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INTRODUCTION

As a result of progressive population aging in modern society, 
the impact of dementia on health, society, and the economy has 
become enormous [1]. Although numerous studies have at-

tempted to identify treatments for Alzheimer disease, which is a 
major cause of dementia [2], no effective therapies have yet 
been developed [3]. Therefore, the early diagnosis and identifica-
tion of Alzheimer disease, as well as the management of rele-
vant risk factors, have become practical countermeasures. 

A previous study by our research group using an animal mod-
el of Alzheimer disease demonstrated that hearing loss was a 
risk factor for synaptic loss within the hippocampus and impair-
ment of cognition [4]. In this study, amyloid-β was administered 
to the brain at a level that induces no cognitive impairments, but 
makes the brain more susceptible to various risk factors [5]. 
Therefore, this animal model can be used to identify risk factors 
for Alzheimer disease and may ultimately contribute to the 
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Objectives. Our research group has previously demonstrated that hearing loss might be a risk factor for synaptic loss within 
the hippocampus and impairment of cognition using an animal model of Alzheimer disease. In this study, after induc-
ing hearing loss in a rat model of Alzheimer disease, the associations of various microRNAs (miRNAs) with cognitive 
impairment were investigated.

Methods. Rats were divided randomly into two experimental groups: the control group, which underwent sham surgery 
and subthreshold amyloid-β infusion and the deaf group, which underwent bilateral cochlear ablation and subthresh-
old amyloid-β infusion. All rats completed several cognitive function assessments 11 weeks after surgery, including 
the object-in-place task (OPT), the novel object recognition task (NOR), the object location task (OLT), and the Y-
maze test. After the rats completed these tests, hippocampus tissue samples were assessed using miRNA microarrays. 
Candidate miRNAs were selected based on the results and then validated with quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) analyses. 

Results. The deaf group showed considerably lower scores on the OPT, OLT, and Y-maze test than the control group. The 
microarray analysis revealed that miR-29b-3p, -30e-5p, -153-3p, -376a-3p, -598-3p, -652-5p, and -873-3p were can-
didate miRNAs, and qRT-PCR showed significantly higher levels of miR-376a-3p and miR-598-3p in the deaf group. 

Conclusion. These results indicate that miR-376a-3p and miR-598-3p were related to cognitive impairment after hearing 
loss.
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identification of the biological processes through which risk fac-
tors, such as hearing loss, contribute to the development of Al-
zheimer disease. To explore these previous findings in further 
detail, the present study aimed to identify microRNAs (miR-
NAs) related to cognitive impairment after hearing loss in a rat 
model of Alzheimer disease.

miRNAs degrade or suppress mRNAs, leading to posttran-
scriptional regulation of gene expression [6]. It is generally ac-
cepted that the expression of most genes is modulated by miR-
NAs and that miRNAs are involved in most biological processes 
[7-9]. Therefore, miRNAs may be valuable biomarkers for the 
early diagnosis of various diseases. In fact, studies have already 
reported that miRNAs can serve as early diagnostic biomarkers 
of various diseases [10-14]. However, to the best of our knowl-
edge, the miRNAs involved in the association between hearing 
loss and cognitive impairment have yet to be investigated. The 
identification of miRNAs involved in cognitive impairment after 
loss of hearing may facilitate the early diagnosis of Alzheimer 
disease in people suffering from hearing loss. 

MATERIALS AND METHODS

Animals
The Institutional Animal Care and Use Committee of Chung-
Ang University (No. 2016-00086) approved all study proce-
dures and ensured that all animal care procedures were per-
formed in accordance with the guidelines provided by this com-
mittee. This experiment included Wistar rats (200–250 g) from 7 
weeks of age. Both auditory brainstem response (ABR) record-
ings and surgeries were conducted under anesthesia induced by 
intraperitoneal administration of xylazine (10 mg/kg; Rompun, 
Bayer Korea, Seoul, Korea)-mixed ketamine hydrochloride (100 
mg/kg; Ketamine, Yuhan Co., Seoul, Korea).

Experimental design
This study included 18 rats that were divided randomly into two 
experimental groups: (1) control group with sham surgery and 
subthreshold amyloid-β infusion (n=9) and (2) deaf group which 
experienced bilateral cochlear ablation and subthreshold 
amyloid-β Infusion (n=9). ABR tests were performed in every 
animals prior to surgery to confirm that hearing was normal. 

The infusion of subthreshold amyloid-β was initiated at 9 weeks 
after surgery and continued for 2 weeks. All rats completed sev-
eral cognitive function checks 11 weeks after surgery, including 
the object-in-place task (OPT), novel object recognition task 
(NOR), object location task (OLT), and Y-maze test. Following 
the tests for cognitive function, ABR recordings were conducted 
in all animals and then the hippocampus tissue samples were 
obtained; three samples were randomly selected from each of 
the control and deaf groups. miRNA microarrays were per-
formed on these samples and candidate miRNAs were selected 
based on the results. To validate the candidate miRNAs, quanti-
tative reverse transcription-polymerase chain reaction (qRT-
PCR) analyses were performed on the remaining six samples 
from each group.

ABR recordings
ABR recordings were performed as previously described [4]. In 
brief, to measure hearing levels, ABR studies are carried out be-
fore surgery and 1 week, 6 weeks and 11 weeks after surgery 
using High-frequency transducers (HFT9911–20–0035) and 
SmartEP software ver. 2.3 (Intelligent Hearing Systems, Glenvar 
Heights, FL, USA). We used tone pips at 8, 16, and 32 kHz as 
the sound stimulus (5-ms duration, cos shaping, 21 Hz) and re-
duced the intensity of the stimulus by 5 dB sound pressure level 
(SPL). The hearing threshold was defined as the lowest stimulus 
intensity that evoked an identifiable response determined by 
two researches who were blind to the test conditions.

Cochlear ablation
As previously described, cochlear ablation was carried out on 
both sides [15]. In brief, the external auditory canal was opened 
after a retroauricular incision. The tympanic membrane and os-
sicles were removed, with the exception of the stapes. After 
identifying the cochlear bony wall, a small hole was made and 
we used a dental pick to ablate the contents of the cochlea. The 
empty space was stuffed with a small amount of soft tissue 
through the small hole on the cochlear bony wall. A retroauricu-
lar incision was done and sutured in the sham operation without 
exposing the auditory external canal.

Behavioral tests of vestibular deficits
As mentioned previously, behavioral tests for vestibular impair-
ment were preformed 1 day and 1 week after surgery to rule 
out the consequences of vestibular dysfunction that may occur 
during cochlear ablation [16]. In short, the behavioral assess-
ment of vestibular function composed of three components: 
head roll tilt, postural asymmetry, and nystagmus (Supplemen-
tary Table 1). The subject was dropped out from the study if any 
of these components were impaired.

Infusion of subthreshold amyloid-β
The amyloid-β peptide solution was injected as previously de-

	� MicroRNA expression was analyzed in rats with or without 
cognitive impairment.

	� MiR-376 and miR-598 expression levels were higher in the 
hippocampus of rats with cognitive impairment.

	� Our findings may contribute to the development of novel bio-
markers for dementia.
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scribed [4]. A mini-osmotic pump was filled with the amyloid-β 
peptide solution which was made by dissolving an amyloid-β1- 
42 peptide solution (AnaSpec Inc., San Jose, CA, USA) in 35% 
acetonitrile/0.1% trifluoroacetic acid. This solution has been 
proven to not induce cognitive impairment in a previous study 
[4]. Then, we connected the mini-osmotic pump (Osmotic Pump 
2002; Alzet, Cupertino, CA, USA) to a brain infusion cannula 
(Brain Infusion Kit 2, Alzet), and implanted the brain infusion 
cannula into the right lateral ventricle of brain (anteroposterior, 
−0.3; lateral, 1.2; vertical, 4.5) in accordance with the Paxinos 
and Watson coordinates [17]. The solution of amyloid-β peptide 
was infused into the intracerebroventricular space for 2 weeks 
on a continuous basis (160 pmol/day).  

Testing of cognitive function 
Y-maze test
The Y-maze test was performed as previously described [4]. Brief-
ly, A rat was put on the tip of a Y-maze arm and allowed to travel 
around the maze for 7 minutes without any restrictions. The test 
was recorded and analyzed later. Successive entries into three 
arms are described as alternation based on overlapping triplets. 
The alternation percentage was assessed as follows: number of 
actual alternations/number of possible alternations (2 minus the 
total number of times rat goes into arm). None of the rats in the 
present study had ever previously experienced a Y-maze.

OPT, OLT, and NOR tasks
The OPT, OLT, and NOR were performed as previously described 
[4]. Briefly, each session included of phases of familiarization 
and test. In the test phase, the location or type of the stimulus 
object is varied from the familiarization phase; the conditions of 
the test are included in Supplementary Fig. 1. The experimenter 
was not in the room during the test, which was recorded and 
analyzed later. The rats encountered stimulus objects in the open 
field box for 5 minutes during the familiarization phase and were 
then confined to their home cage for a fixed period of time, i.e. 
5 minutes for the OPT and OLT and 3 hours for the NOR. Then 
the rats were put in the box again in the test phase and permitted 
to investigate the stimulus objects. Exploration behavior was 
defined as contact the nose or paws of the item or directing the 
nose toward an object at a distance <2 cm and a discrimination 
ratio was determined as follows: (exploration time with the changed 
object–exploration time with the unchanged object)/(total ex-
ploration time with the changed and unchanged object). The data 
were excluded from the study when exploration time was less 
than 15 seconds during the familiarization phase or less than  
10 seconds during the test phase.

Microarray analysis
BioCore Co., (Seoul, Korea) performed microarray analysis of 
the miRNAs as previously described [16]. Briefly, the RNA was 
extracted from the tissue sample using TRI REAGENT (Molecu-

lar Research Center, Cincinnati, OH, USA) according to the 
manufacturer’s instructions. The quality and quantity of the RNA 
were assayed with NanoDrop 1000 spectrophotometer (Thermo 
Scientific, Madison, WI, USA) and Agilent 2100 BioAnalyzer 
(Agilent Technologies, Santa Clara, CA, USA). The RNA was la-
beled with the FlashTag Biotin RNA Labeling Kit (Affymetrix 
Inc., Santa Clara, CA, USA) and hybridized to GeneChip miR-
NA 4.0 microarrays (Affymetrix Inc.). Hybridization was car-
ried out with GeneChip Hybridization Oven 640 (Affymetrix 
Inc.) at 48°C for 16 hours. The arrays were cleaned as specified 
by the manufacturer’s instructions. GeneChip Scanner 3000 
(Affymetrix Inc.) was used to scan all arrays and a raw analysis 
was performed with Transcriptome Analysis Console software 
(Affymetrix Inc.). The images of raw data generated by the scan-
ner were translated into CEL files containing the measurement 
concentrations of each probe in the array. The CEL files were 
imported into the Gene Expression Workflow in GeneSpring GX 
ver. 14.9.1 (Agilent Technologies) and the default settings in the 
GeneSpring software were used to setting background correction, 
log2 transformation, and probe set summarization. A covariance 
dispersion matrix was used to conduct principal component anal-
ysis as the data quality control; gene-level differential expression 
was predicted between the two groups. Unpaired t-tests were 
independently performed to compare the individual gene ex-
pression data between the control and deaf groups.

qRT-PCR
Total RNA was isolated from hippocampal tissues using QIAzol 
Lysis Reagent (Qiagen, Hilden, Germany) according to the man-
ufacturer’s manual. The concentrations of the samples were con-
firmed using the NanoDrop spectrophotometer (Thermo Scien-
tific). cDNA was generated by the reverse transcription of RNA 
using the miScript II RT kit (Qiagen). qPCR was conducted using 
Bio-Rad CFX 96 real-time system (Bio-RAD, Hercules, CA, USA) 
with an miScript SYBR Green PCR kit (Qiagen). All PCR reac-
tions were performed under standard PCR conditions. U6 was 
used as an endogenous control. Relative quantification (RQ) val-
ues were calculated using the comparative 2−ΔΔCt method.

Statistical analysis
We performed statistical analyses using IBM SPSS ver. 21.0 (IBM 
Corp., Armonk, NY, USA). ABR thresholds, scores on the cogni-
tive tests and RQ values from the qRT-PCR results were ana-
lyzed with Mann-Whitney U-tests. P-values <0.05 were consid-
ered to indicate statistical significance. 

RESULTS

ABR recordings and vestibular function 
The ABR thresholds at all frequencies were between 20 and 35 
dB SPL in both groups prior to surgery; these levels were not 
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significantly different between the groups (P>0.05). The ABR 
thresholds at all frequencies were between 20 and 35 dB SPL in 
the control group at 1 week, 6 weeks, and 11 weeks after sur-
gery, whereas the ABR thresholds in the deaf group were higher 
than 80 dB SPL (Fig. 1). No animals showed vestibular deficits 
after surgery. 

Cognitive function after hearing loss
The results of the cognitive tests are presented in Fig. 2. The deaf 
group had somewhat lower scores than the control group on the 
OPT, OLT, and Y-maze test (P<0.05). There were no noteworthy 
differences in the results of the NOR test between the groups.

Selection of candidate miRNAs using the microarray analysis
Candidate miRNAs were selected based on the microarray anal-
ysis (Supplementary Material 1). After excluding miRNAs that 

are not expressed in humans, those that satisfied the following 
criteria were selected: a fold change of >1.50 or <0.67 of the 
normalized intensity values between the control and deaf groups 
(P<0.10; Student t-test). Through this process, miR-29b-3p, 
-30e-5p, -153-3p, -376a-3p, -598-3p, -652-5p, and -873-3p were 
identified as candidate miRNAs. 

Validation of miRNA expression using qRT-PCR 
To validate the candidate miRNAs, qRT-PCR analyses were per-
formed. miRNAs that had significantly different RQ values be-
tween the control and deaf groups (P<0.05) were selected. The 
RQ values of miR-376a-3p and miR-598-3p significantly dif-
fered between the control and deaf groups, whereas those of 
miR-29b-3p, -30e-5p, and -153-3p did not show significant be-
tween-group differences (Fig. 3). The cycle threshold values of 
miR-652-5p and miR-873-3p were determined to be >35 even 

Fig. 1. Auditory brainstem response (ABR) threshold results before cochlear ablation and 1, 6, and 11 weeks after surgery. (A) Control group 
(n=9). (B) Deaf group (n=9). The error bars indicate standard deviation. SPL, sound pressure level.
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Fig. 2. Results of cognitive tests. The deaf group (n=9) had some-
what lower scores than the control group (n=9) on the object-in-
place task (OPT), object location task (OLT), and Y-maze test. NOR, 
novel object recognition task. The error bars indicate standard error. 
***P<0.001 between the groups according to the Mann-Whitney 
test. 
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though the total RNA amount increased and several experi-
ments were conducted. 

DISCUSSION

Several epidemiological studies have suggested that hearing loss 
is a risk factor for dementia [18-21], which is a very important 
finding because hearing loss is common among the elderly. This 
relationship has two implications for the prevention and early 
diagnosis of dementia. First, it is possible that the occurrence of 
dementia can be reduced by hearing rehabilitation. Second, 
identifying biomarkers associated with the development of de-
mentia in patients with hearing loss would enable the early di-
agnosis of dementia in those suffering from hearing loss. Our re-
search group proposes that miRNAs may be such a biomarker. 
Since a single miRNA regulates the expression of multiple genes 
and most genes are under the control of miRNAs, it logically 
follows that most biological events are controlled by miRNAs 
[7-9]. Therefore, studies are actively investigating the role of 
miRNAs as early diagnostic markers for various diseases. Re-
cently, extensive research has been conducted to assess the roles 
of miRNAs as diagnostic markers in various degenerative neuro-
logical diseases, including dementia [22].

Our research group used an animal model to identify miR-
NAs associated with cognitive impairment after hearing loss 
and demonstrated that hearing loss is a risk factor for synaptic 
loss within the hippocampus and impairment of cognition [4]. 
In this study, two groups were analyzed to identify miRNAs in-
volved in cognitive impairment after hearing loss. One group 
was administered amyloid-β while maintaining normal hearing, 
while the other group was administered amyloid-β after hearing 
loss was induced. In accordance with our previous experimental 
results [4], the hearing loss group exhibited lower cognitive 
function related to the hippocampus than the normal hearing 
group. Additionally, in the present study, between-group com-
parisons of miRNA expression levels in the hippocampus re-
vealed that miR-376a-3p and miR-598-3p levels were higher in 
the hearing loss group. Expression levels of miR-376a-3p and 
miR-598-3p in the central nervous system have been assessed in 
previous studies. For instance, it was found that miR-376a-3p 
levels increase in the hippocampus during prion disease [23], 
and an association between the aberrant expression of miR-376 
and human gliomas has been proposed [24]. Additionally, miR-
598-3p levels increase following traumatic brain injury [25]. 
Therefore, it is plausible that miR-376a-3p and miR-598-3p are 
related to cognitive impairment after hearing loss. 

Several steps remain before the present results can be applied 
in clinical practice. First, miRNA expression was only measured 
in rat hippocampal tissues in the present study. To apply these 
findings in clinical practice, further studies should be carried out 
to determine whether miRNAs can be measured in the human 

cerebrospinal fluid and/or blood. Secondly, future studies should 
investigate which genes are regulated by miR-376a-3p and miR-
598-3p. Nonetheless, the present results may be a starting point 
for the development of biomarkers for the early diagnosis of de-
mentia. Additionally, future studies may develop miR-376a-3p 
and miR-598-3p as early diagnostic markers of cognitive func-
tion impairment in patients with hearing loss.
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