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Background: Mild cognitive impairment (MCI) is a typical symptom of early Alzheimer’s
disease (AD) and is driven by the dysfunction of microRNAs (miRs). Repetitive transcranial
magnetic stimulation (rTMS) is a non-invasive technique for handling neuropsychiatric
disorders and has universally effects on the functions of miRs. In the current study, the
improvement effects of rTMS on MCI associated with AD were explored by focusing on
miR-567/NEUROD2/PSD95 axis.

Methods: MCI was induced in mice using scopolamine and was treated with rTMS of two
frequencies (1 Hz and 10 Hz). The changes in cognitive function, brain structure, neurotrophic
factor levels, and activity of miR-567/NEUROD2/PSD95 axis were assessed. The interaction
between rTMS and miR-567 was further verified by inducing the level of miR-567 in AD mice.
Results: The administrations of rTMS improved the cognitive function of AD mice and
attenuated brain tissue destruction, which were associated with the restored production of
BDNF and NGF. Additionally, rTMS administrations suppressed the expression of miR-567
and up-regulated the expressions of NEUROD2 and PSD95, which contributed to the
improved condition in central nerve system. With the induced level of miR-567, the effects
of rTMS were counteracted: the learning and memorizing abilities of mice were impaired,
the brain neuron viability was suppressed, and the production of neurotrophic factors was
suppressed even under the administration of rTMS. The changes in brain function and tissues
were associated with the inhibited expressions of NEUROD2 and PSD95.

Conclusion: The findings outlined in the current study demonstrated that rTMS treatment
could protect brain against AD-induced MCI without significant side effects, and the function
depended on the inhibition of miR-567.
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Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder, and its prevalence
is increasing worldwide with the progressive aging of the human population, thus
constituting a significant burden to public health and patients’ caregivers.' One of the
symptoms associated with the early development of AD is mild cognitive impairment
(MCI), which is attributed to multiple factors, including progressive neuronal loss,
reduced levels of several crucial neurotransmitters, and altered forms of synaptic
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plasticity.” In contrast to the memory loss in developed AD,
MCI generally does not have an important impact on the daily
life activity of the patients, and it is only characterized by the
progressive decline of cognitive functions.” Based on the
domains influenced by the MCI, this symptom can be classified
into several subtypes, including amnesic and non-amnesic
forms. In certain cases (12-20%), patients with MCI develop
a dementia syndrome; thus, MCI is considered to inevitably
progress to fully developed AD over time.* Currently, the
diagnosis of MCI requires the positive expressions of several
in vivo biomarkers of AD, including cerebrospinal fluid amy-
loid-f 1-42, total tau or 181-phosphorylated tau. Furthermore,
recent studies have demonstrated that certain non-coding
RNAs such as microRNAs (miRNAs/miRs) can also be
employed as diagnostic predictors or treatment targets
for MCL

MiRNAs are small non-coding RNAs that regulate the
function of different genes by inducing either translational
repression or mRNA destabilization of their target mRNA.
MiRNAs play key roles in numerous neurobiological pro-
cesses such as neurodevelopment, neuroplasticity and
apoptosis.” Furthermore, the abnormal expression profiles of
certain miRNAs are involved in the development of various
neurological deficits, including AD, Parkinson’s disease,
amyotrophic lateral sclerosis, and vascular dementia.®® The
data derived from these studies was also applied to the diag-
nosis and treatment of MCI pre-AD. In the study performed by
Felice et al, the authors identified four dysregulated miRNAs in
patients with MCI, of which miR-567 showed the highest fold-
change and statistical significance.'® The authors also indicated
that the downstream effectors of miR-567, including neuro-
genin 2 (NEUROG?2), transcription factor (7CF) 3, TCF4, and
T-box brain transcription factor 1 (TBRI), are likely to con-
tribute to the dysfunction of the nervous system. For example,
neuronal differentiation 2 (NEUROD?) is a transcriptional
regulator implicated in neuronal differentiation, while 7CF3
maintains the neural stem cell population during neocortical
development.'""'? Therefore, miR-567-related signaling trans-
duction can represent a potential and promising target for the
diagnosis and treatment of MCI associated with AD progres-
sion. Thus, therapeutic strategies that modulate the activity of
miR-567 can benefit patients with MCI long-term.

For decades, researches in academia and the pharma-
ceutical industry have been focused on the identification of
therapies that can arrest or reverse memory loss in AD."
However, these studies have been unsuccessful due to the
complicated pathogenesis of AD or the delayed diagnosis
of AD."*!5 Therefore, therapeutic intervention as early as

possible (in the MCI phase) should enhance the opportu-
nity of cognitive recovery.'®

Single and paired-pulse transcranial magnetic stimulation
(TMS) represent useful co-adjuvant diagnostic tools to assess
in vivo neuroplastic changes, and have provided comprehen-
sive information on local cortical excitability and functional
connectivity between motor cortex and other cortical regions
in combination with electroencephalography or functional
magnetic resonance imaging. If delivered repetitively, repe-
titive TMS (rTMS) can induce long-lasting effects, and can
be applied as a non-invasive treatment approach for neurop-
sychiatric disorders such as AD, depression, and Parkinson’s
disease.'”'® Furthermore, the function of rTMS has also
been attributed to its effects on the expression profile of
multiple miRNAs, including miR-106b and miR-25."%°
Thus, it is reasonable to explore the roles of miRNAs in the
anti-AD effects of rTMS.

The present study explored the interaction between
rTMS and the miR-567/NEUROD?2 axis in the anti-AD
effects of rTMS. AD symptoms were induced in mice
using scopolamine, and then treated with rTMS of two
frequencies (1 and 10 Hz). The effects of rTMS on the
cognitive behaviors, nervous system function and struc-
ture, and the miR-567/NEUROD?2 axis were assessed. The
miR-567/NEUROD2
a specific agomir to provide additional information on

axis was then modulated by

the mechanisms of rTMS treatment in AD.

Materials and Methods

Agents

Scopolamine hydrobromide was obtained from SigmaAldrich
(MO, USA) and dissolved in saline. In Situ Cell Death
Detection Kit (11684817910) was purchased from Roche
(Switzerland). Detection kits using enzyme-linked immune
sorbent assay (ELISA) methods for brain derived neurotrophic
factor (BDNF) (SEAO011Mu) and nerve growth factor (NGF)
(SEA105Mu) were purchased from USCN (China). Specific
agomir for miR-567 and negative control (NC) agomir were
synthesized by Sango Biotech (Shanghai, China). Agents for
Western blotting assay, including RIPA lysis buffer and
(P0013B), BCA Protein Concentration Kit (P0009), and ECL
Plus reagent (P0018) were purchased from Beyotime
Biotechnology (China). Agents for PCR, including RNA
Purified Total RNA Extraction kit and Super M-MLYV reverse
transcriptase were purchased from BioTeke (Wuxi, China).
The TUNEL in situ cell death detection kit was from Roche
(Switzerland). Antibodies against Bax (#2772) were purchased
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from CST (USA). Antibodies against NeuroD2 (ab104430),
PSD95 (ab238135), cleaved caspase 3 (ab49822), Bcl-2
(ab196495), and doublecortin (ab18723) were purchased
from Abcam (UK). Antibody against GAPDH (bsm-
33033M) was purchase from Bioss (China). Secondary IgG-
HRP goat-anti rabbit (A0208) and goat anti-murine (A0216)
antibodies were purchased from Beyotime Biotechnology
(China). Secondary Cy3-labeled antibody goat anti-rabbit
(A0277) was purchased from Beyotime Biotechnology
(China).

Induction of an AD-Related MCI Model

by Scopolamine and rTMS Administration
C57BL/6 mice (8-week-old) were purchased from Beijing
Dingguo Changsheng Biotechnology Co., Ltd. and housed at
25+1°C with a humidity of 45-55% with food and water
available. All the animal surgical processes were approved
by the Institutional Animal Ethics Committee of Tiantai
People’s Hospital of Zhejiang Province (approval no.
20190305) and were carried out in accordance with the
Animal Welfare Law and the guidelines for animal care and
use of the National Institutes of Health. The AD-related MCI
model was induced using an intraperitoneal injection of
scopolamine (1.5 mg/kg body weight) for 21 consecutive
days. For the mice in the sham group, scopolamine was
replaced by the same volume of sterile normal saline. For
r'TMS treatment, administration was performed 1 day follow-
ing the first scopolamine injection, and it was completed
along with the last injection: highly focusing magnetic-
(High-Speed MES-10, Cadwell,
Kennewick, WA, USA) with 9-centimeter diameter round

electric  stimulator
coil was used to perform rTMS administrations. The coil was
connected to MES-10 magnetic electric stimulator with
monophasic current waveform, and it was held centered
tangentially to the center of exposed head of rats (which
were fixed in suitable cloth sleeves). In the current study,
administrations of rTMS of two frequencies were conducted
for exploring in detail the effects of the therapy. For treatment
with low frequency rTMS, the mice were exposed to rTMS
of 1 Hz with the magnetic stimulation intensity set at 30% of
the maximum output (1.26 T). The treatment involved two
sessions of rTMS consisting of 1000 pulses in 10 trains, and
the interval between every two trains was 20 sec. The two
sessions were separated by an interval of 2 min. For treat-
ment with high frequency rTMS, the frequency was set to 10
Hz. Upon completion of the experiment, certain mice were
sacrificed using 200 mg/kg body weight phenobarbital

sodium, and their hippocampus CA1 tissues were collected
and preserved at —80°C. The remaining mice were subjected
to Morris water maze (MWM) tests to assess their learning
and memorizing abilities.

MWM Assays

MWM assays were routinely performed to assess the effects
of rTMS administration on the learning and memorizing
abilities of mice. Briefly, the assay included a 4-day visible
platform trial and a 1-day probe trial. For the visible platform
trail in 60 sec, the mice were allowed to swim for 60 sec
before reaching the platform four times each day. If the mice
failed the test, they would be helped by investigators to reach
the platform, where they stayed for 10 sec before being
subjected to another test. For the probe trial in day 5, the
platform was removed, and the mice were allowed to swim in
the space. The number of times and animals that spent 60 sec
in the former platform position were measured by two inves-
tigators blinded to the animal group.

TUNEL Staining

The changes in cell apoptotic rate in hippocampus CAl
region of brain were assessed using TUNEL staining.
Brain sections were firstly permeabilized with 0.1%
Triton X-100 at room temperature for 8 min, and then
incubated in 3% H,O, for 10 min. After three washes
with PBS, brain sections were incubated with TUNEL
reaction solution at 37°C for 1 h in dark. The results of
staining were recorded using a microscope (BX53;
Olympus Corporation) at x400 magnification. The number
of the TUNEL positive cells was quantified in five anato-
mically consistent areas by two investigators who were
blind to the experiment. The proportion of each area was
then calculated in reference to the total neurons in the area.

Immunohistochemical (IHC) Detection

The level and distribution of doublecortin in hippocampus
CAIl region of brain sections were determined by THC
detection. Briefly, 5-um brain sections were incubated
with different concentrations of alcohol and washed with
PBS. Subsequently, a primary antibody against doublecor-
tin (1:200) was incubated with the sections at 4°C over-
night, followed by incubation of the sections with
secondary Cy3-labeled antibody at 37°C for 30 min.
Next, the sections were labeled with horseradish peroxi-
dase-labeled avidin at 37°C for 30 min and incubated with
DAB solution. Finally, the sections were re-stained with
hematoxylin for 3 min and dehydrated using different
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concentrations of alcohol. The images were captured using
a using a fluorescence microscope at x400 magnification.

Enzyme-Linked Immuno Sorbent Assay

(ELISA)

The levels of BDNF and NGF in brain tissues were
detected using corresponding kits following instructions
for manufacturers. The levels of the two factors were
calculated based on OD values at 450 nm measured by
a Microplate Reader (ELX-800, BIOTEK, USA).

Reverse Transcription Quantitative PCR
(RT-qPCR)

Total RNA in brain tissues was extracted using the extraction
kit according to the manufacturer’s instructions and then
reversely transcribed into cDNA templates using Super
M-MLV reverse transcriptase. The expression level of miR-
567 (miR-567, forward:5-TAGGTACTAGGTGGAAG
GAG-3'; reverse: 5-CCACTGAAAGGCAATGGAAG-3".
U6, forward:5-GCTTCGGCAGCACATATACTAAAAT-3';
5'-CGCTTCACGAATTTGCGTGTCAT-3") was
detected using a Real-time PCR Detection System following
routine protocol (Mx3000P, Agilent USA). The relative
expression level of the miR was calculated using the formula

reverse:

of 274% in reference to Sham group (normalized as 1).

Western Blotting

Total protein in the brain tissues was collected using RIPA
lysis buffer and centrifuged at 1000g for 10 min. The protein
samples (20 pg) were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) at 80V for
2.5 h. Then the proteins were transferred onto a PVDF mem-
branes. After being blocked using 5% skim milk powder for
one h, the membranes were incubated with primary antibodies
against NeuroD2 (1:10,000), PSD95 (1:5000), and GAPDH
(1:5000) at 4°C overnight. Afterwards, the membranes were
incubated with secondary IgG-HRP antibodies (1:5000) at 37°
C for 45 min. Blots were developed using ECL Plus reagent
and the relative expression levels of proteins were calculated
by Gel-Pro-Analyzer (Media Cybernetics, USA) in reference
to Sham group (normalized as 1).

Modulation of miR-567 in vivo

To validate the key role of miR-567 inhibition in the
cognitive improvement effects of rTMS, the level of the
miR was induced in AD mice. Specific agomir of miR-567
and NC agomir were injected into mice via tail (5§ mg/kg

body weight) 24 h before scopolamine injection and at
14th day of scopolamine injection. Then the effects of
miR-567 overexpression on the treatment effects of
rTMS were determined using MWM, TUNEL, ELISA,
IHC, and Western blotting assays as described above.

Statistical Analysis

All the data were expressed as mean + standard deviation
(SD) and the normal distribution of the data was justified
with Shapiro test. To determine the overall effects of
rTMS administrations, one-way analysis of variance
(ANOVA) and post-hoc multiple comparisons using
Tukey method were performed using GraphPad Prism
version 6.0 (GraphPad Software, Inc., San Diego, CA).
Statistical significance was accepted when the P value
(two tailed) is smaller than 0.05.

Results
Treatment with rTMS Improves the
Cognitive Behaviors of Mice with AD

The impairments associated with AD progression on the
learning and memorizing functions of the brain have been
well characterized. Thus, the present study firstly assessed
the changes in the cognitive behaviors of the mice in the
different groups using MWM tests. As shown in Figure 1, the
establishment of the AD model showed a significant influ-
ence on the learning ability of mice in the 4-day visible
platform trial. The latency of escaping time was increased
in the Model group compared with that of the Sham group
(P<0.01) (Figure 1A). Furthermore, the memorizing ability
of the mice was also impaired in the AD model. A suppressed
proportion of penetrating path in the platform area (P<0.01)
(Figure 1B) and shortened duration of the mice in the plat-
form quadrant (P<0.01) (Figure 1C) were recorded in the
1-day free-probe trial. The data collectively demonstrated the
deficient cognitive functions of the mice with AD. Regarding
mice treated with rTMS of two frequencies, the learning and
memorizing abilities of the mice were significantly
improved. The treatments decreased the escaping latency,
increased the proportion of the penetrating path and length-
ened the staying time (Figure 1). Furthermore, the effects of
r'TMS occurred in a frequency-dependent manner, with the
high-frequency treatment exhibiting better improvement
effects on the cognitive function than those of the low-
frequency treatment (P=0.023) (Figure 1).
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Figure | Administration of rTMS improves the cognitive function of mice with Alzheimer’s disease (replicate number = 5). Mild cognitive impairment was induced in mice
using scopolamine injection, and rTMS was then administered with two different frequencies (I Hz and 10 Hz). Next, the mice were subjected to Morris water maze tests to
assess the changes in cognitive functions. (A) Escaping latency in the 4-day visible platform trial. (B) Proportion of penetrating path in platform area in the |-day probe trial.
(€) Number of animals crossing the platform quadrant in the |-day probe trial. Sham group, mice injected with normal saline. Model group, mice injected with scopolamine.
L rTMS group, mice injected with scopolamine and treated with rTMS of | Hz. H rTMS group, mice injected with scopolamine and treated with rTMS of 10 Hz. *P<0.05 vs
Sham group, #P<0.05 vs Model group.

Treatment of rTMS Increases the Brain apoptotic rate in the hippocampus regions of mice with AD
Neuron ACtiVity in Mice with AD was determined with TUNEL staining. The induction of AD
In addition to evaluating the brain protective effects of the ~ Symptoms significantly increased the proportion of apoptotic
TMS treatments by assessing the cognitive behaviors of ~ neurons (stained blue) in the brain tissues compared with that
mice with AD, the changes in brain tissue were also detected ~ of tissues in the Sham group (P<0.01) (Figure 2A). The
directly to confirm the benefits of the rTMS treatments. The  impaired viability of neurons was further supported by the
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Figure 2 Administrations of repetitive transcranial magnetic stimulation increases cell viability in the hippocampus regions of mice with Alzheimer’s disease (replicate
number = 5). Cell apoptosis in the hippocampus regions of mice was detected with TUNEL staining, and cell viability was represented by the production of doublecortin in
the hippocampus regions, as detected by IHC assay. (A) Analysis of the results and representative images of cell apoptosis by TUNEL staining. (B) Analysis of the results and
representative images of IHC detection of doublecortin production. Sham group, mice injected with normal saline. Model group, mice injected with scopolamine. L rTMS
group, mice injected with scopolamine and treated with rTMS of | Hz. H rTMS group, mice injected with scopolamine and treated with rTMS of 10 Hz. *P<0.05 vs Sham
group, #P<0.05 vs Model group.
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restricted expression and distribution of doublecortin observed
in mice with AD compared with those of mice in the Sham
group (P<0.01) (Figure 2B). However, for mice treated with
rTMS, the proportion of apoptotic cells was markedly sup-
pressed (Figure 2A), and the level and distribution of double-
cortin were reversed (Figure 2B), which collectively inferred
the protective effects of rTMS on the brain tissues of mice
with AD. In contrast to the effects of rTMS on the cognitive
functions, the improvements in brain structure observed in the
current study did not exhibit a frequency-dependent pattern.

Treatment with rTMS Increases the
Neurotrophic Factor Levels in Mice
with AD

The level of neurotrophic factor is another indicator repre-
senting the health of the nervous system. Thus, the levels of
brain derived neurotrophic factor (BDNF) and nerve growth
factor (NGF), two classical neurotrophic factors, in the brain
tissues were determined by ELISA. The results showed that
the levels of both factors were suppressed by scopolamine in
the Model group, while they were increased by rTMS treat-
ments (P<0.05) (Figure 3). Similar to the effects on cogni-
tive behaviors, the effects of rTMS on neurotrophic factor
levels were strengthened with frequency (Figure 3).

Treatment with rTMS Inhibits the
Expression of miR-567, While It Increases
the Expression of NEUROD?2 and Discs
Large MAGUK Scaffold Protein 4
(PSD95)

The current study focused on the interaction between rTMS
and miRNAs to explain the potential mechanisms driving
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the protective effects of rTMS against AD progression.
Thus, miR-567, a well-characterized pro-AD miR, and its
NEUROD2 and PSD95, were
selected as the research focus. As shown in Figure 4A, the

downstream effectors,

establishment of the AD model induced the expression of
miR-567, which was then suppressed by rTMS treatment
(both frequencies) (Figure 4A). Correspondingly, the expres-
sion of NEUROD?2 was suppressed in mice with AD, while
it was restored in mice treated with rTMS and it contributed
to the changes in PSD95 expression (Figure 4B).
NEUROD?2 and PSD95 are important for the development
of the hippocampus region of the brain. Thus, the changes in
the miR-567/NEUROD2/PSD95
a preliminary explanation of the anti-AD effects of rTMS.

axis may provide

Protective Effects of rTMS Against AD
Symptoms are Dependent on the
Inhibition of miR-567

Although the aforementioned results provided certain evi-
dence on the role of miR-567 in the anti-AD function of
rTMS, whether this miR is indispensable for the treatment
strategy remains unclear. Thus, additional assays were
performed by overexpressing the levels of miR-567 in
mice with AD using a specific agomir, and the mice
were then subjected to rTMS of 10 Hz treatment to further
evaluate the interaction between the rTMS effects and
miR-567. For mice injected with agomir, the benefits
from rTMS were generally impaired. In MWM tests, the
latency of escaping time was increased, and the proportion
of penetrating path in the platform area as well as the
duration in the platform quadrant were suppressed by
agomir injection (Figure 5), although the changes were
not statistically significant. The neuron viability, and the
production of BDNF and NGF were also inhibited by
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Figure 3 Administration of repetitive transcranial magnetic stimulation increases the production of neurotrophic BDNF and NGF in mice with AD. The production of
BDNF and NGF in brain tissues of mice with AD was detected by ELISA (replicate number = 5). Analysis of the results of ELISA detection of (A) BDNF and (B) NGF. Sham
group, mice injected with normal saline. Model group, mice injected with scopolamine. L rTMS group, mice injected with scopolamine and treated with rTMS of | Hz.
H rTMS group, mice injected with scopolamine and treated with rTMS of 10 Hz. *P<0.05 vs Sham group, *P<0.05 vs Model group.
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Figure 5 In vivo induction of miR-567 by agomir impairs the cognitive improvement function of rTMS (replicate number = 5). Mice were injected with miR-567 agomir along
with rTMS treatment of 10 Hz and mild cognitive impairment model induction. (A) Escaping latency in the 4-day visible platform trial. (B) Proportion of penetrating path in
platform area in the |-day probe trial. (C) Number of animals crossing the platform quadrant in the |-day probe trial. H rTMS group, mice injected with scopolamine and
treated with rTMS of 10 Hz. NC+H rTMS group, mice injected with negative control (NC) agomir, and subjected to the injection of scopolamine and the treatment of rTMS

of 10 Hz. Agomir+H rTMS group, mice injected with miR-567 agomir, and subjected to the injection of scopolamine and the treatment of rTMS of 10 Hz.

miR-567 agomir (Figure 6). The deterioration of the func-
tion and structure of brain tissues in mice with AD was
associated with the inhibited expression of NEUROD?2 and
PSD95 (Figure 7), which was attributed to the restored
levels of miR-567. Collectively, the obvious interferences
on rTMS treatment by miR-567 agomir indicated that the
effects of rTMS on AD symptoms were dependent on the
inhibition of miR-567.

Discussion

As a non-invasive stimulation strategy developed from the
in vivo neuroplastic change mapping technique, rTMS can
conduct brief electric currents in brain tissues via an induc-
tive coil and induce long-term effects on the central nervous
system.”! According to the literature, these currents can
cause the depolarization of corticospinal tract neurons at
the axon hillock or via the depolarization of interneurons.*?

The effects of rTMS in the modulation of the functions of
central nervous system have attracted interest in the poten-
tial of rTMS for treating neurodegenerative disorders. In the
last decades, numerous studies have been performed to
verify the potential and outcomes of rTMS, and the treat-
ment effects of rTMS on neuropsychiatric disorders,
including AD, depression, and Parkinson’s disease have
been demonstrated by various studies.”> The mechanisms
associated with the aforementioned treatment strategy have
been partially revealed. It has been proposed that treatment
with rTMS can affect Ca>* metabolism, cell hydration, and

2423 inferring that the tech-

y-aminobutyric acid production,
nique can benefit the central nervous system long-term. The
current study aimed to provide additional information on
the mechanism driving the protective effects of rTMS
against MCI induced by AD by focusing on the interaction

between rTMS and miRNAs. Based on previous reports, the
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Figure 6 In vivo induction of miR-567 by agomir counteracts the brain neuron protective effects of rTMS (replicate number = 5). Mice were injected with miR-567 agomir
along with rTMS treatment of 10 Hz and mild cognitive impairment model induction. (A) Analysis of the results and representative images of TUNEL detection of cell
apoptosis. (B) Analysis of the results and representative images of immunohistochemical detection of doublecortin production. Analysis of the results of ELISA detection of
(C) BDNF and (D) NGF. H rTMS group, mice injected with scopolamine and treated with rTMS of 10 Hz. NC+H rTMS group, mice injected with negative control (NC)
agomir, and subjected to the injection of scopolamine and the treatment of rTMS of 10 Hz. Agomir+H rTMS group, mice injected with miR-567 agomir, and subjected to the
injection of scopolamine and the treatment of rTMS of 10 Hz. *P<0.05 vs H rTMS group, #P<0.05 vs NC+H rTMS group.

miR-567/NEUROD2/PSD95 axis was selected as the cur-
rent research focus.

The MCI symptom was induced using scopolamine in the
present study, as previously reported.”® Based on the results of
MWM assays, the injection of scopolamine impaired the learn-
ing and memorizing abilities of the mice, while mice with AD
subjected to rTMS showed improved cognitive function. The
effects of rTMS were strengthened with frequency. Whether
treatment with rTMS should be employed at high or low
frequency has been long-term debated. Certain studies indicate

that, although high-frequency rTMS has different benefits on
the central nervous system, it may also induce adverse reac-
tions such as stroke and seizure;*’ thus, low-frequency rTMS
may be a more favorable option for the application of rTMS.
However, the detection of histological changes in the current
study did not show a significant difference in terms of affecting
the brain structure between high and low frequencies. The
results of TUNEL staining and THC assay showed that both
frequencies could attenuate scopolamine-induced apoptosis
and increase the production of doublecortin in brain tissues.
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Figure 7 In vivo induction of miR-567 by agomir inhibits the expression of NEUROD2 and PSD95 (replicate number = 5). Mice were injected with miR-567 agomir along
with rTMS treatment of 10 Hz and mild cognitive impairment model induction. (A) Analysis of the results of reverse transcription-quantitative PCR detection of miR-567.
(B) Analysis of the results and representative images of Western blot detection of NEUROD2 and PSDD95. H rTMS group, mice injected with scopolamine and treated with
rTMS of 10 Hz. NC+H rTMS group, mice injected with negative control (NC) agomir, and subjected to the injection of scopolamine and the treatment of rTMS of 10 Hz.
Agomir+H rTMS group, mice injected with miR-567 agomir, and subjected to the injection of scopolamine and the treatment of rTMS of 10 Hz. *P<0.05 vs H rTMS group,

#P<0.05 vs NC+H rTMS group.

Regarding the levels of neurotrophic factors, both frequencies
of rTMS restored the levels of BDNF and NGF that were
suppressed by scopolamine injection in the present mouse
model. Thus, no significant difference was detected regarding
the side effects of high and low-frequency treatments in the
present study. Furthermore, the current findings support the
improvement effects of rTMS on the impaired cognitive func-
tion associated with AD or other neurodegenerative disorders
reported in previous studies.>*"**

The protective effects of rTMS on the central nervous
system can be exerted via multiple mechanisms. Of these,
miRNAs have attracted increased attention in recent years.
For example, the clinical trial performed by Cao et al inferred
that rTMS could attenuate attention deficit hyperactivity dis-
order in children by suppressing let-7d levels.*® The study by
Liu et al showed that rTMS promoted the proliferation of
neural progenitor cells by increasing the levels of miR-106.%
These results suggested that miRNAs may be crucial for the
function of rTMS. Thus, the current study explored the
changes in the miR-567/NEUROD2/PSD95 axis under
rTMS treatment. The data showed that rTMS treatments of
both frequencies inhibited the expression of miR-567, which
subsequently induced the upregulation of the downstream
effectors NEUROD?2 and PSD95. The potential involvement
of miR-567 in the progression of AD was firstly proposed by
Felice et al, who demonstrated that miR-567 was abnormally
expressed at high levels in patients with MCI-AD.'® Based
on target prediction analysis, the authors further indicated
that several downstream effectors of miR-567, including
NEUROG?2, TCF3, TCF4 and TBR1, were important to the

functional maintenance of the nervous system.''-'?2%3!

Since the effects of rTMS on the levels of miR are ubiqui-
tous, it was hypothesized that the administration of rTMS
would influence the expression and function of miR-567, and
subsequently modulate the downstream effectors of this miR.

The detection of the miR-567 levels in mice with AD
showed that the injection of scopolamine markedly increased
the level of this miRNA, which was associated with the
inhibited expression of NEUROD2 an PSD95. According to
previous studies, NEUROD? is critical for the development of
hippocampal mossy fiber synapses.12 The molecule exerts its
function by regulating the level of the synaptic scaffolding
molecule PSD95 in the developing hippocampus. The in vitro
function of PSD95 on spine morphogenesis remains
controversial.**** Regarding their role in AD, PSD95 levels
are diminished in ageing-related and neurodegenerative dis-
orders, including AD and Huntington’s disease.>*>> Thus, the
changes in miR-456/NEUROD2/PSD95 in model mice
solidly supported the development of AD symptoms in the
mouse model used in the current study. The changes in the
miR-456/NEUROD2/PSD95 axis were all reversed by rTMS
at both frequencies. The effects of rTMS on the miR-456/
NEUROD2/PSD95 axis was synchronized with its effects on
cognitive function, brain structure, and neurotrophic factors,
indicating that the cognition improvement function of the
rTMS technique was associated with the activity of the miR-
456/NEUROD2/PSD95 axis. However, whether this axis
plays a central in the treatment needs further verification.
Therefore, additional groups were set up by injecting miR-
456 agomir along with AD induction and rTMS treatment.
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The induced in vivo level of miR-456 evidently counteracted
the effects of r”TMS, as represented by the deteriorated perfor-
mance in MWM tests, destructed brain structure, and reduced
levels of BDNF and NGF in mice with AD even under
treatment with rTMS. Based on the data of mice injected
with miR-456 agomir, the current study concluded that the
improvement effects of rTMS treatment on the cognitive
function of mice with AD depended on the inhibition of the
miR-456 level. As a miR normally studied in cancer,”® the
present study is the first report connecting its function with
therapies for neurodegenerative disorders.

Collectively, the current findings highlighted the role of
miR-567 in the cognitive improving function of rTMS. The
treatment strategy protected mice against AD-induced MCI
and brain tissue destruction by upregulating miR-567, which
subsequently restored the function of NEUROD2 and PSD95.
However, the current study only provided a preliminary expla-
nation for connecting the effects of rTMS on AD with the
function of miR. It failed to explicitly reveal the regulatory
pattern of miR-567 by rTMS. Additionally, the current study
only performed in vivo assays, thus, the conclusion of the
current study might be substantially influenced by the compli-
cated condition of in vivo system. There are numerous miRs
whose expression is influenced by rTMS, and miR-567 might
not be the only miR that contributes to the function of rTMS.
More comprehensive studies are needed to explain in detail
interaction between miRs and rTMS treatment in order to
promote the application of this technique for treating neuro-
degenerative disorders.
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