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Abstract

Paired associative stimulation has been used in stroke patients as an innovative recovery treatment. However, the mechanisms underlying
the therapeutic effectiveness of paired associative stimulation on neurological function remain unclear. In this study, rats were randomly
divided into middle cerebral occlusion model (MCAO) and paired associated magnetic stimulation (PAMS) groups. The MCAO rat model
was produced by middle cerebral artery embolization. The PAMS group received PAMS on days 3 to 20 post MCAO. The MCAO group
received sham stimulation, three times every week. Within 18 days after ischemia, rats were subjected to behavioral experiments—the
foot-fault test, the balance beam walking test, and the ladder walking test. Balance ability was improved on days 15 and 17, and the foot-
fault rate was less in their affected limb on day 15 in the PAMS group compared with the MCAO group. Western blot assay showed that
the expression levels of brain derived neurotrophic factor, glutamate receptor 2/3, postsynaptic density protein 95 and synapsin-1 were
significantly increased in the PAMS group compared with the MCAO group in the ipsilateral sensorimotor cortex on day 21. Resting-state
functional magnetic resonance imaging revealed that regional brain activities in the sensorimotor cortex were increased in the ipsilateral
hemisphere, but decreased in the contralateral hemisphere on day 20. By finite element simulation, the electric field distribution showed a
higher intensity, of approximately 0.4 A/m’, in the ischemic cortex compared with the contralateral cortex in the template. Together, our
findings show that PAMS upregulates neuroplasticity-related proteins, increases regional brain activity, and promotes functional recovery
in the affected sensorimotor cortex in the rat MCAO model. The experiments were approved by the Institutional Animal Care and Use
Committee of Fudan University, China (approval No. 201802173S) on March 3, 2018.
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Introduction vasive method of cortical stimulation pairing transcranial

Stroke is a leading cause of death and severe disability in ~ magnetic stimulation (TMS) with a peripheral sensory stim-
adults worldwide (Mozaffarian et al., 2016; Sarrafzadegan  ulus, termed paired associative stimulation (PAS), has been
and Mohammmadifard, 2019; Zhou et al., 2019). A non-in-  shown to induce neuroplastic changes in the human motor,
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somatosensory and auditory cortices (Tamura et al., 2009;
Batsikadze et al., 2013). Peripheral muscle magnetic stimula-
tion combined with repetitive transcranial magnetic stimu-
lation has been used as a new therapeutic strategy in diseases
such as chronic subjective tinnitus (Vielsmeier et al., 2018),
but the underlying mechanisms remain unclear. PAS empha-
sizes the importance of somatosensory and intrinsic motor
cortical circuits. Post-PAS excitability is considered a long-
term potentiation-like phenomenon, and is associated with
transient changes in synaptic efficacy in the glutamatergic
system (Stefan et al., 2000, 2002). Conventional PAS targets
the contralateral hemisphere.

In the current study, we investigate whether paired associ-
ated magnetic stimulation (PAMS) induces plastic changes
in the brain on the affected and unaffected sides in the rat
after stroke using brain imaging. We also examine whether
magnetic stimulation effectively and specifically stimulates
the ischemic affected brain tissue.

Neuroplasticity is the brain’s ability to adapt to internal and
external changes. In the early stage after stroke, because of
neuronal death, functional connectivity between the ipsile-
sional and contralesional is impaired, resulting in functional
loss. We previously evaluated the effect of the combination
of electromagnetic stimulation and rehabilitation training
based on the available evidence to establish a multimodal
treatment strategy for nerve injury (Zheng et al., 2020). We
also used modified constraint-induced movement therapy
as a remodeling compensation model to study synaptic plas-
ticity during stroke rehabilitation (Gao et al., 2020). Here,
to better understand the neural plastic changes during the
recovery stage, we use western blot assay to measure levels
of plasticity-related proteins, including brain-derived neu-
rotrophic factor (BDNF), AMAPR, synapsin I and PSD95
(as molecular biology indexes), and behavioral testing (as a
functional index).

Blood oxygen level-dependent functional MRI (fMRI) is a
method of assessing brain spatial functional changes induced
by pharmacological therapy or rehabilitation. Plastic chang-
es induced by PAMS are important for neural restoration,
substitution and compensation after ischemic brain injury.
In the present study, we assess neuroplasticity induced by
middle cerebral artery occlusion (MCAO) using blood oxy-
gen level-dependent functional magnetic resonance imaging
(fMRI), with the amplitude of low-frequency fluctuation
(ALFF) as a functional index.

Rat models are widely used in studies of various forms
of magnetic stimulation. However, there is only limited
knowledge on the distribution of the electric field induced
by magnetic stimulation in the rat model of stroke, because
computational models are lacking. In this study, we use com-
puter simulation to locate the coil position by finite element
analysis. The aim of computer simulation is to provide infor-
mation on the effective range of PAMS and the magnetic field
spatial distribution in the ipsilateral and contralateral hemi-
spheres in MCAO rats. The innovative features of this study
include the groundbreaking application of rodents in real and
simulated situations, and the comprehensive study of neuro-
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protection and neuroplasticity at the molecular and imaging
levels in the ipsilateral and contralateral hemispheres.

In this study, we applied PAMS in the rat MCAO model,
hypothesizing that PAMS activates the ipsilateral sensorimo-
tor and sensory cortex, and that it upregulates the expression
of brain plasticity-related proteins to ultimately change be-
havior. We also illustrate the electrical field distribution gen-
erated by magnetic stimulation in the rat template by finite
element analysis.

Materials and Methods

Animals
Twelve male Sprague-Dawley rats, weighing 250-300 g and
7-9 weeks of age, were provided by Shanghai SIPPR-BK LAB
Animal Ltd., China (license No. SCXK (Hu) 2013-0016).
All rats were group-housed in clean but non-specific-patho-
gen-free animal facilities with free access to clean water
and food under a 12/12-hour light/dark cycle. All experi-
ments were approved by the Institutional Animal Care and
Use Committee of Fudan University, China (approval No.
201802173S) on March 3, 2018. The experimental proce-
dure followed the United States National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, revised 1996).

The rats were randomly divided into two groups (n = 6/
group): MCAO group (only MCAO) and PAMS group
(MCAO + PAMS).

Production of the rat model of MCAO

Transient MCAO was performed as described previously
(Liu et al,, 2019). Briefly, the rat was anesthetized with 10%
chloral hydrate (0.36 mL/100 g, intraperitoneally). A po-
ly-L-lysine-coated filament (Beijing Cinontech Co., Ltd.,
Beijing, China) was inserted into the left middle cerebral
artery for occlusion-induced ischemia. After a 90-minute
period of ischemia, the filament was retracted. Blood flow
was monitored by laser Doppler anemometry (Moor Instru-
ments Ltd., Axminster, UK) immediately before and after
ischemia. Then, 24 hours after surgery, neurologic deficits
were assessed with neurological severity scores. Rats with
scores of 1-3 were considered successful models, and others
were excluded from the study.

PAMS protocol

The PAMS protocol was based on clinical experience ob-
tained from a pilot study of peripheral muscle magnetic
stimulation as add-on treatment to repetitive TMS (rTMS)
in rehabilitation medicine (Vielsmeier et al., 2018). The
sensorimotor cortex was targeted and then marked by de-
fining the motor threshold. Rats from the PAMS group
underwent the following treatment procedure: 10 trials of
repetitive peripheral magnetic stimulation and 2 trials of
rTMS every three days from 3-20 days after MCAO. The
TMS machine consisted of a Medtronic MagPro X100 stim-
ulator (Medtronic, Copenhagen, Denmark). The diameter of
the circular coil and the single diameter of the figure-8 coil
were both 12 mm. Each treatment session consisted of three
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phases: (1) repetitive peripheral magnetic stimulation of the
elbow joint muscle group of the right upper limb and ankle
joint muscle group of the right lower limb (20 Hz, 20 trains);
(2) 'TMS stimulation of the left (ipsilateral) sensorimotor
cortex (60 Hz, 20 trains with an interval of 25 seconds); and
(3) repetitive peripheral magnetic stimulation of the elbow
joint muscle group of the right upper limb and ankle joint
muscle group of the right lower limb (20 Hz, 20 trains).
Phases 1 and 3 were done at a stimulation intensity of 30%,
and phase 2 at 50%. The MCAO group was given sham stim-
ulation, i.e., the same stimulation protocol, except that the
coil was placed perpendicularly to the head. Motor-evoked
potential was recorded in both groups before MCAO and on
days 8, 14 and 20 after MCAO (Zhang et al., 2007; Luo et al.,
2017; Caglayan et al., 2019). A concentric needle electrode
was inserted in the gastrocnemius muscle of the right hind
limb and connected to a Nicolet electromyographic device
(Alpine Biomed, Skovlunde, Denmark); the ground wire was
connected to the tail. Stimulator settings were as follows:
time base 5 ms/div. and amplitude sensitivity 1 mV/div. Mo-
tor-evoked potential amplitudes (mV) in the left and right
cortices were recorded separately.

Foot-fault test

The foot-fault test was used to assess placement dysfunction
of the affected limb, as described previously (Liu et al., 2019).
Briefly, each rat was required to pass the horizontal stepping
test apparatus. The test was repeated three times in a blinded
manner by the evaluator. The day of the MCAO was re-
garded as day 1. The test was performed on days 5, 7, 11, 15
and 18. If the limb missed or slipped on the rod, it was con-
sidered a wrong step. The ratio of the right front limb foot
placement errors to the total number of steps was calculated
by an analyzer who was blind to the experimental design.

Balance beam walking test

The rats walked the entire length of a standard balance beam
(60 cm in length, 1.75 cm in width, 90 cm off the floor)
steadily without falling off (Luong et al., 2011; Hausser et al.,
2018). Briefly, a subjective observation was conducted for 60
seconds. Score 0 indicates stable balance; score 6 indicates
fall off. The day of the MCAO was regarded as day 1. The test
was performed in triplicate on days 5, 7, 11, 15, and 18. The
average score of balance of each rat was calculated.

Ladder walking test

The ladder walking test was performed the same as foot-fault
test. Analysis was made by inspection of the video recordings
frame-by-frame as described in a previous study (Metz and
Whishaw, 2009). Consecutive steps were analyzed. The last
stepping cycle performed at the end of the ladder was exclud-
ed from scoring. Briefly, the seven scores of paw placement
on the rungs were rated from total miss (0 point) to correct
placement (6 points). The day of the MCAO was regarded as
day 1. The test was performed on ¢ = days 5, 7, 11, 15, 18. The
average score of the right front limb step was calculated by an
analyzer who was blind to the group information.

Western blot assay

The rats were killed on day 21 after MCAO. Brains were
lysed in lysis buffer, and proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (10%).
All samples were transferred to a polyvinylidene fluoride
membrane by wet transfer (Bio-Rad Laboratories AG, Fri-
bourg, Switzerland). Membranes were incubated with pri-
mary antibodies—anti-PSD95, anti-glutamate receptor 2 & 3,
anti-synapsin 1, anti-Bcl-2, anti-Bax, anti-PARP, anti-p-tu-
bulin or anti-GAPDH (Table 1) overnight at 4°C on a shak-
er. After three washes with Tris-buffered saline containing
Tween 20, the membrane was incubated with the secondary
antibody—horseradish peroxidase-conjugated Affinipure
goat anti-mouse or horseradish peroxidase-conjugated Af-
finipure goat anti-rabbit (Table 1) for 60 minutes at room
temperature. The protein bands were developed with an ECL
detection kit (BeyoECL Moon, PO018FS, Beyotime Institute
of Biotechnology, Haimen, China) and visualized with a
DRAFT-FluorChem Q apparatus (Alpha Innotech Corpo-
ration, San Leandro, CA, USA). The optical densities of the
bands were quantified with Image] 1.46a software (National
Institutes of Health, Bethesda, MD, USA) and normalized to
reference proteins (GAPDH and B-tubulin).

Enzyme-linked immunosorbent assay (ELISA)

The rats were killed on day 21 after MCAO. Sandwich Rat
BDNF ELISA Kit (WESTANG BIO-TECH, Shanghai, China)
involves the attachment of a capture antibody to a microplate.
The samples were added and bound to the capture antibody
anti-BDNF (Table 1). After washing, a horseradish peroxidase
conjugate was added and detected with a DENLEY DRAGON
Wellscan MK 3 (Thermo Fisher Scientific, Waltham, MA,
USA). Multiskan Ascent software (Thermo Fisher Scientific)
was used to draw a standard curve. The BDNF content was
calculated according to the optical density value, and then
multiplied by the dilution factor. All optical density values
were calculated after subtracting the blank value.

MRI

Rats were anesthetized with isoflurane (1.5-2.5%) while
monitoring respiration and controlling body temperature.
MR scans were acquired on days 2 and 20 after MCAO on
a MRI scanner (Bruker BioSpin, Rheinstetten, Germany)
located at Fudan University Shanghai Cancer Center. For
T2-weighted imaging, an initial RARE anatomical scan
was acquired with a 256 x 256 matrix, echo time = 33 ms,
and 1-mm slice thickness. The scanning parameters were:
slice thickness = 0.8000 mm, repetition time = 2500 ms,
echo time = 33 ms, spacing between slices = 0.8000. For
fMRI, echo-planar imaging parameters were as follows: 90
x 90 matrix, repetition time = 3000 ms, echo time = 20 ms,
0.3000-mm slice thickness.

T2-weighted image analysis

T2 map image processing and format conversion were per-
formed with MRI analysis software (ParaVision Acquisition
6.0). Researchers blinded to group identity measured the

2049



Gao BY, Sun CC, Xia GH, Zhou ST, Zhang Y, Mao YR, Liu PL, Zheng Y, Zhao D, Li XT, Xu J, Xu DS, Bai YL (2020) Paired associated magnetic stimulation
promotes neural repair in the rat middle cerebral artery occlusion model of stroke. Neural Regen Res 15(11):2047-2056. doi:10.4103/1673-5374.282266

Table 1 Antibodies information

Product name Animal species  Description ~ Cat# Concentration ~ Sources

Anti-PSD95 Mouse Monoclonal ab13552 1:500 Abcam, Cambridge CB2 0AX, UK
Anti-BDNF Rabbit Polyclonal ab108319 1:1000 Abcam, Cambridge CB2 1AX, UK
Anti-glutamate receptor 2 & Rabbit Polyclonal ab1506 1:1000 Abcam, Cambridge CB2 2AX, UK
3 Antibody

Anti-synapsin 1 Rabbit Polyclonal ab1543p 1:1000 Abcam, Cambridge CB2 3AX, UK
Anti-Bcl-2 Rabbit Polyclonal ab692 1:500 Abcam, Cambridge CB2 4AX, UK
Anti-Bax Rabbit Polyclonal ab32503 1:1000 Abcam, Cambridge CB2 5AX, UK
Anti-PARP Rabbit Polyclonal 74290 1:1000 Abcam, Cambridge CB2 6AX, UK
Anti-B-tubulin Mouse Polyclonal 86298 1:5000 Cell Signaling Technology, Danvers, MA, USA
Anti-GAPDH Mouse Polyclonal 60004-1-Ig 1:5000 Proteintech, Wuhan, Hubei, China
HRP-conjugated Affinipure Goat Polyclonal SA00001-1 1:1000 Proteintech, Wuhan, Hubei, China
goat anti-mouse

HRP-conjugated Affinipure Goat Polyclonal SA00001-2 1:1000 Proteintech, Wuhan, Hubei, China

goat anti-rabbit

HRP: Horseradish peroxidase.

region of interest of each animal to quantify the ischemic
volume. Relative infarct volume reduction was used to com-
pare differences between the two groups. The infarct vol-
ume on day 2 after MCAO was subtracted from the infarct
volume on day 20 to get the difference, and then divided by
the infarct volume on day 2 (infarct volume reduction rate =
infarct volume,,, , — infarct volume,, ,i/infarct volume,,, ,).

fMRI analysis

The magnetic resonance scan was performed on day 20 after
MCAO using a 7.0 T Bruker Bio-Spin MR imaging system
(Billerica, MA, USA). Anatomical features of the cerebellum
and ventricles were used to position slices at the same loca-
tion between sessions. Lesion volumes were measured with
the MRI analysis software (ParaVision Acquisition 6.0) by an
investigator blinded to group designation. SPM12 package
(https://www.fil.ion.ucl.ac.uk/spm/) and MATLAB R2013
were used for functional data analysis. The functional images
were preprocessed with origin re-determination, image am-
plification, and then by time slicing, realignment function,
and co-registered to the subject’s anatomical images in native
space. The subject’s deformation field maps obtained from
the structural images were applied to the functional images
to normalize them into the standard brain template. ALFF
was calculated using the Resting-State fMRI Data Analysis
Toolkit V1.7 (http://www.restfmri.net) in all subjects (Zou
et al., 2009; Song et al., 2011). ALFF is the ratio of the power
spectrum of 0.01-0.08 Hz to that of the entire frequency
range, 0-0.25 Hz, for repetition time = 3 seconds. We per-
formed ALFF calculations on the whole brain, and then
compared the region of interest.

Finite element mesh simulations

The experimental time began before the animal experiments
because it is a computer-based simulation experiment. The
three-dimensional (3D) brain model of Wistar rats was re-
constructed using the public database from Tohoku Univer-
sity (https://scalablebrainatlas.incf.org/) and the open MRI
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data from the Department of Psychiatry of the University of
North Carolina at Chapel Hill. The blood supply region of
the middle cerebral artery was labeled in original MRI data
to build the MCAO rat brain 3D model using Sim4Life light
software (ZMT, Zurich MedTech AG, Zurich, Switzerland),
a simulation platform that can deal with MRI images. The
figure-8 coil and circular coil parameters were referenced
to model commercial coils (Wuhan Yiruide Medical Equip-
ment New Technology Co., Ltd., Wuhan, China). A finite
element method was used to solve the electromagnetic field
distribution in the brain model (Capone et al., 2017; Samou-
di et al., 2018). We set the permittivity and conductivity of
the skull, dura mater, gray matter, white matter, cerebellum,
spinal cord, cerebrospinal fluid and air at low frequencies
separately. The electromagnetic field parameters, such as
magnetic field strength H, magnetic flux density B, current
density J, and electric displacement D distribution, were ob-
tained through finite element analysis.

Statistical analysis

All experimental data were analyzed using GraphPad Prism
7.0 software (GraphPad Software Inc., La Jolla, CA, USA)
and SPSS 20.0 software (IBM Corporation, Armonk, NY,
USA). The mean (average value) was reported along with a
measure of variability standard deviation (s). Sample sizes
were determined based on previous experience. No statis-
tical methods were used to predetermine sample size. The
foot-fault test score, balance beam walking test score, lad-
der walking test score, infarction volume, optical density of
ELISA, and mean grey values for western blot assay were
compared between the two groups by independent samples
t-test. A value of P < 0.05 was considered statistically signif-
icant. For fMRI statistical analysis, two samples t-tests were
performed on ALFF maps by “Statistical Analysis” in REST,
with cluster size > 10 voxels, P < 0.005 (Zou et al., 2009; Yan
and Zang, 2010; Song et al., 2011). A combined threshold of
voxels of P < 0.001 and cluster size > 35 mm’ was considered
significant, which corresponded with a corrected P < 0.05.
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Results

PAMS improves neurobehavioral performance after
MCAO

The experimental design is shown in Figure 1A. The over-
all PAMS treatment schedule is shown in Figure 1B. In the
PAMS group, MEP waves on the ipsilateral and contralat-
eral sides disappeared on day 8 after MCAO, and appeared
again on day 14. MEP N1 wave and P1 wave were higher
compared with before MCAO. The trend was still present
on day 20, but with an even higher N1 on the contralater-
al side (Figure 1C). In the PAMS group, the TMS coil was
positioned on the head (Figure 1D). Balance ability was im-
proved in the PAMS group compared with the MCAO group
on days 15 (P = 0.0049) and 17 (P = 0.0006) after ischemic
brain injury. Foot-fault rate in the affected limb was lower in
the PAMS group than in the MCAO group on day 15 after
ischemic brain injury (P = 0.0317). These results indicate
that PAMS improves motor function (better balance and
gait/grasp ability) after ischemic brain injury. No difference
in walking ability of the affected upper limb was observed
between the PAMS and MCAO groups within 18 days after
ischemic brain injury (Figure 2).

Safety of PAMS therapy after MCAO

The cerebral infarct volume was measured on day 2 and 20
after MCAO by MRI (Figure 3). Cerebral infarct volume in
both groups was reduced on day 20 compared with day 2.
However, the reduction in cerebral infarct volume was not
significant in the two groups (P > 0.05). These data demon-
strate that PAMS may not help reduce infarct volume after
ischemic brain injury. In addition, PARP, Bcl-2 and Bax ex-
pression levels were not significantly different between the
PAMS and MCAO groups (P > 0.05; Figure 3). Nonetheless,
PAMS could be a safe and effective therapy for ischemic
brain injury.

Upregulation of GluR2/3, synapsin I, PSD95 and BDNF in
the ipsilateral cortex in the PAMS group after MCAO
Western blot assay and ELISA were performed with tissue
samples harvested from both ipsilateral and contralateral
cortices of rats on day 21 after MCAO. PAMS strikingly in-
creased GIluR2/3, synapsin I, PSD95 and BDNF expression
in the ipsilateral cortex (P < 0.05; Figure 4). In comparison,
the expression levels of GluR2/3, synapsin I, PSD95 and
BDNF in the contralateral cortex were similar between the
PAMS and MCAO groups.

TMS treatment enhances the evoked fMRI signal in the
ipsilateral hemisphere

There was a significant difference in ALFF between the
MCAO and PAMS groups on day 20 after MCAO. In the
contralateral cortex, an increased ALFF was detected in the
MCAO group compared with the PAMS group. In contrast,
in the ipsilateral sensory and sensorimotor cortices, ALFF
was increased in the PAMS group compared with the MCAO
group (Figure 5).

Finite element analysis of magnetic stimulation-induced
electrical field and magnetic field distribution in the 3D
brain model of MCAO rats

The effects of different spatial positions of the figure-8 coil
on the electromagnetic field distribution were studied (Fig-
ure 6A and B). The position in the deepest sensorimotor
cortex was near anterior-posterior (AP) 3 mm, mediolateral
(ML) + 4 mm and dorsoventral (DV) 4 mm according to
the brain map of the WISTAR rat by Paxinos, George and
Watson. The plane through this position (AP 3 mm; ML 4
mm; DV 4 mm) was used to select the position of the coil
that would produce the strongest induced electric field. The
figure-8 coil simulation results of the 3D MCAO rat model
showed that, compared with the contralateral side, the dis-
tribution of the electromagnetic field within and around the
liquefied necrotic area showed significantly enhanced cur-
rent density (Figure 6C). The necrotic area increased around
4-fold, while the area around the necrosis increased more
than 2-fold. The displacement current density in the necrotic
area was close to zero, while the area around the necrosis
was increased 2-fold. However, the magnetic field intensity
and distribution were not different.

Discussion

In the current study, we investigated the neuroprotective
effect of PAMS, and found that it improved motor perfor-
mance in rats with MCAO, and affected synaptic plasticity in
the ipsilateral sensorimotor cortex. Moreover, resting-state
fMRI showed that ALFFE, as an index of regional neural ac-
tivity, was increased in the sensorimotor cortex and sensory
cortex in the ipsilateral motor hemisphere in the PAMS
group compared with the MCAO group. A finite element
method was used to solve the electromagnetic field distribu-
tion in the 3D standard and MCAO rat brain models. This
showed that compared with the contralateral side, there is a
greater distribution of the electromagnetic field within and
around the liquefied necrotic area.

PAMS safety and PAMS-induced plasticity

In this study, no difference was found in volume reduction or
apoptosis-related protein expression after 3 weeks of PAMS
treatment compared with the MCAO group. Thus, PAMS
does not induce apoptosis, and appears safe. Furthermore,
the recovery of neurological function probably involved
brain plastic changes.

Many growth factors and other proteins are expressed in
the intact brain region to help it to undergo plastic changes
(Dahlgvist et al., 1999; Zhao et al., 2000, 2001). A prima-
ry mechanism in the control of synaptic strength during
plasticity is a change in the number, composition and bio-
physical properties of AMPA-type glutamate receptors in
the postsynaptic membrane (Diering and Huganir, 2018).
Moreover, dysregulated AMPAR trafficking can lead to de-
fects in the BDNF-tyrosine receptor kinase B signaling path-
way by reducing the interaction between transmembrane
AMPA receptor regulatory proteins and the PDZ-domain
scaffold protein PSD95 (Zhang et al., 2018). These pathways
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(A) T2-weighted images of cerebral infarct volume on days 2 and 20 after MCAO. Cerebral infarct
volumes in the PAMS and MCAO groups were both reduced on day 20 compared with day 2. (B)
Reduction in cerebral infarct volume was not significant in the two groups on day 20 after MCAO
(P > 0.05). (C) PARP, Bcl-2 and Bax expression levels. (D) No difference in PARP, Bcl-2, and Bax
expression levels between the PAMS and MCAO groups (P > 0.05). Data are expressed as the
mean + SD (n = 6; independent samples ¢-test). MCAO: Middle cerebral artery occlusion; PAMS:
paired associated magnetic stimulation.
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Figure 4 Upregulation of GluR2/3, synapsin I, PSD95 and BDNF in the ipsilateral sensorimotor cortex in the PAMS group on day 21 after MCAO.

(A) ELISA of BDNF expression in the ipsilateral and contralateral sensorimotor cortices. PAMS robustly increased BDNF expression in the ipsilateral sen-
sorimotor cortex on day 21 after MCAO. (B) There was no difference in BDNF content between the MCAO and PAMS groups in the contralateral senso-
rimotor cortex. (C) Western blot assay of tissue samples harvested from ipsilateral cortex of rats on day 21 after MCAO. (D) PAMS strongly increased GAP-
DH-normalized protein levels of GluR2/3, synapsin I and PSD95 in the ipsilateral cortex compared with the MCAO group. (E) Western blot assay of tissue
samples harvested from the contralateral cortex of rats on day 21 after MCAO. (F) Graphs show GAPDH-normalized protein levels of GluR2/3, synapsin
I and PSDY5 in the contralateral cortex. Data are expressed as the mean + SD (n = 6; independent samples t-test). *P < 0.05, **P < 0.01, vs. MCAO group.
BDNF: Brain-derived neurotrophic factor; MCAO: middle cerebral artery occlusion; PAMS: paired associated magnetic stimulation.

Figure 5 Comparisons of the amplitude of low-frequency fluctuations
(ALFF) between the two groups 20 days after MCAO (fMRI).
Resting-state fMRI of ALFF 20 days after MCAO. ALFF maps showing the
PAMS group subtracted from the MCAO group (cluster size > 10 voxels;
two samples t-test, P < 0.005). A larger ALFF signal difference is detected in
the cortex around the ischemic periphery in the bilateral cortex compared
with the MCAO group. The color bars indicate the t-value of the group
analysis (the brighter the color, the higher the value) (fMRI). L: Ipsilateral
cortex; R: contralateral cortex.

Figure 6 Finite element analysis of the magnetic stimulation-
induced electrical field and magnetic field distribution in the 3D
brain model of MCAO rats.

(A) Effects of different spatial positions of the figure-8 coil on the elec-
tromagnetic field distribution: The diameter of the circular coil and the
single diameter of the figure-8 coil were both 12 mm. The coils were
placed 2 mm above the plane of the head. (B) The 3D model included
154 brain regions, and the corresponding conductivity and permittivity
according to the physical properties of the brain tissues. (C) The fig-
ure-8 coil simulation results of the 3D model of MCAO rats. Compared
with the contralateral side, the distribution of the electromagnetic field
within and around the liquefied necrotic area showed significantly en-
hanced current density. 3D: Three-dimensional; L: ipsilateral cortex; R:
contralateral cortex.

play a key role in activity-dependent treatments, including
electrical stimulation, exercise and magnetic stimulation
(Cheeran et al., 2008; Player et al., 2013; McGregor and
English, 2018). In addition, BDNF-mediated synaptic and
neurodevelopmental processes require functional integrity
of membrane lipid rafts, which is maintained by synapsins
(Kao et al., 2017). Synapsin I is an important modulator of
synaptic plasticity in both the ipsilateral and contralateral
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brain regions after ischemic injury (Shih et al., 2013; Pan et
al., 2017), and participates in the enhancement of synaptic
vesicle recycling (Kohl et al., 2019). These proteins are close-
ly related to plasticity. Our current results show that these
proteins are affected by PAMS treatment.

Finite element analysis of simulated electromagnetic field
distribution

Here, we investigated the electromagnetic field distribution
in the brain of MCAO rats given TMS to identify effective
stimulation sites and parameters. Finite element analysis was
used to simulate the physical phenomenon (PAMS) using
the numerical algorithm technique so as to reduce the num-
ber of physical prototypes and experiments and optimize
components in our design phase to develop better methodol-
ogy. Most TMS studies have been performed in humans, and
research on animal stroke models is still lacking. The TMS
parameters currently applied to MCAO rats are based on
clinical parameters. The most commonly used frequency pa-
rameters are 20, 10, 5, 1, 0.5 and 0.05 Hz (Zhang et al., 2007;
Gao et al,, 2010; Li et al., 2012; Beom et al., 2015; Caglayan
et al., 2019). In the present study, we applied 60 Hz stimula-
tion, and finite element analysis showed that this stimulation
method could distribute the electric field in the affected
brain region. There is evidence to support our approach. For
example, TMS in theta frequency (relatively high frequency
greater than 50 Hz) bursts may produce lasting neuroplastic
changes in the human cortex, and may be a safe and effec-
tive treatment for major depressive disorder (Blumberger
et al,, 2018). In the present study, we directly stimulated the
ipsilateral brain with TMS, not the contralateral brain. In
the simulation, the position at which the coil was placed was
determined by the maximum current sensed in the affected
brain under the same magnetic stimulation parameters, cal-
culated by finite element analysis. Our finite element analysis
could be used to optimize TMS coil parameters and provide
a basis for future TMS studies on MCAO animal models.
Our findings also provide a theoretical foundation for accu-
rate TMS positioning in animal experiments and for the use
of high-frequency parameter settings.

In the present study, we modified the PAS protocol, and
proposed the PAMS protocol, which combines magnetic
stimulation of the affected limb muscle and high-frequency
transcranial magnetic stimulation of the ipsilesional senso-
rimotor cortex, and tested whether it helps improve ipsile-
sional neural circuit reorganization and neurological func-
tion after ischemic brain injury. We have innovatively used
rodent models in real and simulated situations, and we have
comprehensively studied all aspects of neuroprotection and
neuroplasticity at the different molecular and imaging levels
in the ipsilateral and contralateral hemispheres.

There are some limitations to our study. For example, be-
cause PAMS is a combination of two non-invasive neurore-
habilitative technologies, the animal subjects should have
been further divided into subgroups for a more comprehen-
sive assessment. It is also challenging to link PAMS-induced
changes in brain activity with changes in synaptic plastici-
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ty-related proteins by fMRI, owing to the lack of technical
information. Furthermore, because our simulation did not
involve information about the skull, it was not fully con-
sistent with the actual situation. Further improvements are
needed in future studies.

Conclusions

In this study, we investigated the effect of PAMS on the
ipsilateral and contralateral sensorimotor cortices in the
rat MCAO model of stroke. PAMS treatment for 3 weeks
improved motor behavior in MCAO rats, and it did not up-
regulate apoptosis-related proteins. Moreover, the synaptic
plasticity-associated proteins synapsin I, PSD95, GluR2/3
and BDNF were upregulated in the ipsilateral sensorimotor
cortex, but not in the contralateral cortex. In addition, ALFF
was increased in the ipsilateral motor and sensory cortices in
the PAMS group compared with the MCAO group. We gen-
erated a 3D brain template by MRI and illustrated the distri-
bution of the electromagnetic field with coil positioning by
finite element analysis. Collectively, our findings suggest that
PAMS promotes neural repair by activating the ipsilateral
sensorimotor cortex and by stimulating synaptic plasticity.
Further studies should focus not only on PAMS but also on
magnetic stimulation of other neural circuits.
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