaptic function and 

plasticity in the mature hippocampus  (33). Furthermore, 
MMP‑9 serves various roles in synaptic plasticity in different 
nuclei of the amygdala. It was previously reported that over-
expression of MMP‑9 leads to an increase in the strength 
of basal excitatory synaptic transmission and impairs the 
long‑term potentiation (LTP) maintenance phase in the 
CA3‑CA1 pathway in vitro  (34). LTP maintenance in the 
hippocampal mossy fiber‑CA3 pathway requires fine‑tuned 
MMP‑9 activity and raises the possibility that altered MMP‑9 
levels may be detrimental for cognitive processes, as observed 
in some neuropathologies (35). MMP‑mediated extracellular 
remodeling during LTP has an instructive role in establishing 
persistent modifications in synapse structure and function of 
the kind critical for learning and memory (36). The present 
study revealed that the protein expression levels of MMP‑9 
in the hippocampus and auditory cortex of C57BL/6J mice 

Figure 6. Age‑related alterations in the protein expression levels of MMP‑9 in the (A) auditory cortex and (B) hippocampus. *P<0.05, **P<0.01 compared with 
3‑month‑old mice (n=4). MMP‑9, matrix metalloproteinase‑9.

Figure 5. Ultrastructural alterations in the AC and HP of C57BL/6J mice (n=3). AC, auditory cortex; HP, hippocampus.
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increased with age. Although no studies, to the best of our 
knowledge, have reported on the role of MMP‑9 in age‑related 
hearing loss, some reports have indicated that MMP‑9 
has a role in hearing function. MMP‑9 may be involved in 
degenerative processes in early auditory pathways. In addi-
tion, indirect evidence has suggested that MMP‑9 may have 
a role in auditory critical period plasticity (29). A previous 
study also reported that MMP‑9 gene ablation was able 
to mitigate hyperhomocystenemia‑induced cognition and 
hearing dysfunction (37). The findings of the present study 
suggested that MMP‑9 contributed to age‑related hearing loss 
and cognitive decline in C57BL/6J mice; therefore, MMP‑9 
may be involved in the mechanism underlying the associa-
tion between age‑related hearing loss and cognitive decline. 
It may be hypothesized that elevated expression of MMP‑9 
induces cognitive decline and hearing loss through destroying 
the extracellular matrix and neural membranes, ultimately 
leading to neuronal dysfunction in the auditory cortex and 
hippocampus.

In conclusion, age‑related cognitive decline was correlated 
with age‑related hearing loss in C57BL/6J mice. Alterations 
in the expression levels of MMP‑9 in the auditory cortex and 
hippocampus may contribute to mechanisms underlying the 
association between age‑related hearing loss and cognitive 
decline.
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