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Objective To characterize the repetitive transcranial magnetic stimulation (rTMS) induced changes in angiogenic
mechanisms across different brain regions.

Methods Seventy-nine adult male Sprague-Dawley rats were subjected to a middle cerebral artery occlusion
(day 0) and then treated with 1-Hz, 20-Hz, or sham stimulation of their lesioned hemispheres for 2 weeks. The
stimulation intensity was set to 100% of the motor threshold. The neurological function was assessed on days 3,
10, and 17. The infarct volume and angiogenesis were measured by histology, immunohistochemistry, Western
blot, and real-time polymerase chain reaction (PCR) assays. Brain tissue was harvested from the ischemic core (IC),
ischemic border zone (BZ), and contralateral homologous cortex (CH).

Results Optical density of angiopoietinl and synaptophysin in the IC was significantly greater in the low-
frequency group than in the sham group (p=0.03 and p=0.03, respectively). The 1-Hz rTMS significantly increased
the level of Akt phosphorylation in the BZ (p<0.05 vs. 20 Hz). Endothelial nitric oxide synthase phosphorylation
was increased in the IC (p<0.05 vs. 20 Hz), BZ (p<0.05 vs. 20 Hz), and CH (p<0.05 vs. 20 Hz and p<0.05 vs. sham).
Real-time PCR demonstrated that low-frequency stimulation significantly increased the transcriptional activity of
the TIE2 gene in the IC (p<0.05).

Conclusion Low-frequency rTMS of the ipsilesional hemisphere in the early subacute phase of stroke promotes
the expression of angiogenic factors and related genes in the brain, particularly in the injured area.
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INTRODUCTION

The therapeutic potential of repetitive transcranial
magnetic stimulation (rTMS) has been studied in a range
of conditions, such as central pain [1,2], depression [3],
migraine [4], and stroke [5-7]. The suggested mecha-
nisms underlying the effects of rTMS include long-term
potentiation and a long-term depression-like effect [8], a
transient shift in the ionic balance [9], metabolic changes
[10], changes in the release of neurotransmitters [11], and
an enhancement of neuroprotection [12]. Repetitive TMS
has been reported to produce a coupled neurovascular
response in cat brains [13], implying that it may affect
the vascular system. Recent studies have suggested that
modulation of gene expression may be the mechanism
underlying the therapeutic effect of rTMS [14,15].

Angiogenesis is as an essential mechanism underly-
ing functional recovery after stroke [16-18]. Although
angiogenic mechanisms lie dormant in adult mamma-
lian brains, ischemic insult evokes capillary sprouting
and new vessel formation in the ischemic border zones
[19,20]. A significant correlation between the degree of
angiogenesis and survival time in human stroke victims
has been reported [21]. The increased angiogenesis in-
duced by pharmacologic therapies appears to be related
to improvements in functional outcomes [22].

Recent studies have reported that rTMS increases
angiogenesis [15,23]. However, angiogenesis involves
the expression of many genes, which have not all been
extensively studied in previous studies. Therefore, this
study sought to evaluate the effect of -TMS on angiogenic
mechanisms in the early subacute phase after stroke.

MATERIALS AND METHODS

All procedures described below were approved by the
Institutional Animal Care and Use Committee of Seoul
National University Hospital (Approval no. IACUC 08-
0250).

Day 0 Day 3 Day 10 Day 14
MCAOQO model Behavioral test Behavioral test
(n=79) (n=49) (n=49)

Behavioral test (n=49)
Immunohistochemistry (n=10)
Western blot (n=12)
Quantitative PCR (n=12)

Animal preparation

Seventy-nine adult male, 7-week-old, Sprague-Dawley
rats (180-220 g) were used. The rats were allowed 1 week
to adapt to the new environment in the housing facility
(2-3 rats/cage, 50% relative humidity, 12-hour light/dark
cycle).

Inhalation anesthesia was maintained throughout the
course of the experiment. Initially, anesthesia was in-
duced and maintained with 5% and 2%-3% isoflurane
dissolved in 40%/60% and 25%/75% oxygen/nitrogen
administered via a chamber and nose cone, respectively.
The depth of anesthesia was adjusted to the level that
abolished abdominal contractions to a tail pinch. The
body temperature was monitored and maintained using a
homeothermic blanket with a rectal probe (Harvard Ap-
paratus, Holliston, MA, USA). A permanent right middle
cerebral artery occlusion (MCAOQO) was produced using a
protocol originally described by Longa et al. [24] with mi-
nor modifications.

Experimental design

The rats were subjected to MCAO (day 0). On POD 3,
they were classified into mild (Garcia score >15) or severe
(Garcia score <15) disability groups based on a neurolog-
ical functional test. The animals in each disability group
were randomly assigned to the following three treatment
groups: low-frequency (1 Hz), high-frequency (20 Hz),
or sham stimulation. The animals were then treated with
the assigned protocols on their lesioned hemispheres for
2 weeks. Stimulation was provided using a figure-of-eight
coil with the intensity set to 100% of the motor threshold.
The behavioral performance was tested on POD 3, 10,
and 17. Twenty-two rats in the severe disability group
were sacrificed on POD 17 for subsequent analyses (Fig.
1).

The infarct volume, angiogenesis, angiogenic factor
expression, and angiogenesis-related gene transcription
were measured by histology, immunohistochemistry,
Western blot, and real-time polymerase chain reaction
(PCR), respectively. To label the proliferating cells, 10

Fig. 1. Experimental design.
MCAO, middle cerebral artery oc-
clusion; rTMS, repetitive transcra-
nial magnetic stimulation; PCR,
polymerase chain reaction.

WWW.e-arm.org 229



Yookyung Lee, et al.

rats—sham (n=3), 20 Hz (n=3), and 1 Hz (n=4)—in the se-
vere disability group were injected intraperitoneally with
100 mg/kg of 5-Bromo-2’-deoxyuridine (BrdU; Sigma-
Aldrich, St. Louis, Mo, USA) mixed with sterile phosphate
buffer saline (PBS) on POD 3-15.

Transcranial magnetic stimulation

Motor threshold

The motor threshold was determined with the center
of the coil positioned 0.5 cm lateral to the bregma and
with the surface placed flat onto the calvarium. Stimula-
tion was applied using a repetitive stimulator (Magstim
Rapid; Magstim Company Ltd., Wales, UK) that delivers a
biphasic stimulus via a 70-mm figure-of-eight coil (model
9925-00; Magstim Company Ltd.). The maximal magnetic
field strength for the coil was 2.2 T. The magnetic coil was
firmly mounted on a built-in holder. The methodology
was as described in a previously published study [25].

rTMS sessions

The animals were subjected to a single session of
20-minute unilateral rTMS to the lesioned hemisphere.
The stimulation intensity was set to 100% of the motor
threshold. The center of the coil was placed 1 cm lateral
to the bregma and angulated at 45° to the ground to min-
imize the rTMS effect on the contralateral cortex. Subse-
quently, the animals were subjected to unilateral rTMS
using the protocol of 20 minutes per session for the right
cerebral hemisphere for 2 consecutive weeks (on POD 3-7
and 10-14).

Neurological functional tests

On POD 3, 10, and 17, all the animals were evaluated us-
ing the motor behavior score developed by Garcia et al. [26],
modified foot fault test, and Rotarod performance test.

Garcia’s motor behavior score is composed of six items.
The scores range from 3 to 18, with a higher score reflect-
ing better motor performance.

In the modified foot fault test, a rat was placed on the
grid and encouraged to traverse the grid surface for 1
minute. The occasional errors in limb placement during
movement were counted. These mistakes were consid-
ered foot faults and the number of errors per meter was
assessed.

The Rotarod performance test was performed using a
9-cm diameter rod. After 2-minute adaptation at 2 rpm,
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the rotational speed was increased gradually by 1 rpm
every minute. The rotational speed was recorded when a
rat fell off the rod or just hung on without walking. This
test was carried out in triplicate, and the fastest rotational
speed was analyzed.

Histological and immunohistochemical assessment

Tissue preparation for immunohistochemistry

On POD 17, 10 rats—sham (n=3), 20 Hz (n=3), and 1 Hz
(n=4)—in the severe disability group were deeply anes-
thetized and transcardially perfused with 50 mL of cold
saline and another 50 mL of 4% paraformaldehyde in 0.1
mol/L PBS. The brains were harvested, fixed in 10% neu-
tral buffered formalin, dehydrated in a graded series of
ethanol, and embedded in paraffin.

For immunohistochemical analyses, a standard paraf-
fin block was obtained from the center of the lesion. A
series of 6 um-thick sections was cut from the block. Two
representative sections were used for immunostaining.
The antibodies against BrdU, a proliferating cell marker
(1:100; Boehringer Mannheim, Indianapolis, IN, USA),
von Willebrand factor (vWF; 1:400; DAKO, Carpinteria,
CA, USA), VEGF (1:100; Abcam, Cambridge, MA, USA),
and Angl (1:2000; Abcam) were used.

Infarct volume estimation

Four coronal sections of the tissue were processed and
stained with hematoxylin and eosin to estimate the in-
farct volume. The stained sections were digitized using a
20x objective (Leica DFC290; Leica Microsystems, Heer-
brugg, Germany) on the Leica Application Suite (version
3.3.0) computer imaging analysis system. The indirect
lesion volume was calculated and averaged by subtract-
ing the intact brain area of the ipsilesional hemisphere
from the total area of the contralesional hemisphere. The
infarct volume was presented as a volume percentage of
the lesion compared with the contralateral hemisphere.

The areas were calculated using Image] (National Insti-
tute of Health, Bethesda, MD, USA; http://rsb.info.nih.
gov/ij).

BrdU-positive cell count

The number of BrdU-positive cells in two sections and
15 views in each section—five views each in the ischemic
core (IC), border zone (BZ), and contralateral homolo-
gous cortex (CH)—was counted using Leica QWin stan-
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dard version 3.5.1.

Optical density measurement

Five views each in the IC, BZ, CH, and corpus callosum
were captured in gray scale. The optical densities (ODs)
of angiopoietin 1 and synaptophysin, as markers of an-
giogenesis and synaptogenesis, respectively, were mea-
sured in five rectangles using MCID Analysis Evaluation
version 7.0 (Imaging Research Inc., Catharines, Canada)
for each region, averaged, and divided by the average OD
of the corpus callosum.

Western blot

The remaining 12 rats—sham (n=4), high-frequency
(n=4), and low-frequency (n=4)—in the severe disability
group were deeply anesthetized and decapitated 5 min-
utes after completion of the behavioral tests. The brain
tissues were then harvested from the left cortex, left stria-
tum, and homologous right cortex. The extracted tissues
were placed in 10 volumes of cold single detergent buffer
(50 MM Tris, 120 mM NaCl, pH 7.4) with protease inhibi-
tors. Western blotting was performed using 10 pg per line
of homogenized tissue for phospho-Akt, phospho-eNOS,
VEGE and GAPDH. The molecular weight was controlled
using a pre-stained protein ladder (color pre-stained
protein marker; ELPIS-BIOTECH, Daejeon, Korea).
The protein samples were separated by 8% (for VEGF)
and 12% (for Akt, eNOS, and GAPDH) sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS PAGE)
and electrotransferred onto PVDF membranes. The blots
were blocked in Tris-buffered saline (in mM, with 50
Trizma base, 150 NaCl, pH 7.4, 0.1% Tween-20, and 5%
dry skimmed milk), and then incubated for 2 hours at 4°C
with the primary antibodies against phospho-Akt (Ser473,
Cell signaling, mouse, 1:1000), phosphor-eNOS (Ser1177,
Cell signaling, rabbit, 1:1000), GAPDH (Abcam, mouse,
1:1000), and VEGF (Abcam, mouse, 1:1000). GAPDH
was used as the loading control and was processed on
the previously used membranes. Following the rinses,
the blots were incubated for 1 hour at room temperature
with an alkaline-phosphatase-conjugated secondary
antibody anti-rabbit or anti-mouse IgG (1:2000, Cell sig-
naling). The specific proteins were visualized using ECL
Plus Western Blotting Detection Reagents (GE Healthcare
UK Limited, Buckinghamshire, UK). The film autoradio-
grams were exposed for 5 to 30 minutes. The optical den-

sity was quantified from the films using Image]J.

Real-time PCR

Total RNA was extracted from the brain tissues using the
RNeasy Lipid Tissue Mini Kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s protocol. Reverse
transcription was performed with 1 pug of the total RNA in
a total volume of 20 pL using a Reverse Transcription Kit
(Invitrogen, Waltham, MA, USA). Real-time PCR amplifi-
cation was performed using an ABI Prism 7000 Sequence
Detection system (Perkin-Elmer Applied Biosystems,
Lincoln, CA, USA). TagMan Universal PCR Master Mix
(Applied Biosystems) and the specific primers and FAM-
labeled probe sets (ProbeLibrary; Roche Applied Science,
Penzberg, Germany) were used to quantify gene expres-
sion. The target genes of the specific primers were VEGF
(VEGFA), Ang 1 (ANGPT1), and Tie-2 (TEK). Each sample
was tested in triplicate, and the relative gene expression
data were analyzed using the 2**" method. Gene expres-
sion levels were normalized to the internal GAPDH prim-
er/probe pair levels (VIC/MGB probe, primer limited).
Values are presented as the relative expression levels.

Statistical analysis

SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, USA) was
used for all statistical analyses. A repeated-measure
analysis of the covariance (RM-ANCOVA) was used to
compare the functional outcome across the treatment
groups. Comparisons were performed across treatment
groups according to time for significant interactions or
significant treatment effects. Kruskal-Wallis test was used
to compare lesion volume and number of BrdU-positive
cells. The results of Western blot were referenced to
the OD of GAPDH as the control and analyzed using an
ANOVA test. If an overall treatment group effect was de-
tected at p<0.05, a Mann-Whitney U test was conducted
for a pairwise comparison. All data are reported as the
meanzstandard error of the mean.

RESULTS

Neurological functional tests

The results of Garcia’s motor behavior score, modified
foot fault test, and the Rotarod test scores are presented
in Table 1. Analysis using ANOVA showed no significant
differences between the treatment groups (Fig. 2). Sub-
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Table 1. Neurological functional tests

Sham group (n=16)

20-Hz group (n=14)

1-Hz group (n=19)

Garcia’s motor behavioral score

Day 3
Day 10
Day 17
Modified foot fault test
Day 3
Day 10
Day 17
Rotarod test
Day 3
Day 10
Day 17

13.50+3.74
15.63+2.69
16.19+2.30

3.19+3.00
1.81+1.70
2.38+2.34

7.44+3.79
12.56+4.53
13.31+4.69

12.64+4.12
15.00+2.59
15.14+2.59

3.00%2.24
1.93+1.39
2.28+1.91

6.57+3.11
10.21+3.99
12.79+4.25

12.53+3.60
14.53+3.07
15.26+2.83

2.63%+2.80
2.10+2.22
1.63£1.75

7.3242.32
10.68+3.89
13.05+4.42

Values are presented as mean+tstandard error.
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Fig. 2. Neurological function tests. There were no significant differences in (A) Garcia’s motor behavior score, (B) Ro-
tarod test, and (C) modified foot fault test across the treatment groups at days 3, 10, or 17. Error bars represent the

standard error of the mean.
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Fig. 3. Estimation of the infarct volume. Representative hematoxylin- and eosin-stained coronal section of the brain
tissue are provided for (A) the sham, (B) 20 Hz, and (C) 1 Hz groups. The calculated volumes were similar across all

three groups.

group analysis by level of disability, mild (Garcia score

>15) or severe (Garcia score <15), revealed continuous

improvement on the modified foot fault test in the severe

disability group, only with low-frequency stimulation
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(Supplementary Fig. S1).

Lesion volume

There was no significant difference in the infarct vol-
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ume across groups (p=0.177) (Fig. 3).

Number of BrdU-positive cells

The number of BrdU-positive cells in all three regions
were similar across all groups (p=0.430, p=0.393, and
p=0.106 for the IC, BZ, and CH, respectively).

Optical density measurement

The OD of Angl and synaptophysin in the IC was sig-
nificantly higher in the low-frequency group than in the
sham group (p=0.03 and p=0.03, respectively) (Fig. 4).

®

1.6 7 Hl Sham

1 20 Hz

1.4 B 1Hz

1.2 *
1.0 +
0.8
0.6 1

Optical density

0.4 1
0.2 1

0

Ischemic core Border zone  Contralateral cortex

Western blotting

The level of Akt phosphorylation in the IC was in-
creased in the low-frequency group. Akt phosphorylation
in the BZ was significantly higher in the low-frequency
stimulation group than in the high-frequency stimulation
group (Fig. 5A).

The level of eNOS phosphorylation in the stimulated
cortex was significantly higher in the low-frequency stimu-
lation group than in the high-frequency stimulation group
(Fig. 5B). Moreover, eNOS phosphorylation in the CH was
significantly higher in the low-frequency group than in the
sham and high-frequency stimulation groups (Fig. 5B).

257 mm Sham
1 20Hz

2.0-- 1 Hz

1.5+

1.0 1

Optical density

0.5

0+

Ischemic core Border zone  Contralateral cortex

Fig. 4. Optical densities of (A) angiopoietin 1 and (B) synaptophysin in the ischemic core, border zone, and contralat-

eral homologous cortices. *p<0.05.
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Fig. 5. Results of Western blotting on phospho-Akt and phospho-eNOS. (A) Akt phosphorylation was significantly
increased in the border zone in the low-frequency stimulation group compared to the high-frequency stimulation
group. (B) Note the enhanced eNOS phosphorylation in the stimulated cortex with the low-frequency stimulation
compared to the high-frequency stimulation (left). Interestingly, the Western blot demonstrates significantly higher
levels of eNOS phosphorylation in the low-frequency group than in the sham and high-frequency stimulation groups

in the contralateral cortex (right). *p<0.01.
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Fig. 6. Expression of VEGFA, ANGPT1, and TEK in the

ischemic core. Expression of TEK was significantly in-

creased in the low-frequency stimulation group than that
in the sham stimulation group. *p<0.05.

ANGPT1 TEK

Real-time PCR

In real-time PCR, the low-frequency group demonstrat-
ed signs of significantly higher levels of TEK transcription
in the IC than the sham stimulation group (p<0.05) (Fig. 6).

DISCUSSION

In this study, rTMS on the lesioned hemisphere after
stroke induced changes in the angiogenic mechanisms.
The expression of angiopoietin 1 and synaptophysin
in the IC was significantly higher in the low-frequency
group than in the sham stimulation group. Angiopoietin
1 has a pivotal role in the regulation of physiological an-
giogenesis. It has also been linked with improved neuro-
logical function after stroke in a recent study on rats [27].
Synaptophysin is a membrane protein of the synaptic
vesicle and is useful as a marker of synaptogenesis and
axonal sprouting [28]. Low-frequency rTMS on the IC
may stimulate angiogenesis and synaptogenesis and thus
promote functional recovery after stroke.

Akt phosphorylation was significantly increased in
the BZ with low-frequency stimulation than with high-
frequency stimulation. There was no significant dif-
ference between low-frequency stimulation and sham
stimulation, though the Akt phosphorylation levels were
higher in the low-frequency stimulation group. Increased
Akt kinase activity contributes to cell survival and an-
giogenesis [29]. Our results suggest that low- and high-
frequency stimulations may have opposite effects with
low frequency increasing and high frequency decreasing
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Akt phosphorylation. Interestingly, Akt phosphoryla-
tion was significantly increased only in the BZ. The peri-
infarct cortex is a site for many endogenous recovery
processes [30]. Different levels of recovery process ac-
tivities may have been the reason for different effects of
rTMS. eNOS phosphorylation was increased significantly
by the 2-week application of low-frequency rTMS com-
pared with that achieved by high-frequency stimula-
tion in all three sites. eNOS phosphorylation enhances
angiogenesis [31]. Again, our results suggest that high-
and low-frequency stimulation may have opposite effects
on the angiogenic mechanisms. Different stimulation
frequencies may have differing effects on the angiogenic
mechanisms after stroke. Another possible explanation is
that the changes caused by high-frequency rTMS have a
higher threshold or require a longer duration than those
by the low-frequency rTMS. eNOS phosphorylation was
significantly increased with low-frequency stimulation
in the CH than that with sham stimulation. This may be
the mechanism through which low-frequency rTMS at
the contralateral side promotes functional recovery after
stroke.

The genetic expression of TEK gene, mainly expressed
in the endothelial cells of blood vessels, was significantly
increased in the IC in the low-frequency stimulation
group than that in the sham stimulation group. Our re-
sults show that low-frequency rTMS can modulate the
expression of genes involved in angiogenesis in the IC.
Previous studies have reported the effect of rTMS on ge-
netic expression [14,15]. Mice treated with rTMS for up
to 40 days showed alteration in glutamate and glycine
transporter mRNAs. Multiple endoplasmic reticulum
stress-related genes were also shown to be altered [14].
A previous study on rats reported upregulation of genes
related to angiogenesis (BAI1 and VEGFA) after rTMS [15].
Our study results extended these findings, demonstrating
that r'TMS affects angiogenesis-related genes.

Some limitations need to be considered when inter-
preting our study results. First, the number of rats ana-
lyzed for immunohistochemistry, Western blot, and RT-
PCR was small. Correlation analysis between increased
angiogenesis and improved functional outcome could
not be performed. While angiogenesis is an integral part
of neural recovery, the clinical significance of increased
angiogenesis after rTMS is unclear and is yet to be de-
termined. Second, only two stimulation frequencies,
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1 Hz and 20 Hz, at the ipsilateral side were examined.
The optimal stimulation protocol for recovery needs to
be further elucidated. Third, the rats were divided into
mild and severe groups based on the behavioral tests, to
minimize bias due to the severity of ischemia. Diffusion-
weighted magnetic resonance imaging or laser Doppler
was not performed because of time and cost limitations.
Lastly, the rats were sacrificed at day 17 after stroke. The
study was unable to establish whether the changes were
long lasting, and the extent to which changes in gene ex-
pression levels led to actual functional recovery.

In summary, low-frequency rTMS of the lesioned hemi-
sphere in the early subacute phase following a stroke
promotes the expression of angiogenic factors and re-
lated genes in the brain, particularly in the IC region. In
addition to the well-known effects of rTMS, the regula-
tion of Tie2, Akt, and eNOS appears to play vital roles in
rTMS-induced changes. Additional studies are needed to
determine the optimal stimulation parameters.
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