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Abstract

Recent work suggests that repetitive transcranial magnetic stimulation (rTMS) may beneficially alter the pathological
status of several neurological disorders, although the mechanism remains unclear. The current study was designed to
investigate the effects of rTMS on behavioral deficits and potential underlying mechanisms in a rat photothrombotic
(PT) stroke model. From day 0 (3 h) to day 5 after the establishment of PT stroke, 5-min daily continuous theta-burst
rTMS (3 pulses of 50 Hz repeated every 200 ms, intensity at 200 G) was applied on the infarct hemisphere. We
report that rTMS significantly attenuated behavioral deficits and infarct volume after PT stroke. Further investigation
demonstrated that rTMS remarkably reduced synaptic loss and neuronal degeneration in the peri-infarct cortical
region. Mechanistic studies displayed that beneficial effects of rTMS were associated with robust suppression of
reactive micro/astrogliosis and the overproduction of pro-inflammatory cytokines, as well as oxidative stress and
oxidative neuronal damage especially at the late stage following PT stroke. Intriguingly, rTMS could effectively
induce a shift in microglial M1/M2 phenotype activation and an Al to A2 switch in astrocytic phenotypes. In
addition, the release of anti-inflammatory cytokines and mitochondrial MnSOD in peri-infarct regions were elevated
following rTMS treatment. Finally, rTMS treatment efficaciously preserved mitochondrial membrane integrity and
suppressed the intrinsic mitochondrial caspase-9/3 apoptotic pathway within the peri-infarct cortex. Our novel findings
indicate that rTMS treatment exerted robust neuroprotection when applied at least 3 h after ischemic stroke. The
underlying mechanisms are partially associated with improvement of the local neuronal microenvironment by altering
inflammatory and oxidative status and preserving mitochondrial integrity in the peri-infarct zone. These findings
provide strong support for the promising therapeutic effect of rTMS against ischemic neuronal injury and functional
deficits following stroke.
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excessive reactive oxygen species that damage cellular mac-
romolecules [4]. Meanwhile, glial cells activate to release in-
flammatory cytokines and form scarring around the infarct
core, a region characterized by necrotic cell death [6].
Surrounding the infarct core is an area of at-risk tissue called
the penumbra, a salvageable region that represents a primary
target of stroke research [7, §].

Recent work has highlighted the importance of the neu-
ronal microenvironment in recovery in stroke and other
forms of ischemic brain injury [9—11]. In particular, glial
activation, inflammation, and oxidative stress are key fac-
tors that contribute to the final outcome of tissue in the
penumbra [9, 11]. Our work and others demonstrated that
long-term neuroinflammatory over-activation after stroke
can impede the repair process and compound neural de-
generation and cell death, and that targeting this response
can be neuroprotective [12—14].

Microglia, the resident macrophage of the brain, are early
contributors to neuroinflammation after brain injury and play
a crucial role in the post-stroke recovery phase [15, 16]. Upon
activation, microglia polarize to one of two phenotypes, the
pro-inflammatory M1 and the anti-inflammatory M2 [17].
Shifting the balance of polarization towards the M2 phenotype
has been demonstrated to be neuroprotective in different ani-
mal models of ischemic stroke [12, 18, 19]. Much like mi-
croglia, astrocytes also transition to one of two polarized phe-
notypes after activation by ischemic brain injury, the neuro-
toxic Al and the neuroprotective A2 [20, 21]. Upon activa-
tion, astrocytes play a pivotal role in the post-injury response,
releasing inflammatory cytokines, secreting neurotrophic fac-
tors, and forming a glial scar around damaged tissue, which
simultaneously sequesters damaging necrotic debris and ham-
pers reparative processes [21, 22]. Treatments that promote
the A2 phenotype may improve outcomes after stroke, a hy-
pothesis tested in this study.

Mitochondrial integrity after stroke is also a key factor in
the outcome of salvageable tissue and neurological function
[4]. After ischemic insult, mitochondrial components are com-
promised, causing the generation of reactive oxygen species
that perpetuate long-term dysfunction via damage to key cel-
lular macromolecules [4]. Treatments that can preserve or re-
store mitochondrial dysfunction have been beneficial in ani-
mal models of stroke, neurodegenerative conditions, and is-
chemic brain injury [12, 23-29]. Oxidative damage after is-
chemic insult can act through a number of pathways to induce
apoptotic cell death [4]. All of these factors compound one
another, and as such, targeting the neuronal environment may
be a viable strategy in preventing cell death in the salvageable
penumbra and promoting repair processes that may improve
recovery after stroke. Transcranial magnetic stimulation
(TMS) may be one potential therapy to achieve this.

TMS is the application of a targeted external magnetic
field to the brain, inducing an electric current within a

selected region of the brain [30]. This induced current
can inhibit neural activity at lower frequencies and can
stimulate activity at higher frequencies [31]. Repeated
TMS (rTMS) has demonstrated efficacy in treating psychi-
atric disorders like depression and obsessive-compulsive
disorder, as well as some neurological conditions such as
Parkinson’s disease (PD) [30, 32, 33]. RTMS has been
applied to several injury and disease animal models, re-
vealing many beneficial behavioral and neuroprotective
effects [34, 35]. Application of rTMS after an experimental
stroke model increased expression of genes involved in
neural remodeling, repair, neuroprotection, and injury re-
sponse [36]. In models of Alzheimer’s disease (AD) and
PD, rTMS reduced (3-amyloid levels and increased expres-
sion of neurotrophic factors like BDNF and NGF [34, 35].
Due to the non-invasive nature of rTMS and the breadth of
effects relevant to ischemic stroke, this study investigated
the effects of rTMS on an experimental photothrombotic
(PT) rat model of ischemic stroke.

Materials and Methods
Animals and Study Design

Male Sprague-Dawley rats (200-250-g body weight) were
used in the present work, and the animals were randomly
divided into 3 groups: (a) healthy animals without PT
stroke; (b) PT stroke animals that received sham-rTMS
treatment (PT stroke control group); (c) PT stroke animals
that received rTMS treatment (rTMS group). Five-minute
daily rTMS treatment (initiated 3 h after PT stroke) was
administrated from day 0 to day 5 after PT stroke
(Fig. 1b). Behavioral tests were performed from day 1 to
day 13. For further analysis, rat brains were collected at
day 5 (3 h after the last rTMS treatment) and day 21 after
stroke induction, respectively. All the surgeries and histo-
logical counting were performed by investigators blinded
to the treatment and staining groups. Randomization was
used to assign groups and to collect and analyze data.
Sample size (n) calculation was based on power analysis
using SigmaStat 3.5 software (SPSS, Inc., IL, USA) and
our previous work experience in the PT stroke model.

The predefined primary outcome measures were the
reduction in infarct size and peri-infarct neuronal degen-
eration, functional recovery, reduction of local inflamma-
tion, and oxidative stress.

All animal procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Augusta
University (Protocol #2014-0661) and complied with the
guidelines of National Institutes of Health. Every effort was
made to avoid/alleviate animal pain and distress and minimize
the number of animals used in the project.
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Fig. 1 PT stroke-induced cerebral infarct volume is attenuated following
rTMS treatment. a A schematic view of the stereotactic coordinates used
to photochemically induce an ischemic infarct in the sensorimotor cortex,
the area targeted by cold light (3-mm radius) is indicated by red circle (a).
Diagram depicting lesion location, relative to bregma, in the rat brain
21 days after photothrombotic (PT) stroke (b). b Schematic illustration
of a standard theta-burst stimulation paradigm (a, 3 pulses of 50 Hz re-
peated every 200 ms), rTMS using a Helmholtz coil (b, intensity at
200 G), and schematic diagram of the rTMS treatments (5-min daily
theta-wave rTMS) from 3 h to day 5 after PT stroke (c). ¢ Effects of
rTMS on the regional blood flow after PT stroke. The blood perfusion

Photothrombotic Stroke Injury and Administration
of Repetitive Transcranial Magnetic Stimulation

The rat PT stroke model was performed as previously described by
our laboratory [11, 12]. In brief, the animals were intraperitoneally
(i.p.) anesthetized with sodium pentobarbital (50 mg/kg) and secured
in a stereotactic frame with ear bars. The skull surface was exposed
and periosteum was then gently cleaned with hydrogen peroxide, and
a fiber optic cable delivering cold light (6 mm diameter) was placed
stereotaxically onto the skull. Five minutes after administration of the
Rose Bengal dye (0.1 mg/g of body weight, i.p.), the cleaned skull
was illuminated for 15 min with the light spot centered at 1.8 mm
anterior to the bregma and 2.5 mm lateral from the midline, as shown
in Fig. 1 a. Rectal temperature of the animals was maintained within
the range of 36.5-37.5 °C during and after surgical operation.

For rTMS treatment, a standard theta-burst stimulation par-
adigm (3 pulses of 50 Hz, repeated every 200 ms) of rTMS
was continuously delivered to the infarct hemisphere using a
pair of Helmholtz coils, as illustrated in schematic Fig. 1 b.
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units above the infarct core were measured at the indicated time points,
and the mean value versus the baseline value was defined as relative
blood perfusion. Baseline blood flow values were recorded 5 min before
induction of PT stroke. d Coronal brain sections stained with cresyl violet
showing typical cortical infarcts in PT group and rTMS combination
treatment group on day 21. Treatment with rTMS significantly reduces
the infarct volume compared with the PT group at day 21 but not day 5
after stroke. Values are expressed as mean + SE (n = 8-10). Magnification
x4 in (d); #P <0.05 versus PT group without rTMS treatment. N.S., no
significant difference

The wave signal and parameter were generated by an isolated
pulse stimulator (model 2100, A-M system, WA, USA) and
the temporal-pattern signal of amplified electromagnetic
pulses was displayed and monitored using a digital oscillo-
scope. The intensity of the magnetic field between two coils
was adjusted to 200 G, detected and monitored by using a FW
Bell RoHS gauss meter (#5180, OECO LLC, OR, USA). All
animals were restrained in a transparent DecapiCone (DCL-
120, Braintree Scientific, MA, USA) during treatment and
returned to their home cage immediately thereafter. Sham-
rTMS-treated animals in PT stroke group underwent identical
procedures as with rTMS-treated stroke animals except that
the power of the magnetic system was not turned on.

Laser Doppler Flowmetry Monitoring
To continuously monitor the microvascular blood flow at the

indicated time points (30 min, 1,2, 3,4 hand 1, 3, 5 d after PT
stroke), the animals were anesthetized under light isofluorane



Transl. Stroke Res. (2020) 11:450-467

453

using a nose cone with the core temperature maintained at
36 °C. The skull surface was exposed and cleaned with hy-
drogen peroxide followed by saline. A laser OxyFlo XP
Probe, which was connected to an Oxy-Lab Laser Doppler
flow (LDF) Microvascular Perfusion Monitor (Oxford
Optronix Ltd., UK), was vertically placed at the light-
illuminated center (bregma + 1.8 mm, 2.5 mm lateral to mid-
line). Monitoring was performed for 5 min and the collected
values were recorded and averaged to provide a mean value of
blood perfusion units (BPU) over the testing period. Baseline
cortical blood flow was obtained by monitoring BPU before
PT stroke procedures.

Brain Section Preparation and Infarct Volume Analysis

As described previously [37], under deep anesthesia with so-
dium pentobarbital, animals were transcardially perfused with
ice-cold saline, followed by 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB). Brains were removed, post-
fixed overnight with PFA, and cryoprotected with 30% su-
crose until they sank. Coronal sections (25 um each) of each
rat brain were collected in series in the coronal plane of the
sensorimotor cortex (~— 1 to + 3 mm anterior of bregma). For
calculation of relative infarct volume, every tenth section was
collected and used for cresyl violet staining (~ 20 sections total
per brain). In brief, the selected brain sections were stained
with 0.01% (w/v) cresyl violet for 10 min, followed by graded
ethanol dehydration.

The images of brain sections were acquired by
AxioVision microscope system (Carl Zeiss, Germany).
Collected images from each coronal section were imported
into Image J software (NIH) and the infarct regions were
traced and measured. The lesion surface area and the corre-
sponding contralateral hemisphere area were multiplied by
the depth of slice to determine the infarct volume and the
contralateral side volume, respectively, for each slice.
Infarct volumes from the representative slices were summed
to provide a single value for each animal. The relative in-
farct volume in each animal was expressed as a percentage
ofthe contralateral uninjured hemisphere [11]. A mean + SE
was calculated from the data in each group (n=28-10).
Statistical analysis was performed as described below.

Fluorescence Staining and Confocal Microscopy

Coronal slices (25 um) centered on the infarction lesion
were collected as above. As described in our previous
study [12], the brain area of the peri-infarct regions (within
1 mm surrounding the infarct lesion) was chosen for imag-
ing and analysis. Immunofluorescence staining was per-
formed following the standard protocol as described in
our previous study [38]. In brief, free-floating sections as
prepared above were blocked with 10% normal donkey

serum for 1 h, followed by primary antibody incubation
overnight at 4 °C. The following primary antibodies were
used in present study: anti-Synaptophysin and Spinophilin,
anti-4-HNE and 8-OHdG (Abcam); anti-MAP2, GFAP,
C3d and S100A10 (Thermo Fisher Scientific); anti-Ibal
(Proteintech Group); anti-Cleaved-IL-1f3, cleaved
caspase-3 (Aspl75) and Phospho-Histone H2A.X
(Ser139) (Cell Signaling); anti-TGF-3 (Santa Cruz); and
anti-Malondialdehyde (MDA, Novus Biologicals).
Sections were then washed three times at room temperature
(RT) and incubated with appropriate Alexa Fluor donkey
anti-mouse/rabbit secondary antibodies (Thermo Fisher
Scientific) for 1 h at RT. After washes, the sections were
mounted and coverslipped in Vectashield mounting medi-
um with DAPI (H-1200, Vector Laboratories). To measure
the changes of mitochondrial membrane potential (MMP),
MitoTracker Red (MitoRed) fluorescent dye (50 ng/ml in
100 pl of saline) was administered via tail vein injection
5 min before brain collection as described [26]. The brains
were then perfused with 4% PFA and post-fixed and coro-
nal brain slices (25 um) were prepared. After washes, the
sections were mounted and sealed in Vectashield mounting
medium as mentioned above.

Superoxide production in situ was detected by
dihydroethidium (DHE) staining as reported in our recent
work [37]. In brief, brain sections were incubated with
10 uM DHE (AnaSpec) in the dark for 10 min at RT.
Sections were then washed and mounted with PBS for visu-
alization using a confocal microscope. CellROX Green
(C10444, ROS-G, Thermo Fisher Scientific) was also used
for oxidative stress detection. Briefly, the reagent (5 uM in
50 ul of saline) was injected to the tail vein 5 min prior to brain
collection. The brains were then perfused, fixed and sliced
(25 wm) for confocal microscopy. DHE and ROS-G fluores-
cent intensity was analyzed and expressed as percentage
changes versus contralateral (Ctl) side of PT control.

All the fluorescent images were captured under a LSM700
Meta confocal laser scanning microscope (Carl Zeiss) using %
40 oil immersion Neofluor objective. All the captured images
were viewed and analyzed using LSM700 Meta imaging soft-
ware or ImagelJ software, and representative fluorescent im-
ages were presented.

Behavioral Tests

Neurological behavior assessments were performed to mea-
sure motor impairment and somatosensory deficits in PT
stroke rats. All tests were performed in a soundproof room
with a neutral environment in a blinded fashion, and recorded
and analyzed using ANY-maze video tracking software
(Stoelting Co., Wood Dale, IL).

Standardized batteries of behavioral tests were performed
on days 1,3,5,7, and 13 after PT stroke.
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These tests included:

(a) The adhesive removal test and cylinder test, as de-
scribed in our previous studies [12, 11]. Briefly, to test
the changes of forepaw somatosensory activity in ad-
hesive test, two small pieces of adhesive-backed small
adhesive strips (0.35 x 0.45 cm) were used as bilateral
tactile stimuli to the animal forelimb paws. Animals
were returned to the home cages in the absence of
their cagemates. Time taken to remove the adhesive
tapes from forelimbs within 2 min was recorded and
analyzed. The cylinder test was conducted to evaluate
paw usage preference and the effect of rTMS on the
asymmetry of contralateral (left) forelimb usage.
Animals were placed in a transparent glass cylinder
(diameter: 10 cm; height: 15 cm). During the 2-min
trial, the number of contacts between left or right paws
and the side of the cylinder wall was counted. The
percentage of left paw usage (score % =number of left
paw use/number of total paw use) was calculated and
compared between groups.

(b) The ladder dexterity test was adopted to evaluate the
motor coordination after stroke using a procedure previ-
ously described [39]. A horizontal ladder rung walking
test apparatus (100 cm long and 19 cm high) with metal
ladder rungs (3 mm diameter) was placed 30 cm above
the ground with a home cage at one end. The distance
between the side walls was adjusted to 1 cm wider than
an animal to prevent it from turning around. A variable
irregular spacing (from 1 to 3 cm) between the rungs was
changed and applied to all animals daily to minimize the
animals from learning the ladder spacing pattern. Three
consecutive trials were recorded daily in each animal,
and the average number of missteps (missteps, slips,
stumbles, and falls) was calculated and compared in the
indicated days and groups.

(¢) The hanging wire test was performed to evaluate the
forelimb grip strength and motor coordination, as de-
scribed in our recent work [11]. A metal wire was
stretched and suspended 60 cm above ground. An an-
imal was suspended by its tail and guided to grasp the
wire with the forepaws, and allowed to hang by itself
without support from the tester. Hanging wire score
was acquired from a 5-point scale system: 0, the ani-
mal falls off immediately; 1, the animal hangs onto the
wire by two forepaws; 2, as for 1 and attempts to
climb onto the wire; 3, as for 1 and uses one or both
hind limbs while attempting to climb onto the wire; 4,
the animal grasps the wire with all four paws, or wraps
its tail around the wire. Each testing session included
3 trials with a 5-min delay interval, and the highest
reading of three successive trials was selected from
each animal for statistical analysis.

@ Springer

Brain Homogenates and Western Blotting Analysis

As described in our previous study [12], brain tissues of
the peri-infarct regions from PT stroke animals and sham
controls were microdissected quickly from the cortex on
an ice pad and immediately frozen in liquid nitrogen.
Brain homogenates and total protein fractions were pre-
pared according to our previous protocol [38]. Protein
concentrations were determined using a Modified Lowry
Protein Assay kit (Pierce, Rockford, IL, USA). Western
blotting was performed as described previously by our
laboratory [40]. In brief, proteins (50 pg) were separated
on sodium dodecyl sulfate-poly-acrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a PVDF mem-
brane. The membranes were then blocked and incubated
separately at 4 °C overnight with the following antibod-
ies: ati-CD206, CD32, CD74, and CD86 (Thermo Fisher
Scientific); anti-ARGI1, IL-4, IL-10, iNOS, and p-actin
(Proteintech Group); MnSOD (SOD2) and nitrotyrosine
(3-NT) (Santa Cruz). Membranes were then washed and
incubated with HRP-conjugated secondary antibodies for
1 h at RT. Bound proteins were visualized using a cold
CCD digital imaging system, and semi-quantitative anal-
yses of the bands were performed using Image J software.
Band density was normalized to loading control (3-actin).
Data were expressed as means + SE for graphical presen-
tation and statistical analysis.

Histological Analysis

Histological examination of the brain was performed with
F-Jade C and TUNEL staining using our previous proce-
dures [38, 40]. Briefly, the collected free-floating sections
(25 pm thick) were incubated with Fluoro-Jade C
(AG325, Sigma-Aldrich) working solution for 20 min in
PBS as recommended by the manufacturer. Sections were
washed 5 times with PBS-Triton X-100 and mounted
using water-based mounting medium containing
antifading agents. TUNEL labeling was performed using
a Click-iT® Plus TUNEL assay kit (Thermo Fisher
Scientific) following the manufacturer’s protocol. All the
images were obtained using a Zeiss LSM700 Meta confo-
cal laser microscope (Carl Zeiss).

For quantitative analyses of neuronal degenerative
and apoptotic cell death, the number of F-Jade C posi-
tive cells and TUNEL-positive cells per 300 x 300 mm
square in the peri-infarct cortical areas were counted in
3-5 representative brain sections from each animal. Cell
counts on each of the examined sections were averaged
to provide a single value for the brain. A mean + SE
was calculated from the data in each group and com-
pared between groups.
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NADPH Oxidase Activity and Superoxide Production
Assay

NADPH oxidase activity was determined as described previ-
ously by the author [38]. Photon emission from the lucigenin-
chemiluminescent reaction was measured under a
luminometer (PE Applied Biosystems). Relative light units
(RLU) associated with NADPH oxidase activity was calculat-
ed. Superoxide anion production in the protein samples was
measured as described [37]. Briefly, DHE was added to 30 pg
of brain homogenate to a final concentration of 10 uM. The
mixture was incubated in the dark for 10 min at RT. The
fluorescence intensity was measured under a fluorescence
spectrophotometer (485 nm excitation/590 nm emission). A
mean + SE was calculated from the data collected in each
group for graphical depiction.

Proteome Profiler Rat Cytokine Analysis

Cytokine array analysis was performed using the Proteome
Profiler Rat Cytokine Array Panel A kit (#ARY008, R&D
Systems, Inc., MN, USA) following the manufacturer’s in-
structions. Briefly, samples from each experimental condition
were pooled and 800 pg of protein per treatment group were
loaded on the array’s membrane. Cytokine profile was per-
formed in duplicate and dots were detected using a chemilu-
minescence system as described above. The calculated aver-
age pixel density of each pair of dots, representing as relative
levels of cytokines, was analyzed with ImageJ software.

Caspase Activity Assay

Caspase-9 and caspase-3 activities were measured using
fluorogenic substrates as described by our laboratory [40]. In
brief, the reaction was initiated by mixing the protein homog-
enate and substrates (Ac-DEVD-AMC for caspase-3 and Ac-
LEHD-AMC for caspase-9, AnaSpec, Fremont, CA), respec-
tively, in protease assay buffer followed by incubation for 1 h
at 37 °C. The free AMC was determined on a fluorescence
spectrophotometer (Perkin Elmer) with excitation at 360 nm
and emission at 460 nm. Values were calculated as changes in
fluorescent units per microgram of protein and presented as
percentage changes compared to the sham group.

Statistical Analysis

All the data were expressed as mean + SE and processed
by using SigmaStat 3.5 software (SPSS, Inc., IL, USA).
Behavioral tests were analyzed by ANY-maze video
tracking software (version 5.1, Stoelting Co.). Statistical
analyses of the results were examined by one-way analy-
sis of variance (ANOVA) or the repeated-measures
ANOVA. After ANOVA, Student-Newman-Keuls’ or

Dunnett’s test was used for post hoc analyses to determine
differences between groups or to compare with the control
group. Probability values less than 0.05 (P<0.05) were
considered a statistically significant difference.

Results

rTMS Treatment Attenuates PT Stroke-Induced
Cerebral Infarct Volume

As indicated in Fig. la and d, ischemic stroke infarct of the
sensorimotor cortical area was successfully induced by a clas-
sic photothrombotic method. Assessments of the changes in
cerebral blood flow were carried out at the indicated time
points after PT stroke. As shown in Fig. 1 c, cortical blood
flow, measured at the infarct center, was greatly reduced by PT
ischemic insult at 30 min, 1, 2, 3, and 4 h after stroke com-
pared to the baseline values, with slight increases over the
examined time period 1, 3, and 5 days after PT stroke. There
were no significant changes of relative blood perfusion be-
tween the PT stroke group and the rTMS-treated PT group.
To investigate the effects of continuous theta-burst transcrani-
al r'TMS treatment initiated 3 h after PT stroke (Fig. 1b), brain
sections were labeled with cresyl violet staining (Fig. 1d).
Representative infarcts outlined on cresyl violet-stained brain
sections and data analysis demonstrated that rTMS treatment
significantly reduced infarct volume (Fig. ¢, d), at day 21 but
not day 5 after stroke. The total infarct volume was reduced
from 8.25+0.62% in PT stroke control animals to 4.51 £
1.09% in rTMS-treated stroke animals, representing a
45.33% reduction.

rTMS Treatment Promotes Functional Recovery

As the reduced infarct area was located at the right sen-
sorimotor neocortex, potentially associating with primary
sensory and motor function, the animals were subjected to
a battery of behavioral tests on days — 1 (baseline), 1, 3, 5
7, and 13 following PT stroke. The adhesive test was
conducted to compare the changes of forepaw somatosen-
sory activity. As shown in Fig. 2 a, compared with base-
line of PT and sham animals, PT stroke controls spent
significantly more time to remove the adhesive tape.
However, on post-stroke days 5, 7, and 13, the time spent
in removing adhesive tape of the rTMS-treated animals
was significantly reduced compared with that of PT con-
trols. In addition, the cylinder test was performed to test
paw usage preference. The percentage of paw usage con-
tralateral to the infarct hemisphere was calculated and
compared. Data analysis revealed that the PT group ani-
mals displayed robustly decreased contralateral paw usage
as compared with the baseline and sham groups (Fig. 2b).
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Fig. 2 rTMS treatment significantly ameliorates behavioral deficits after
PT stroke. a The adhesive test was performed to test forepaw
somatosensory activity. Time taken to remove adhesive was recorded
and analyzed. b The cylinder test was conducted to test paw usage
preference. Percentage of paw usage contralateral to the damaged
hemisphere was compared between groups. ¢ Motor coordination was
evaluated using the ladder dexterity test. Average number of missteps

In contrast, the locomotor deficits in the PT group rats
treated with rTMS were significantly ameliorated, as evi-
denced by the improved sensorimotor activity tested on
post-stroke days 5, 7, and 13, compared with those of
the PT control group. These behavioral improvements
were further supported by the data analysis of the reduced
number of missteps in the ladder dexterity test and the
improved score in hanging wire grip test, on testing days
3, 5,7, and 13 after PT stroke, demonstrating that move-
ment coordination functions and forelimb strength were
greatly improved in rTMS-treated animals (Fig. 2¢, d).
Taken together, these findings reveal that continuous
rTMS post-treatment significantly ameliorates behavioral
deficits after ischemic stroke.

rTMS Treatment Reduces PT Stroke-Induced Synaptic
Loss and Neuronal Degeneration in the Peri-infarct
Region

It is known that functional deficits after stroke are close-
ly related to the loss of dendritic and synaptic proteins.
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Therefore, we next investigated the effect of rTMS on
dendritic and synaptic damage 5 and 21 days after PT
stroke. As shown in Fig. 3 a and b, representative con-
focal microscopy of the dendritic spine marker
spinophilin (green) and the presynaptic marker
synaptophysin (red) and quantitative analysis showed
markedly decreased number of synaptic granules in PT
stroke animals (PT vs. Ctl)). Stroke animals that had
rTMS post-treatment showed high density of synaptic
granules (ITMS vs. PT), suggesting stroke-induced syn-
aptic loss was prevented by rTMS post-treatment.
Consistent with this interpretation, quantification of
colocalized synaptic puncta revealed that rTMS-treated
stroke animals exhibited increased colocalization be-
tween the signals generated by these markers in the
peri-infarct region at days 5 and 21 after PT stroke,
suggesting significantly preserved synaptic structure
compared with PT control (Fig. 3a, b).
Correspondingly, brain sections at days 5 and 21 after
PT stroke were stained with F-Jade C to explore the
effects of rTMS on PT stroke-induced neuronal
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Fig. 3 rTMS treatment significantly inhibits PT stroke-induced synaptic
loss. a Representative confocal microscopy images of the dendritic spine
marker, spinophilin (green, each granule is one dendritic spine), and the
presynaptic axonal bouton marker, synaptophysin (red, each granule is
one axon bouton), in the peri-infarct area 5 days (a—c) and 21 days (d—f)
after PT stroke. The appearance of spinophilin and synaptophysin profiles
was taken from the peri-infarct region within a 1.0-mm wide belt. b
Quantification of the number of spinophilin granules, synaptophysin

degeneration. As shown in Fig. 4 a and b, ischemic
stroke resulted in significant degeneration of cortical
neurons in the peri-infarct area, which was significantly
ameliorated by rTMS treatment. Additionally, brain sec-
tions were labeled with MAP2, a sensitive indicator for
the assessment of neuronal injury. Confocal microscopy
and quantitative analysis revealed that stroke rats had
less MAP2 fluorescent intensity and greater MAP2 dis-
persion, reflective of dendritic damage to the peri-infarct
neurons. In contrast, dendritic morphology was markedly
spared in stroke rats that received rTMS treatment. These
data indicate that rTMS post-treatment significantly sup-
presses PT stroke-induced synaptic injury and neuronal
degeneration in the peri-infarct region.
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granules, and colocalized puncta between the two channels. The total
number of synaptic granules and puncta per 50 x 50 pm square were
counted and quantified by using the Image] “Puncta Analyzer” plugin
and expressed as percentage changes versus the Ctl group. Magnification
% 120; scale bar 10 pm. Data represent mean + SE (n = 6-8). P <0.05
versus Ctl; #P <0.05 versus PT group without rTMS treatment. Ctl,
contralateral side

rTMS Treatment Reduces Microgliosis, Induces a Shift
in M1/M2 Phenotype Activation, and Suppresses
Pro-inflammatory Cytokines Production After PT
Stroke

The expression of pro-inflammatory cytokines in the peri-
infarct tissue proteins was evaluated using Proteome
Profiler Rat Cytokine Array Kits. For the PT stroke con-
trol animals, we observed markedly elevated expression
of 11 types secreted pro-inflammatory cytokines (CNTF,
CX3CLI, IFN-r, IL-«, IL-1f3, IL-1ra, IL-2, IL-3, IL-6, IL-
17, and TNF«x) compared with sham, at the day 21 time
point (Fig. 5a). In contrast, the levels of these chemokines
were apparently suppressed following rTMS treatment.
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Fig.4 rTMS treatment reduces PT stroke—induced neuronal degeneration
in the peri-infarct cortical region. a Representative confocal microscopy
images of F-Jade C staining (green in a-f) and MAP2 staining (green in g-
1) in the peri-infarct cortical areas 5 and 21 days after PT stroke. Nuclei
were counterstained with DAPI (native blue color was changed to red for
ease of viewing). b Quantitative analyses of the numbers of F-Jade C

However, most of these measured cytokines were not very
highly induced and inhibited by PT stroke and rTMS,
respectively, at the early time point of day 5.

Over-activation of microglia is known to affect local
inflammation, resulting in changes in the neuronal mi-
croenvironment and neuronal damage. Figure 5 b (a, f,
k) shows representative confocal microscopy of Ibal
staining (green) taken from the peri-infarct region.
Quantitative analyses (Fig. 5d) show robust increases
in IBA1 immunoreactivity in PT stroke animals (PT
vs. Ctl) and decreases in rTMS-treated animals, suggest-
ing an effective inhibition of overall microgliosis.
Additional studies in Western blotting and quantitative
analyses revealed that rTMS induces a shift in M1/M2
phenotype activation, as evidenced by inhibition and
elevation of levels of proteins associated with classical
M1 phenotype activation (left panel in Fig. 5 ¢, iNOS,
CD32, CD74, and CD86) and the alternative M2 phe-
notype activation (right panel, ARG1, CD206, IL-4, and
IL-10), respectively, in the peri-infarct brain region (Fig.
5¢). Immunofluorescence staining and immunoactivity
intensity analyses of TGF[ and CD206 further con-
firmed that rTMS facilitated M2 phenotype polarization
(Fig. 5b, d).
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As also presented in Fig. 5 band d, immunostaining for
the active forms of IL-13 (Cle-IL-13) and TNF& demon-
strated predominant expression in the peri-infarct brain ar-
ea in PT stroke animals, while these levels could be signif-
icantly reduced by rTMS post-treatment. Taken together,
the results strongly support rTMS’s efficacy in modulating
microglia activation, reducing pro-inflammatory cyto-
kines, and, eventually, improving the local neuronal micro-
environment following ischemic stroke.

rTMS Treatment Reduces Glial Scar Formation

and the Level of Reactive Astrogliosis and Induces
an A1 to A2 Switch in Astrocytic Phenotypes After PT
Stroke

Glial scar formation is one of the characteristic patholog-
ical hallmarks of stroke and a significant obstacle for
stroke recovery [41]. We next explored the effects of
rTMS on the profile changes of astrocytes after PT
stroke, as reactive astrogliosis is the most important fea-
ture of glial scar formation after stroke. As presented in
Fig. 6 a, the typical overview images of GFAP labeling
and quantitative analyses showed a remarkable inhibitory
effect of rTMS on the thickness of the glial scar.
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Fig. 5 rTMS treatment induces a shift in microglial M1/M2 phenotype
activation and suppresses pro-inflammatory cytokine production after PT
stroke. a The expression of inflammation-related cytokines in the tissue
proteins were evaluated using Proteome Profiler Rat Cytokine Array Kits
as detailed in the method. Note that expression of the indicated inflam-
matory cytokines was suppressed following rTMS treatment at day 21. b,
d Immunofluorescence staining and immunoactivity intensity analyses of
IBA1 (a marker of microglia) and the indicated inflammatory cytokines.
Representative microscopy images on peri-infarct brain sections from the

Additional studies in Fig. 6 b revealed robust increases
in GFAP immunoreactivity and astrocytic cell thickness
within the peri-infarct cortex in PT stroke animals (PT
vs. Ctl) and significant decreases in rTMS-treated stroke
animals (rTMS vs. PT), respectively. Recently, reactive
astrocyte phenotype heterogeneity has been noted, espe-
cially with the concept of Al and A2 subtypes of reac-
tive astrocytes. C3d and S100A10 staining have been
used to detect both the neurotoxic “Al1” phenotype and
neuroprotective “A2” phenotype of astrocytes, respec-
tively. As presented in Fig. 6 ¢ and d, colocalization of
the C3d and S100A10 signals within GFAP staining of
brain astrocytes were observed, indicating astrocytic

Ctl, PT, and PT + rTMS groups 21 days after PT stroke are presented (n =
5-6 animals/group). ¢ Western blotting and quantitative analyses of the
indicated protein markers associated with classical activation (left panel,
M1 phenotype) and alternative activation (right panel, M2 phenotype) in
microglial polarization, using total protein samples from peri-infarct brain
region (n = 4-5 animals/group). Cle-IL1{3: Cleaved IL1f3. Scale bar rep-
resents 50 um. All values are expressed as mean + SE. “P < 0.05 versus
Ctl, *P < 0.05 versus PT control group without rTMS treatment. Ctl, con-
tralateral side

expression of C3d and S100A10. Intriguingly, PT stroke
induced significant elevated activation of Al-phenotype
astrocytes compared with Ctl control, and this increase
could be greatly attenuated by rTMS treatment (Fig. 6¢
(a—h)). Strikingly, stroke induced mild but significant ac-
tivation of the protective A2-phenotype astrocytes com-
pared with the control, and this effect was further
boosted following rTMS treatment (Fig. 6d (a—h)).
Taken together, our results show that rTMS post-
treatment is capable of limiting PT stroke—induced glial
scar formation and excessive astrogliosis, as well as
switching reactive astrocytes from Al to A2 phenotype
in the peri-infarct region.
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Fig. 6 rTMS treatment reduces the width of glial scar and the level of
reactive astrogliosis and induces an Al to A2 switch in astrocytic
phenotypes after PT stroke. a GFAP fluorescence staining and the
calculation of thickness of the glial scar were performed in the PT and
rTMS-treated groups 21 days after stroke (Magnification x 10; scale
bar 50 um; P, peri-infarct; GS, glial scar). b Representative confocal
microscopy images showing GFAP staining (green) and DAPI staining
(red) within the peri-infarct cortex on day 21 following PT stroke
(Magnification x 40; scale bar 50 um). Inserts indicate the typical mor-
phological features of different types of astrocytes. The immunoactivity

rTMS Treatment Reduces NADPH Oxidase Activity
and Superoxide Production and Oxidative Neuronal
Damage After PT Stroke

Our previous work demonstrated that activation of
NADPH oxidase plays a critical role in ischemic brain
damage [38, 42]. Figure 7 a reveals that NADPH oxi-
dase activation and superoxide levels in the peri-infarct
cortical proteins at days 5 and 21 after PT stroke are
significantly elevated, and that these effects could be
effectively attenuated following rTMS treatment. We
further validated the robust induction of oxidative stress
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associated with GFAP and relative astrocytic cellular thickness were
quantified and compared between groups. ¢, d Representative double
immunofluorescence staining and immunoactivity intensity analyses of
C3d (a marker of the neurotoxic “A1” phenotype) and SI00A10 (a mark-
er of the neuroprotective “A2” phenotype) in the peri-infarct brain regions
(Magnification x 60, scale bar, 10 um). Data are presented as mean + SE,
n=6-8 per group. P<0.05 versus Ctl; P <0.05 versus PT control
group without rTMS treatment. Ctl, contralateral side

in PT stroke rats, wherein they displayed increased DHE
and ROS-G fluorescent intensity in the peri-infarct cere-
bral cortex (Fig. 7b), an effect that was significantly
reduced by rTMS administration. Furthermore, as shown
in Fig. 7 ¢ (a—j), confocal microscopy and
immunoactivity intensity analyses of oxidative damage
markers were performed on brain sections 21 days after
PT stroke. The results revealed that, in agreement with
reduction of NADPH oxidase activity and oxidative
stress by rTMS, rTMS markedly attenuated oxidative
neuronal damage as measured by immunofluorescent la-
beling for lipid peroxidation (MDA and 4-HNE), DNA
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Fig. 7 rTMS treatment reduces NADPH oxidase activity and superoxide
production, oxidative stress, and oxidative neuronal damage in the peri-
infarct cortical region after PT stroke. a NADPH oxidase activity and the
level of superoxide anion production, at days 5 and 21 after PT stroke,
were performed using whole cell protein samples and expressed as fold
increase versus sham (n = 5-6 per group). b Representative microscopy
images of the peri-infarct cerebral cortex depicting dihydroethidium
(DHE), ROS-G and DAPI staining at post-stroke day 21. DHE and
ROS-G fluorescent intensity was analyzed using ImageJ analysis soft-
ware and expressed as percentage changes versus respective Ctl control.
¢ Representative Immunofluorescence staining and immunoactivity

double-strand breaks (p-H2A.X Ser139), and oxidized
DNA damage (8-OHdG). Western blotting and quantita-
tive analyses of 3-NT (a marker for peroxynitrite pro-
duction) and MnSOD isoform in total protein samples
from the peri-infarct region showed that PT stroke re-
sulted in significant increases in 3-NT and MnSOD
levels compared with control groups 21 days post-
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intensity analyses of oxidative damage markers for lipid peroxidation
(MDA and 4-HNE), DNA double-strand breaks (p-H2A.X Ser139), and
oxidized DNA damage (8-OHdG) in the peri-infarct regions at day 21
(n =5-6 per group). Fluorescence intensity was quantified using Imagel
analysis software and expressed as percentage changes versus the respec-
tive control groups. The levels of peroxynitrite production (3-
nitrotyrosine, 3-NT) and the mitochondrial MnSOD isoform were ex-
plored using western blotting and quantitative analyses (n =4-5 ani-
mals/group). Scale bars, 50 um. Data are presented as mean + SE in each
group. *P < 0.05 versus sham or Ctl control; *P < 0.05 versus PT group
without rTMS treatment. Ctl, contralateral side

stroke (Fig. 7d). However, the elevation of 3-NT was
significantly suppressed, while MnSOD production was
further promoted by rTMS administration. In summary,
these findings imply that rTMS post-treatment plays a
novel role in attenuating oxidative neuronal damage and
maintaining cellular redox homeostasis status following
PT stroke.
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rTMS Treatment Inhibits the Intrinsic Apoptotic
Pathway and Attenuates Delayed Apoptotic Cell
Death in the Peri-infarct Cortical Region After PT
Stroke

We next investigated the effect of rTMS post-treatment
on the activation of the intrinsic mitochondrial apoptotic
pathway 21 days following PT stroke. Mitochondrial
membrane potential (MMP) was assessed by evaluation
of MitoRed fluorescent dye intensity in each group. As
shown in Fig. 8 a (a—c and g), PT stroke induced sig-
nificant collapse of MMP as reflected by MitoRed stain-
ing and fluorescence intensity analyses, suggesting the
loss of mitochondrial membrane integrity. This effect
was markedly abolished by rTMS administration in cor-
tical neurons of the peri-infarct region. As demonstrated
in Fig. 8 a (d-f green staining, and h), elevated
immunoactivity of cleaved caspase-3 (active state) was
seen in the PT stroke ipsilateral side compared with the
contralateral hemisphere. Notably, rTMS exerted a ro-
bust inhibitory effect on the activation of caspase-3.
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Fig. 8 rTMS treatment reduces activation of the mitochondrial/caspase
apoptotic pathway in the peri-infarct cortical region after PT stroke. a
MitoTracker Red (MitoRed) fluorescent dye was used to evaluate the
changes of mitochondrial membrane integrity, and typical confocal
microscopy images are shown. The mean fluorescence intensity
associated with MMP in each group was further quantified as
percentage changes versus Ctl. Confocal microscopy with double
immunofluorescence staining for DAPI and cleaved caspase-3
(Cle-Casp-3) was performed on peri-infarct brain sections from the indi-
cated groups 21 days after PT stroke. The level of active state of Casp-3
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Subsequently, caspase-9 and caspase-3 activities were
measured by fluorogenic substrate assay using whole
cell protein samples from the peri-infarct cortex region.
As shown in Fig. 8 b, rTMS dramatically prevented the
increases in caspase-9 and caspase-3 activities evoked
by PT stroke. Finally, the level of apoptotic neuronal
death in the peri-infarct cortex region was investigated
by TUNEL staining. As presented in Fig. 8 c (a—d),
TUNEL staining and quantitative analyses demonstrated
that rTMS treatment could markedly decrease the num-
bers of TUNEL-positive cells, compared with stroke
control group. It should be noted that, at the time point
of day 5 after stroke, we did not observe significant
activation of the intrinsic mitochondrial apoptotic path-
way and apoptotic cell death in the peri-infarct region
(data not shown) as compared with day 21 after PT
stroke. These observations suggest that post-stroke treat-
ment of rTMS was efficient in preserving mitochondrial
membrane integrity and inhibiting delayed activation of
the mitochondrial/caspase apoptotic pathway following
ischemic stroke.
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was evaluated by measuring its immunoactivity using Image J software. b
Caspase-9 and caspase-3 activities were measured via a chromogenic
substrate assay using whole cell protein samples, as detailed in the
“Methods” section. ¢ Typical fluorescent images of TUNEL staining were
taken from the peri-infarct cortex region at post-stroke day 21.
Quantitative analysis was performed by counting the number of
TUNEL cells (per 300 x 300 um square). Scale bars 20 um. *P <0.05
versus Ctl; *P <0.05 versus PT group without rTMS treatment. Data are
presented as means + SE from 6 to 8 animals in each group. A.U.,
arbitrary unit; Ctl, contralateral side
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Discussion

The current study provides evidence that post-treatment of
rTMS, initiated 3 h after a novel PT stroke model, exhibited
protective properties against brain tissue loss and functional
deficits induced by ischemic insult. Ischemic stroke not only
induces neuronal loss in the infarct core but also synaptic
dysfunction and structural damage of the surviving neurons
in the surrounding peri-infarct area [7, 8]. Therefore, novel
therapeutic strategies for stroke recovery have been investi-
gated to save the affected neurons and neural circuits in the
peri-infarct tissue. Accordingly, we further demonstrated that
rTMS significantly reduced dendritic degeneration, synapse
loss and neuronal degeneration in the peri-infarct cortical area.
Importantly, the neuroprotective effects by rTMS post-
treatment were correlated with the improvement of neurolog-
ical recovery following PT stroke. The underlying mechanism
of 'TMS’s neuroprotective and functional improvement appli-
cations are, at least in part, due to the multifactorial beneficial
actions as elaborated in this current study: (1) reductions in
excessive microglial activation by switching microglial polar-
ization state from the toxic M1 to the protective M2 pheno-
type; (2) suppression of pro-inflammatory cytokine produc-
tion and neuroinflammation; (3) suppression of reactive
astrogliosis and glial scar formation, and induction of astro-
cytic phenotype activation from the neurotoxic Al state to the
neuroprotective A2 state; (4) suppression of oxidative stress
and oxidative neuronal damage, at least partly, by attenu-
ation of NADPH oxidase activity and promotion of
MnSOD expression; (5) maintenance of mitochondrial
membrane integrity and suppression of the intrinsic cas-
pase-9/3 apoptotic pathway in the peri-infarct region.
These key findings provide new insight into robust neu-
roprotective mechanisms of a novel treatment paradigm of
rTMS for stroke injury that could offer neurological func-
tional recovery for those affected by cerebral ischemia.
High-frequency (20 Hz) rTMS has been reported to restore
cellular changes associated with improved functional recovery
in a mouse middle cerebral artery (MCAQO) model [43]. In
addition, high-frequency stimulation can induce brain plastic-
ity and cerebral blood flow increases in the primary motor
cortex, which may underlie the protective mechanism
rTMS’s therapeutic potentials [44—46]. The short-burst and
low-intensity 50-Hz rTMS is confirmed to be safe and effi-
cient in stimulating electrophysiological and behavioral
changes in the human motor cortex [47, 48]. Recently, theta-
burst TMS has been used to assess pathophysiological condi-
tions of refractory depression and AD in humans in vivo [49,
50]. While the molecular mechanisms of rTMS are currently
unknown, growing evidence suggests that it can induce a ro-
bust cellular response. In a mouse PD model, rTMS applica-
tion decreased brain [3-amyloid levels while raising it in the
cerebrospinal fluid (CSF) while simultaneously attenuating

the MKK7-ERK-Fos-APP signaling axis [34]. Applying
rTMS to a mouse amyloid injection AD model, the same
group found that rTMS increased levels of the neurotrophic
factors and restored 3-catenin signaling [35]. In both cases,
these effects were accompanied by critically important func-
tional recovery [34, 35]. A study performed on an MCAO
model found rTMS upregulated expression of over 50 genes,
many of which involved with cytoskeletal remodeling, in-
flammation, synaptic plasticity and neuroprotection [36]. In
our current study, we have applied a short continuous 50 Hz
theta-burst rTMS, 3 h post-stroke, targeting to the ischemic
hemisphere under a Helmholtz coil, demonstrating neuronal
and functional benefits. However, further studies are needed
to identify the optimal stimulation protocol, doses and thera-
peutic window for the protective effects of theta-burst rTMS.
Pro-inflammatory cytokines are known to be released after
the onset of ischemic stroke, and the resultant potent pro-
inflammatory state mediates local neuroinflammation, which
further contributes to neurological deterioration after cerebral
ischemia. It is well documented that microglia activation is
implicated in different acute neurological conditions, includ-
ing stroke [15, 16]. In addition, it is conceivable that both
resident microglia and peripheral monocyte-derived macro-
phages could be activated in the ischemia-affected tissues
and contributes to the inflammation. Recent evidence sug-
gested targeting microglia and monocytes/macrophages polar-
ization as a novel therapeutic mechanism against stroke [17,
51]. Microglia and monocytes/macrophages polarize to the
classic M1-like pro-inflammatory type (secretes pro-
inflammatory cytokines) or alternative M2-like protective
and reparative type (mediates anti-inflammatory effects).
Thus, an important question is whether rTMS treatment could
play an important role in suppressing M1 polarization and
promoting M2 polarization following ischemic stroke.
Indeed, our present dataset provides critical information in
this regard, as evidenced by rTMS’s inhibition on the long-
lasting and excessive microglial activation and the increased
M1/M2 response ratio induced by PT stroke. Following acti-
vation of microglia after cerebral ischemic stroke, the release
of pro-inflammatory mediators within the local neuronal mi-
croenvironment drives a chronic inflammatory response that
is implicated in the pathogenesis of the ischemic cascade,
leading to impaired neuron-glia communication, reduced neu-
ronal plasticity, and cognitive impairments [52, 53]. In our
present study, we found that at least 11 pro-inflammatory cy-
tokines were remarkably elevated over control levels 21 days
following PT stroke, including the CNTF, CX3CL1, IFN-r,
TNF«, and interleukin (IL) groups of cytokines. Notably,
the administration of rTMS also effectively decreased the ex-
pression of multiple pro-inflammatory cytokines in the peri-
infarct brain area. Intriguingly, it was shown that most of the
examined inflammatory factors were not highly induced at the
early stage (5-day time point) after PT stroke. This is

@ Springer



464

Transl. Stroke Res. (2020) 11:450-467

consistent with the evolving nature of photochemically in-
duced stroke, wherein an inflammatory response and micro/
astrogliosis are predominant features surrounding the infarct
lesion 14 days after PT stroke [54]. Together, our findings
support a novel efficacy of rTMS in suppressing uncontrolled
and excessive activation of microglia, sustaining M2
microglial polarization and improving local microenviron-
ment by attenuation of the release of pro-inflammatory factors
following ischemic stroke.

Accumulating evidence suggest that astroglial dysfunc-
tions contribute to the pathogenesis of neurodegenerative dis-
eases. The glial scar is an important pathological feature after
ischemic stroke in the human brain [21, 22, 55]. The forma-
tion of the glial scar physical barrier by reactive astrocytes
between the peri-infarct region and the infarct core may isolate
the collateral damage from diffusible and soluble factors. On
the other hand, the aberrant extracellular matrix in the scar
components and the morphological barrier also impedes axo-
nal regeneration and hampers motor function recovery follow-
ing stroke and traumatic brain injury [56-59]. In addition,
literature has shown that inhibiting the formation of glial scar-
ring may facilitate brain repair and neurological functional
recovery [60—62]. In line with these findings, we demonstrat-
ed that rTMS has an inhibitory effect on the thickness of the
glial scar after PT stroke. Concomitantly, our observations
also showed that rTMS treatment markedly ameliorates
stroke-induced excessive astrogliosis within the peri-infarct
cortex, supporting the ability of rTMS to attenuate the dys-
function of astrocytes in ischemic pathogenesis and maintain
functional neuron response.

Two astrocytic subtypes, neurotoxic Al and neuroprotec-
tive A2-astrocytes, have been reported in the literature [20,
63]. Work from the Barres group suggests that reactive astro-
cytes are mainly protective in the mouse MCAO model, as
they observed that A2 astrocytes expressing neurotrophic cy-
tokines are more prominently upregulated at 1 day after 1 h-
MCAQO reperfusion. They also demonstrated that IL-1cx,
TNF«, and Clq cytokines, derived from classical M1-type
inflammatory microglia, are sufficient to induce A1l reactive
astrocytes. In our present PT stroke model, both A1 and A2
astrocytes are identified by the expression of C3d and
S100A10, respectively. In the expression patterns 21 days af-
ter PT stroke, A1 reactive astrocytes were 4.4-fold more high-
ly expressed compared with the control, whereas A2 reactive
astrocytes were only 1.6-fold induced in the PT stroke group.
Therefore, both Al and A2 reactive astrocyte heterogeneity
have been significantly induced as tested 21 days after PT
stroke, and the enlarged brain damage is associated with pre-
dominant expression of the harmful A1 phenotype at the late
stroke stage in the peri-infarct region. In our study, although
there was no direct evidence that confirms these Al reactive
astrocytes are induced by activated microglia, we indeed show
the same activation pattern of A1/M1 and A2/M2 phenotypes,
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as well as the release of the critical IL-1x and TNF o cytokines
that can induce Al reactive astrocytes. More importantly,
'TMS post-treatment could simultaneously induce a switch
in microglial M1/M2 phenotype and a commensurate shift
in reactive astrocytes from Al to A2 phenotype activation.
Taken together, our results strongly suggest that, rather
than merely attenuating glial activation, rTMS’s beneficial
roles also reside in the regaining of glial balance by mod-
ulation of glial phenotypes. The glial reaction in response
to rTMS therefore leads to reduced pro-inflammatory cy-
tokines from microglia and neurotoxic function of astro-
cytes with an eventually improved local neuronal micro-
environment following ischemic stroke.

Superoxide radical production and subsequent oxidative
stress have been described as the main mechanism of brain
injury caused by ischemic stroke [64—66]. It is well
established that ischemia during stroke results in impaired
mitochondrial respiratory chain complexes and mitochondrial
dysfunction, leading to excessive production of free radicals,
oxidative stress and neurodegeneration [67—69]. Excessive
inflammation also induces generation of harmful free radicals
that have adverse effects on neurons [70]. Superoxide dismut-
ase (SOD) scavenger enzymes catalyze the reduction of su-
peroxide anions to protect the cells from the damaging effects
of reactive oxygen species (ROS) [71]. In mammals,
MnSOD’s dismutase function is to detoxify free radicals gen-
erated by mitochondrial respiration. Consistent with a previ-
ous report [72], our findings show that the level of MnSOD
expression was increased in the perilesional cortex in this
photothrombosis stroke model. Intriguingly, the present inves-
tigation also shows that neuroprotective amount of MnSOD
was further elevated following rTMS administration, suggest-
ing rTMS is able to activate mitochondrial antioxidant en-
zymes, the main endogenous protective mechanism, that sig-
nificantly decrease oxidative neuronal damage after PT stroke.
In addition to dysfunctional mitochondria and inflammation,
recent work by our group and others demonstrate that exces-
sive superoxide anion derived from NADPH oxidase plays a
critical role in oxidative neuronal damage and functional def-
icits after brain ischemia [38, 42, 73—75]. In line with this
evidence, the current study validated that both NADPH oxi-
dase activity and superoxide levels in the peri-infarct cortex
were highly elevated, in a prolonged manner, by PT stroke,
and notably, rTMS post-treatment effectively attenuated these
elevations. Our current findings, the role of rTMS post-
treatment in regulating oxidative balance and attenuating ox-
idative neuronal damage following PT stroke, have made an
important contribution and have advanced the field in the
understanding of the intricate cellular mechanisms underlying
rTMS’s therapeutic potential in ischemic stroke.

In conclusion, our current study demonstrates that theta-
burst rTMS, when initially applied on the infarct hemisphere
3 h after PT stroke, exerts profound beneficial effects
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including the attenuation of cerebral infarct volume and neu-
rodegeneration in the peri-infarct area, as well as the suppres-
sion of neurological impairment evoked by cerebral ischemic
insult. The effects of rTMS post-treatment strategy appears to
involve multiple mechanisms including the modulation of ex-
cessive micro/astrogliosis and glial polarizing status, improve-
ment of the local neuronal microenvironment by balancing the
homeostasis status between pro-inflammation/pro-oxidants
and anti-inflammation/anti-oxidants, and the preservation of
mitochondrial integrity and attenuation of mitochondrial apo-
ptotic signaling in the peri-infarct zone. Our work also implies
that a novel mechanism underlying the benefits of rTMS
could result from its chronic and persistent action against the
delayed apoptotic injury following stroke, especially at the
late stage which is characterized by sustained activation of
inflammation and oxidative stress. In summary, our findings
provide evidence of the efficacy of theta-burst rTMS as a
novel non-invasive transcranial therapy and a non-
pharmacological therapeutic option in the management of is-
chemic stroke insult. Our present studies also provide impor-
tant new mechanistic insights into how rTMS protects the
brain after ischemic stroke, and adds additional support for
the promising therapeutic effect of rTMS against neuronal
injury and functional deficits following ischemic brain injury.
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