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Abstract
Repetitive transcranial magnetic stimulation (rTMS) is a technique protecting neurons against diverse neurodegenerative 
disorders by delivering magnetic stimuli into the brain through the intact scalp. In the current study, the protection effect of 
rTMS on Parkinson’s disease (PD) and the associated mechanism driving the treatment were explored. The PD symptoms 
were induced using 6-OHDA in mice, and the effect of rTMS of two frequencies (1 Hz and 10 Hz) on the cognitive behav-
iors and neuron viability was detected. Afterwards, the level of Aβ1–42 and activity of MKK7-ERK-Fos-APP axis under 
the administration of rTMS were recorded as well. The intracranial injection of 6-OHDA impaired the cognitive behaviors 
of the mice in the test of Morris water maze as well as reducing the viability and number of neurons in PD mice. After the 
treatment of rTMS of both frequencies, the cognitive function of mice was improved and the neuron viability and number 
were restored in mice brain tissues. The administration of rTMS also increased the cerebrospinal fluid (CSF) level of Aβ1–42 
in PD mice, which was accompanied by the suppressed levels of p-MKK7, p-ERK1/2, p–c-Fos, and APP. Moreover, the 
effect of rTMS on mice nerve system was all exerted in a frequency-dependent manner. In conclusion, the findings outlined 
in the current study affirmed the protection effect of rTMS against PD. The anti-PD function of rTMS was associated with 
the suppression of MKK7-ERK-Fos-APP axis, which subsequently resulted in the increased CSF Aβ1–42 level and decreased 
brain Aβ1–42 level.

Keywords  Aβ1–42 · APP · MKK7 · Parkinson’s disease · Repetitive transcranial magnetic stimulation

Introduction

Parkinson’s disease (PD) is a major neurodegenerative disor-
der occurring as a result of cell death of dopaminergic (DA) 
neurons. The disease is characterized by bradykinesia, rest-
ing tremor, muscular rigidity, and gait disturbance in elderly 
population [1, 2]. Currently, the diagnosis of PD is primarily 
based on clinical criteria [3]. However, given the fact that 
the neurodegenerative process of PD begins several years 

before the associated symptoms can be diagnosed, the cur-
rent criteria themselves bring some limitations. According 
to the review of Hardy and Revesz, the early diagnosis of 
PD was a priority for the development of disease-modifying 
therapies for this disorder [3]. Thus, increasing attentions 
have been paid to the exploration of novel biomarkers to 
predict the progression of PD [4].

Emerging evidence shows that molecular changes in the 
brain tissues can be reflected in cerebrospinal fluid (CSF) 
composition [5]. Thus, CSF may represent a promising 
source for discovering biomarkers of neurodegenerative 
diseases. For example, recent studies have highlighted the 
potential of CSF biomarkers in the early diagnosis of AD: 
molecules such as amyloid β1–42 (Aβ1–42), total tau (t-tau), 
and phosphorylated tau (p-tau) are all biomarkers reflect-
ing the pathology of AD [6]. Regarding the biomarkers for 
PD, it is recognized in the recent years that classical CSF 
biomarkers of AD can also be utilized in the diagnosis and 
treatment of PD [5, 7], of which Aβ1–42 has drawn a lot of 
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interest [8]. The peptide is a typical member of Aβ pep-
tides generated from amyloid precursor protein (APP) that 
is an integral membrane protein [9]. For a quite long time, 
the level of Aβ1–42 has been related to the progression of 
AD [10] and is being increasing descripted as a factor par-
ticipating in the onset and progression of PD [8]. Numer-
ous proteins are involved in post-transcription cleavage of 
APP into Aβs. For example, ADAM10 is important to the 
APP cleavage that does not form Aβs [11–15]. In another 
pathway, APP is underwent cleavage of BACE1 or BACE2, 
which subsequently produces amyloidogenic Aβ peptide 
in a γ-secretase cleavage manner [16–20]. Except for the 
above-mentioned molecules, presenilin, nicastrin (NCSTN), 
APH1B, and PEN2 are also uniquely involved in the cleav-
age of APP based on the tissue specificity [21–23]. Taken 
together, the levels of Aβ peptides are evidently reflecting 
the function of multiple pathways involved in the pathogen-
esis of neurodegenerative disorders such as PD. Thus, it is 
reasonable to develop treatment strategies for PD by targeted 
regulating the level of Aβ, which will restore the function of 
neurons in multi-pronged ways.

Noninvasive repetitive transcranial magnetic stimula-
tion (rTMS) is a method of delivering magnetic stimuli into 
the brain through the intact scalp. In the recent years, the 
technique has been applied to manage neurodegenerative 
disorders in clinic and contributes to the up-regulation of 
endogenous neurotrophins in brains tissues [24, 25]. Since 
the clinical manifestations of PD are characterized by the 
abnormal neuronal activity within the basal ganglia, sev-
eral studies have employed rTMS to protect brain tissues 
against progression of PD. For example, in the study of 
Miranda et al., the authors demonstrated that the patients 
receiving 25 Hz rTMS treatment for 4 weeks showed a 
gradual improvement in walking and hand movements [26]. 
The treatment effect of rTMS on PD was also proved in 
the meta-analysis of Fregni et al.: the pooled effect size 
across the studies significantly favored the rTMS stimula-
tion when compared with sham stimulation [27]. However, 
even with comprehensive application of rTMS in clinic, the 
mechanism driving the effect of rTMS on neurodegenera-
tive disorders stays partially revealed. Given the ubiquitous 
influence of rTMS on nerve system, the understanding of the 
molecular basis of the treatment will promote the applica-
tion of the technique for more disorders. In 2013, Tan et al. 
reported that low-frequency (1 Hz) rTMS could reverse the 
abnormal level of Aβ1–42 in memory deficit rats [28]. The 
results were inspirable in that it linked the level of Aβ1–42 
to the treatment effect of rTMS, which reminded us of the 
possibility that the anti-PD effect of rTMS might be also 
related to its interaction with brain Aβ1–42.

To verify the possibility, PD symptoms were induced in 
mice using 6-OHDA method. Then the PD mice were sub-
jected to the treatment of rTMS of two frequencies (low 

frequency: 1 Hz; high frequency: 10 Hz) and the effect of 
rTMS administrations on the cognitive behaviors and brain 
structures of mice was assessed. Additionally, by focusing 
on the Aβ1–42 levels and MKK7-ERK-Fos-APP pathway that 
regulates the generation of Aβ1–42 [29], we also attempted to 
explain the pathways mediating anti-PD function of rTMS.

Methods

Induction of Parkinson’s disease using 6‑OHDA

C57BL/6 mice (10-week-old) were provided by Changsheng 
Company (Jilin, Changchun) and housed at 25 ± 1 °C with 
a constant humidity of 45–55% with food and water avail-
able. For 6-OHDA lesions induction, mice were anesthetized 
using 50 mg/kg body weight phenobarbital sodium and were 
positioned within a stereotaxic apparatus. The left striatum 
was exposed by opening the brain skin along the sagittal 
suture. Afterwards, 2 μl 6-OHDA (4 μg/μl) (162,957–50 mg, 
Sigma, China) was injected into the left striatum. 10 min 
after the injection, the lesion was sutured and mice were 
housed routinely for 2 weeks before the rTMS treatment 
(Figure S1). For mice in Sham group, 6-OHDA was replaced 
by 0.02% vitamin C solution (A103534-100 g, Aladdin, 
China). This study was carried out in accordance with the 
recommendations of the Animal Care Guidelines for the 
Care and Use of Institutional Animal Ethics Committee of 
China Medical University and was ethically approved by the 
Institutional Animal Ethics Committee of China Medical 
University.

Administration of rTMS

The rTMS treatment was performed following previous 
study of Ma et al.: briefly, the mice in low-frequency rTMS 
group (PD + L rTMS) were exposed to low-frequency rTMS 
(1 Hz) with magnetic stimulation intensity set at 30% maxi-
mum output (1.26T). Two sessions of rTMS consisting of 
1000 pulses in 10 trains were performed for 14 consecutive 
days. An interval of 2 min was between the two sessions to 
cool down the coil, and the interval between each train was 
20 s. For administration of high-frequency rTMS (PD + H 
rTMS), the frequency was set to 10 Hz.

Morris water maze

MWM was used to test the learning and memorizing abili-
ties. The assays were performed routinely as reported 
previously with two investigators blind to the experiment 
designs. The test included including a 5-day visible plat-
form trial and a 1-day probe trial and. In brief, for visible 
platform trail in 60 s, mice were allowed to swim for 60 s 
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before getting to the platform for four times each day. If 
the mice failed, investigator would help the mice to stay 
on the platform for 10 s before another test. For probe trial 
in the 6th day, the platform was removed, and then the 
time of mice staying in the quadrant in 60 s as well as the 
number of penetrating through the quadrant of the former 
platform position in 60 s in each test were measured.

Nissl staining

The substantia nigra (SN) sections were firstly subjected 
to dehydration, dimethylbenzene, and alcohol administra-
tion of different concentrations. Afterwards, the sections 
were incubated with 0.5% cresol purple for 10 min at room 
temperature. After being washed using ddH2O, the sec-
tions were sequentially administrated with 0.25% glacial 
acetic acid-alcohol solution, alcohol of different concen-
trations, and dimethylbenzene. The results of the staining 
were detected using a Microscope (BX53, OLUMPUS, 
Japan) at 100×.

Immunochemistry detection

Brain tissues were dehydrated using alcohol in different 
concentrations and embedded in paraffin. Then 5-μm sec-
tions were administrated with alcohol in different concen-
trations and washed with PBS for three times. Primaries 
antibody against tyrosine hydroxylase (TH) (1:200) (25859-
1-AP, Proteintech, China), brain derived neurotrophic fac-
tor (BDNF) (1:200) (25699-1-AP, Proteintech, USA), and 
Aβ1–42 (1:200) (ab2539, Abcam, UK) were then added on 
sections and incubated at 4 °C overnight. After three cycles 
of PBS washing, secondary Cy3-labled antibodies (A0277, 
goat anti-rabbit, Beyotime Biotechnology, China) were incu-
bated with sections at 37 °C for 30 min. Afterwards, the 
sections were labeled with horseradish peroxidase-labeled 
avdin at 37 °C for 30 min and incubated with DAB solu-
tion (DA1010, Solarbio, China). Finally, the sections were 
subjected to re-stain using hematoxylin for 3 min and dehy-
drated using alcohol of different concentrations. Images 
were captured using a fluorescence microscope (BX53, 
Olumpus, Japan) at 400× magnification.

Enzyme‑linked immuno sorbent assay (ELISA)

The CSF level of Aβ1–42 was detected using Aβ1–42 Detec-
tion Kit following instruction for manufacturer (CEA946Mu, 
USCN, China). The results was represented by OD value 
at 450 nm using a Microplate Reader (ELX-800, BIOTEK, 
USA).

Western blotting

Brain tissues were lysed using RIPA lysis buffer (P0013B, 
Beyotime Biotechnology, China). The concentrations of pro-
tein samples were determined using BCA Protein Concen-
tration Kit (P0009, Beyotime Biotechnology, China). After 
being separated by sodium dodecyl sulfatepolyacrylamide 
gel electrophoresis (SDS-PAGE) at 80 V for 2.5 h, protein 
samples were transferred to PVDF membranes and blocked 
using 5% skim milk powder for 1 h. Then the membranes 
were incubated with primary antibodies against MKK7 
(1:10,000) (ab52618, Abcam, UK), phosphorylated MKK7 
(p-MKK7) (1:1000) (Bioss, bs-3277R, China), ERK1/2 
(1:1000) (#4695, CST, USA), p-ERK1/2 (1:1000) (#4370, 
CST, USA), p–c-Fos (1:1000) (ab27793, Abcam, UK), 
and β-actin (1:1000) (bsm-33036M, Bioss, China) at 4 °C 
overnight. Then secondary IgG-HRP antibodies (1:5000) 
(A0208, goat-anti rabbit; A0216, goat anti-murine, Beyo-
time Biotechnology, China) were added onto membranes 
and incubated at 37 °C for 45 min. Bands were developed 
using ECL Plus reagent (P0018, Beyotime Biotechnology, 
China), and the relative expression levels of proteins were 
calculated by Gel-Pro-Analyzer (Media Cybernetics, USA).

Statistical analysis

The data were represented by mean ± standard deviation 
(SD). One-way analysis of variance and post hoc multiple 
comparisons using Fisher’s Least Significance Difference 
(LSD) method were performed using GraphPad Prism ver-
sion 6.0 (GraphPad Software, Inc., San Diego, CA) with a 
significant level of 0.05 (two tailed).

Results

Administration of rTMS improved cognitive 
behaviors of PD mice

As shown in Fig. 1, the injection of 6-OHDA dramatically 
impaired the cognitive function of mice when compared 
with mice in Sham group. The induction of PD significantly 
increased the latency of escaping time, suppressed the pro-
portion of mice’s penetrating path in platform area, and 
shortened the time of mice staying in the platform quadrant 
(Fig. 1). For PD mice treated with rTMS, the data showed 
that both frequencies significantly improved the cognitive 
function of the mice (Fig. 1). Moreover, the improvement 
effect of rTMS increased with frequency, with rTMS of 
10 Hz showing a better treatment outcome than rTMS of 
1 Hz (Fig. 1).
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Administration of rTMS protected SN neurons 
against 6‑OHDA‑induced damages

The results of Nissl staining showed that the number of SN 
neurons (stained blue) in PD group was lower than that in 
Sham group (Fig. 2), but the administration of rTMS of 
both frequencies restored the SN number in PD mice, evi-
dently supporting the protection effect of the technique on 
neuron viability. Additionally, we also detected the expres-
sion and distribution of TH and BDNF that are two classi-
cal neurotrophic factors. The results of immunochemistry 
detection showed that although the injection of 6-OHDA 
dramatically suppressed the expression and distribution 
of both factors (stained brown), the administration of 
rTMS counteracted the effect of 6-OHDA and increased 
the levels of both indicators in SN tissues (Fig. 2). Similar 
to the effect on cognitive behaviors, the protection effect 
of rTMS on SN neurons also increased with frequency 
(Fig. 2).

Administration of rTMS increased CSF Aβ1–42 level 
while suppressed the brain Aβ1–42 level in PD mice

The abnormally low CSF Aβ1–42 level associated with 
abnormally high brain Aβ1–42 level has been gradually 
recognized as a symptom of PD. The theory was verified 
in the current study: the CSF Aβ1–42 level was decreased 
in mice after 6-OHDA injection, while the brain Aβ1–42 
level was increased (Fig. 3a, b). Nevertheless, the admin-
istration of rTMS reversed the levels of Aβ1–42 in CSF and 
brain tissues in a frequency-dependent manner (Fig. 3), 
which was a representative of attenuation of PD symptoms 
in mice. The results further supported our hypothesis that 
the protection effect of rTMS against PD was associated 
with its effect on the brain levels of Aβ1–42.

Fig. 1   Administration of rTMS improved cognitive function of PD 
mice (mean ± SD). a Quantitative analysis results of escaping latency. 
b Quantitative analysis results of the proportion of platform area in 
the pathway of mice traveling. c Quantitative analysis results of the 

number of mice penetrating former platform. *P < 0.05 vs. Sham 
group. #P < 0.05 vs. PD group. Each assay was represented by six rep-
licates
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Influence of rTMS on brain Aβ1–42 level 
was associated with the suppression 
of MKK7‑ERK‑Fos‑APP axis

The generation of Aβ1–42 is closely related to the expression 
of APP. Thus, we also detected the activity of MKK7-ERK-
Fos-APP axis in the current study. The injection of 6-OHDA 
increased the protein levels of p-MKK7, p-ERK1/2, p–c-
Fos, and APP (Fig. 4), which would result in further depo-
sition of Aβ1–42 in brain tissues. After being subjected to 
rTMS administration of both frequencies, the tissue levels 
of all the four indicators were suppressed (Fig. 4), evidently 
indicating the inhibition effect of rTMS on MKK7-ERK-
Fos-APP axis. Moreover, the effect of rTMS administration 
on molecule expressions also strengthened with frequency 
(Fig. 4).

Discussion

In recent years, with the emerging evidence indicating the 
treatment role of electric current in multiple disorders, elec-
tromagnetic phenomena has been applied to induce electric 
current in human bodies [30]. Of types of diseases han-
dled by magnetic stimulation, nerve disorders have shown 
extra sensitivity to the technique [31]. The reports regard-
ing the protection effect of magnetic stimulation against 

neurodegenerative have drawn the sufficient development 
of the so-called rTMS technique [32]. Based on these pre-
vious studies, we attempted to provide a complementary 
explanation to the treatment mechanism driving the neuro-
protection effect of rTMS on PD patients. With a series of 
in vivo assays, our findings supported the effect of rTMS in 
improving the cognitive function of PD mice. Moreover, we 
also indicated that the treatment effect of rTMS against PD 
was associated with the inhibition of MKK7-ERK1/2-c-Fos-
APP, which finally resulted in Aβ1–42’s suppression in brain 
tissues and induction in CSF. The changes in Aβ1–42 level 
detected in the current evidently represented the ameliora-
tion of PD [8].

Aβ1–42 is one of the major components of Aβ oligomers 
that are the typical endogenous neurotoxic substance [28]. In 
a quite long period, the component has been conceived as a 
major factor causing synaptic dysfunction in the early stage 
of AD. For example, in the study of Colaianna et al., Aβ1–42 
suppressed endogenous neurotrophin contents in vitro [33]. 
Moreover, the AD promoting function of Aβ1–42 was fur-
ther verified with in vivo model [34]. As multiple disease 
processes might coexist in PD, scientists infer that the com-
bination of different biomarkers that reflect each patho-
genic mechanism is likely to be an appropriate approach to 
develop novel treatment strategies for both diseases [35]. 
Such hypothesis has been solidly proved with Aβ1–42. The 
association between CSF Aβ1–42 level and cognition decline 

Fig. 2   Administration of rTMS increased neuron viability and num-
ber in the SN of PD mice (mean ± SD). Magnification for Nissl stain-
ing, ×100. Magnification for immunochemistry detection of TH, 

×100. Magnification for immunochemistry detection of BDNF, ×400. 
Each assay was represented by six replicates
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in PD patients has been extensively reported [9]. Similar 
results were also verified in the current study: rTMS admin-
istrations of both frequencies showed considerable effect in 
inducing CSF Aβ1–42 level, which was accompanied by the 
improvements in cognitive function and neuron viability in 
PD mice.

The application frequency of rTMS has been long debated 
in that the results regarding the treatment effect of rTMS 
were viable. Meta-analysis of indicated that high-frequency 
rTMS improved motor symptoms in PD patients while low-
frequency rTMS had shown little benefit [36, 37]. How-
ever, in the studies of Wagle-Shukla et al. and Chen et al., 
the authors inferred that the applications of low-frequency 
rTMS (1 Hz) could improve dyskinesia [38, 39]. Addition-
ally, in the study of Tan et al., rTMS of 1 Hz attenuated 
Aβ1–42-induced memory deficits in rats [28]. To determine 
the influence of administration frequency on the treatment 
outcome of rTMS, we employed two frequencies in the cur-
rent study. Our results showed that the treatment effect of 
rTMS on the cognitive behaviors and CSF Aβ1–42 level in PD 
mice was exerted in a frequency-dependent pattern. Never-
theless, even rTMS of 1 Hz showed evidently amelioration 
effect on the PD symptoms in mice. The results might be a 
complementary to the long-term controversy on the effective 
frequency of rTMS.

The application of rTMS has been gradually accepted 
by patients with neurodegenerative patients and clinicians, 
but the mechanism driving the treatment effect of the tech-
nique remains partially explained. Thus, we also detected 
the impact of rTMS treatment on MKK7-ERK1/2-c-Fos-
APP axis. As being described by Huang et al., MKK7 and 
ERK1/2 activated by ApoE induced c-Fos phosphorylation, 
which then stimulated transcription factor AP-1. The stimu-
lated AP-1 in turn enhanced the transcription of APP and 
subsequently increased brain Aβ1–42 level [29]. In the current 
day, the injection of 6-OHDA induced the activation of the 
axis as expected. After the treatment of rTMS, the activi-
ties of all the members involved the signaling transduction 
were suppressed, which resulted in the suppressed level of 
Aβ1–42 in brain tissues. The results proved the association 
between the axis and treatment effect of rTMS. However, 
no further modulation was performed to determine whether 
the treatment function of rTMS critically depended on the 
activity of the axis.

Collectively, the findings outlined in the current study 
affirmed the protection effect of rTMS against PD, and the 
effect could be strengthened with rTMS frequency. Contrary 
to some previous reports, our results showed that even low-
frequency (1 Hz) rTMS could evidently relieve mice from 
PD impairments. At molecular level, we found that the treat-
ment effect of rTMS was associated with the suppression 
of MKK7-ERK1/2-c-Fos-APP axis, which finally resulted 
in the decreased Aβ1–42 level in brain tissues and increased 

Fig. 3   Administration of rTMS increased CSF Aβ1–42 level while sup-
pressed brain tissue Aβ1–42 level in PD mice (mean ± SD). a Quan-
titative analysis results of ELISA detection of the CSF Aβ1–42 level. 
b Representative images of immunochemistry detection of the brain 
tissue Aβ1–42 level. Magnification ×400. *P < 0.05 vs. Sham group. 
#P < 0.05 vs. PD group. Each assay was represented by six replicates

Fig. 4   Administration of rTMS inhibited activity of MMK7-ERK-c-
Fos-APP axis (mean ± SD). *P < 0.05 vs. Sham group. #P < 0.05 vs. 
PD group. Each assay was represented by six replicates
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Aβ1–42 level in CSF. However, the conclusions were merely 
based on in vivo animal models and no further validation 
was performed to determine the key role of MKK7-ERK1/2-
c-Fos-APP in the anti-PD function of rTMS. To elucidate 
the effect and mechanism of technique, more comprehensive 
work with clinical cohort and targeted modulation will be 
performed.
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