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Objective To investigate the effect of repetitive magnetic stimulation (rMS) of the spinal cord on limb angiogenesis
in healthy rats and explore its implication for the treatment of lymphedema.

Method Twelve adult male Sprague-Dawley rats were divided into four groups as follows: sham rMS followed by
tissue harvest 5 minutes later (group 1, n=2), 1 Hz rMS and tissue harvest 5 minutes later (group 2, n=3), 20 Hz rMS
and tissue harvest 5 minutes later (group 3, n=3), 20 Hz rMS and tissue harvest 30 minutes later (group 4, n=4).
Animals were treated with 20-minute rMS with 120% of the motor threshold on their left side of upper lumbar
spinal cord. Expression of angiogenic factors, that is, Akt, phospho-Akt (pAkt), endothelial nitric oxide synthase
(eNOS), phospho-eNOS (p-eNOS) were measured by western blot. Bilateral hindlimb muscles (quadriceps and
gastrocnemius) were harvested.

Results Expression of Akt in left quadriceps increased in group 4 compared with group 2 and 3 (3.4 and 5.3-fold
each, p=0.026). Expression of eNOS in left plus right quadriceps markedly increased in group 3 and 4 compared
with group 1 and 2 (p=0.007). Expressions of eNOS, Akt and p-eNOS, pAkt in gastrocnemius were not comparable
between four groups (p>0.05).

Conclusion Repetitive magnetic stimulation of the spinal cord may exert an angiogenic effect closely linked to
lymphangiogenesis. It has clinical implication for the possible therapy of lymphedema caused by breast, cervical
or endometrial cancer operation. Future studies with the specific lymphatic endothelial cell markers are required

to confirm the effect of rMS on lymphangiogenesis.
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INTRODUCTION

The lymphatic system plays an important role in the
maintaining of the homeostasis of tissue fluids by de-
livering interstitial fluids rich in proteins to the vascular
system via the lymph node and lymphatic channel.’
Lymphedema, which is a major complication observed
after surgeries such as cervical carcinoma and adnexal
tumors, is caused by the anatomical or functional in-
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juries of the lymphatic circulation system. As a result,
abnormal edema, the accumulation of interstitial fluid
rich in proteins, hyperplasia of fatty tissues, and fibrosis
occur. If it becomes chronic, inflammation and infec-
tion at the surrounding the edema area repeatedly occur,
causing skin fibrosis and extremity deformity. It has been
reported that lymphedema occurs in 31-56% of patients
with breast cancer, and 19-24% of patients with cervical
cancer, and that it significantly affect the quality of life.”®

The mechanism and method of lymph node formation
has not yet been clearly identified. Various methods have
been investigated to change structurally obstructed or
retained lymphatic system circulation. Animal studies
have been currently conducted to investigate the induc-
tion of angiogenesis and lymphangiogenesis of the lower
extremities, and factors such as LYVE-1, Proxl, and VEGF
have been also investigated.®® Despite the success of
some of these studies, however, most of these studies are
experimental so that it is difficult to apply them to clini-
cal practices.

Meanwhile, a recent study was conducted to investigate
angiogenesis by applying repetitive magnetic stimulation
to the brain tissues of rats.’ This study used the principle
of the formation of electric field corresponding to mag-
netic field that is rapidly changed over time. A coil that
rapidly changes its magnetic field was positioned closely
to the stimulated site, thereby forming an effective elec-
tric field and stimulating the neuron.'’ Unlike to gene
transfer that has been introduced for lymphangiogen-
esis,”® this magnetic stimulation has been expanding its
clinical indications in the human brain neuron as a form
of repetitive transcranial magnetic stimulation (rTMS).
Various studies have been conducted to investigate the
effect of repetitive magnetic stimulation on brain tissues
including depression,'' migraine,'” myofascial pain syn-
drome," intractable central pain after stroke'*'* and the
restoration of motor functions in stroke patients'*'” and
so on. Studies on the effect of repetitive magnetic stimu-
lation on the brain tissue of rats reported that repetitive
magnetic stimulation increased the expressions of eNOS,
Akt, and Tie2, genes involved in angiogenesis, in the
brain tissues of rats with stroke.”’

A previous study reported that electric stimulation on
the spinal cord facilitated neurogenesis. When the direct
current cathode was positioned toward the caudal end,
the electrodes attached to the spinal dura, and then elec-
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tric stimulation was applied, the number of axon was in-
creased at the level in T1 spinal cord injury rats model."
In addition, when 20 Hz magnetic stimulation was ap-
plied to the spinal cord of rats, the antinociceptive effect
caused by opioid mechanism was also reported." A clini-
cal study reported that when magnetic stimulation with
a combination of vibration therapy and heat therapy was
applied to patients with lower extremity lymphedema,
the volume of the injured lower extremities decreased.”
However, neither animal experiment nor clinical study
has been conducted yet to investigate angiogenesis af-
ter the application of magnetic stimulation to the spinal
cord.

Accordingly, this preliminary study was performed to
investigate angiogenesis closely associated with the lym-
phangiogenesis of the lower extremities via the observa-
tion of the expression of proteins related to angiogenesis
by applying repetitive magnetic stimulation to the spinal
cord of healthy rats, and to explore the possibility of the
application of magnetic stimulation to lymphedema
treatment.

MATERIALS AND METHODS

Subjects

This study was conducted on 12 8-week-old healthy
male Sprague-Dawley rats. The rats were divided into
four groups. Group 1 (2 rats) was used as the control
group. After standing the coil vertically, 20 Hz pseudo-
stimulation was applied to the group 1. Five minute later,
the rats underwent euthanasia, followed by tissue collec-
tion. For group 2 (3 rats), low frequency (1 Hz) magnetic
stimulation was applied, and then tissues were collected
5 minutes later. For group 3 (3 rats), high frequency (20
Hz) magnetic stimulation was applied, and then tissues
were collected 5 minutes later. For group 4 (4 rats), 20 Hz
magnetic stimulation was applied, and then tissues were
collected 30 minutes later.

During the application of repetitive magnetic stimula-
tion, inhalational anesthesia was performed with isoflu-
orane for easier manipulation. Figure-8 coil with a diam-
eter of 25 mm (Magstim company Ltd, Wales, UK) was
used for stimulation.

Methods
Repetitive magnetic stimulation was applied to the
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point of dividing the line that connects the neck to the tail

origin of rats in a 2 : 1 ratio, that is, to the upper lumbar.
For the left stimulation, the 2 : 1 sectional point was pal-
pated, and then the coil was approximately 45° inclined
to the left, followed by stimulation. To avoid the direct
stimulation of the muscle of the lower extremities, the
distance between the center of the stimulating coil and
the distal thigh muscle was a minimum of 3 cm apart (Fig.
1).

The stimulation intensity was set as 120% of the motor
threshold at which muscle contraction is palpated in the
left distal thigh muscle. Stimulation duration was set as
20 min for both 1 Hz and 20 Hz stimulations. For 1 Hz
stimulation, stimulation was applied for 9 sec, followed
by a 1 sec silent period, a total of 1080 stimulations for 20
min. For 20 Hz stimulation, stimulation was applied for
2 sec, followed by silent period for 28 sec, a total of 1600
stimulations for 20 min.

For the expression of proteins related to angiogen-
esis, endothelial nitric oxide synthase (eNOS) and Akt
were measured at the left and right quadriceps femoris
muscle, and eNOS, phospho-eNOS (p-eNOS), Akt, and
phospho-Akt (pAkt) were analyzed using western blot at
the left and right gastrocnemius muscle. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as an
internal control. The result of western blot was quantified
using Image] program (NIH, USA).

A statistical analysis was conducted using SPSS 17.0
program for windows. Kruskal-Wallis test was applied
for nonparametric procedures, and Mann-Whitney U
test was then used to investigate differences in protein
expression among the four groups. If p<0.05, it was con-
sidered statistically significant.

Fig. 1. Repetitive magnetic stimu-
lation on the left side of upper
lumbar spinal cord.

RESULTS

No particular adverse event was observed during the
period from repetitive magnetic stimulation to euthana-
sia. The results of repetitive magnetic stimulation on the
left upper lumbar are as listed below.

Expressions of eNOS and Akt in the quadriceps femoris
muscle

The Akt expression in the left quadriceps femoris mus-
cle was shown to be 3.4-fold higher in group 4 than group
2, and 5.3-fold higher in group 4 than group 3 (p=0.026)
(Fig. 2). When the eNOS expression in the left and right
quadriceps femoris muscles was summed and analyzed,
it was shown to be higher in the groups 3 and 4 than in
the groups 1 (control) and 2 (p=0.007, Kruskal-Wallis test)
(Fig. 2). However, no significant difference in summed
Akt expression in the left and right quadriceps femoris
muscles and eNOS expression in the left quadriceps fem-
oris muscle was found among the four groups (Fig. 2).

Expressions of eNOS and Akt in the gastrocnemius
muscle

No significant difference in the expressions of eNOS
and Akt in the left gastrocnemius muscle was found
among the four groups. In addition, no significant differ-
ence in the expressions of eNOS and Akt in the left and
right gastrocnemius muscle was found among the four
groups (Fig. 3).

Expressions of p-eNOS and pAkt in the gastrocnemius
muscle
No significant difference in the expressions of p-eNOS
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Fig. 2. eNOS and Akt expressions in quadriceps muscle. Western blots of left (A) and right (B) quadriceps, eNOS (C)
and Akt (D) expressions in left quadriceps, eNOS (E) and Akt (F) expressions in left+right quadriceps. Expression of
Akt in left quadriceps increased in group 4 compared with group 2 and 3 (3.4 and 5.3-fold each, p=0.026). Expression
of eNOS in left+right quadriceps markedly increased in group 3 and 4 (6.4 and 7.7-fold each compared with group 1, 3.5

and 4.2-fold each compared with group 2, p=0.007).

and pAkt in the left gastrocnemius muscle was found
among the four groups (Fig. 4).

DISCUSSION

Repetitive transcranial magnetic stimulation (rTMS)
can cause changes in cortical excitation that is persistent
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after stimulation. It is currently being investigated world-
wide as a non-invasive cerebral stimulating method, and
has been reported to have advantages of less discomfort
" rTMS
can cause various physiological changes by changing

to patients and acceptable serious adverse events.

stimulation protocols. It may cause a virtual lesion by
transiently halting cortical functions, reduce excitation at
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Fig. 3. eNOS and Akt expressions in gastrocnemius muscle. Western blots of left (A) and right (B) gastrocnemius, eNOS
(C) and Akt (D) expressions in left gastrocnemius, eNOS (E) and Akt (F) expressions in left+right gastrocnemius. Ex-
pressions of eNOS and Akt in gastrocnemius were not comparable between four groups (p>0.05).

a stimulation of low frequency (1 Hz), and induce activi-
ty-dependent plasticity at a stimulation of high frequency
(10-20 Hz) by increasing cerebral excitation. In recent
studies, a neurovascular coupling mechanism that iden-
tifies a correlation between increased local activation of
the cerebral neuron and increased cerebral blood flow
has been suggested” ™ to explain a correlation of repeti-
tive magnetic stimulation with the neuron and various
factors related to angiogenesis.’

Until now, various methods have been investigated to
induce the lymphangiogenesis of the lower extremities
via various treatments in animal experiments. When the
human hepatocyte growth factor (HGF) gene was trans-
fected to rats with tail lymphedema, the expressions of
LYVE-1 and Prox1, lymphatic endothelial cell-specific
markers, were shown to have increased, and the lymph-
edema thickness was shown to have decreased.’ In ad-
dition, when VEGF-C gene was transfected to rats with
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Fig. 4. p-eNOS and pAkt expressions in gastrocnemius muscle. Western blots of left (A) gastrocnemius, p-eNOS (B)
and pAkt (C) expressions in left gastrocnemius. Expressions of p-eNOS and pAkt in gastrocnemius were not compa-

rable between four groups (p>0.05).

lower extremity lymphedema, and observed via MRI and
ultrasonography, the lymphedema thickness was shown
to have decreased, and an immunofluorescence analysis
showed that lymphangiectasia and lymphangiogenesis
increased in the skin, subcutaneous tissue, and muscle
layers.” On the other hand, lymphangiogenesis is associ-
ated with angiogenesis via VEGF signaling pathway.***
When electrical stimulation was applied to the lower ex-
tremity muscle of rats, angiogenesis, in which VEGF and
angiotensin II are involved, was reported to increase.’
However, no additional data is currently available.

This is the first study that confirmed the effect of repeti-
tive magnetic stimulation applied to the spinal cord on
the angiogenesis of the lower extremities. In particular,
the increased expressions of eNOS and Akt in the quad-
riceps femoris muscle indicate angiogenesis. This result
is an important clue for possible lymphangiogenesis
which is closely associated with angiogenesis. In this
study, magnetic stimulation was applied to induce uni-
lateral stimulation by inclining the coil approximately
45° toward the left lumbar. The expression of eNOS,
which is involved in vasodilation and angiogenesis in
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the left quadriceps femoris muscle, was shown to have
increased in the groups 3 and 4, but no significant differ-
ence was found. In addition, the expression of Akt, which
is involved in cell survival through intracellular signal
transduction via growth factors, was shown to be signifi-
cantly different among the groups for the left quadriceps
femoris muscle, but no significant difference was found
when the left and right quadriceps femoris muscles are
summed. The aforementioned results reflect unilateral
stimulation, but bilateral stimulation cannot be ruled
out. With respect to local stimulation, Salvador and Mi-
randa® reported that magnetic stimulation using a fig-
ure-8 coil with a diameter of 25 mm ranged within 5 mm.
However, as the aforementioned result was obtained
from the cerebral tissue, it is unclear if local stimulation
on the spinal cord in this study also ranges within 5 mm.
Meanwhile, the summed eNOS expression in the left
and right quadriceps femoris muscle was shown to have
significantly increased in the groups 3 and 4. This is likely
to attributed to the fact that in addition to direct magnet-
ic stimulation on the spinal cord or nerve root, vasodila-
tion, which was caused by the heat that occurred by local
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heat transmission to the muscles of the lower extremi-
ties, occurred at both left and right quadriceps femoris
muscles. In fact, it was reported that when repetitive
magnetic stimulation was applied to the lateral hand of
healthy volunteers for 20 minutes, their skin temperature
increased.”

The results that the significant differences in the eNOS
expression in the bilateral quadriceps femoris muscles
and in the Akt expression in the left gastrocnemius
muscle were found between the 1 Hz stimulation groups
and 20 Hz stimulation groups indicate that angiogenesis
might vary depending on magnetic stimulation frequen-
cy. This is also consistent with the result of a previous
study on the cerebral tissues of rats, which was conduct-
ed by the authors.’ As 20 Hz-high frequency stimulation
was shown to have had a stimulating effect on protein
expression in the previous study, the tissue was collected
30 minutes after 20 Hz stimulation, and then analyzed in
this study.

It was particularly interesting to mention that com-
pared to the control group, the expressions of p-eNOS
and pAkt that are active forms did not increase, but only
the expressions of eNOS and Akt increased. If this result
is taken into consideration with the fact that the Akt ex-
pression in the quadriceps femoris muscle more signifi-
cantly increased in the group 4 that collected the tissues
30 minutes after the stimulation than in the group 3 that
collected the tissues 5 minutes after the stimulation, it
is likely that 30 min after magnetic stimulation is suffi-
cient for the transcription and translation of Akt or eNOS
genes. However, the reason for no significant difference
in the expressions of p-eNOS and pAkt, active forms via
the phosphorylation of Akt and eNOS, is unclear. Thus,
in a further study, time sequence should be investigated
by measuring the amount of RNA expression to know
whether it has been caused by the reduction of protein
expression after reaching the peak or by the expression
longer than 30 minutes.

This study has a few limitations. First, It is possible that
stimulation of the nerve root, not the spinal cord, oc-
curred when magnetic stimulation was applied to the
left lumbar. In a previous study,'® the electrodes were
attached to the spinal dura, and then electric stimula-
tion was applied in a condition of a partial removal of the
vertebra. In addition, it is unknown if the spinal cord is
stimulated when magnetic stimulation is applied without

the resection of the vertebra. Further studies are required
to investigate molecular biological changes after transec-
tion of the spinal cord.

Second, it cannot be ruled out that angiogenesis is
induced by muscle contraction via nerve stimulation.
Hudlicka and Price® speculated that hypoxia caused by
muscle contraction increases the capillary density of
the skeletal muscle. Kanno et al.”” reported that electric
stimulation that induces muscle contraction stimulated
the expression of VEGF protein involved in local angio-
genesis. Thus, more studies are also required.

Third, since the degree of angiogenesis was indirectly
observed instead of the direct observation of lymphangi-
ogenesis, it is difficult to grant clinical significance in the
treatment of lymphedema. In addition, since the lymph
vessel is the most substantially distributed in the sub-
cutaneous tissue, it could be different from the vascular
distribution of the muscle tissues observed in this study.
Thus, further research is required to observe the degree
of lymphangiogenesis using lymph vessel-specific mark-
ers such as LYVE-1 and Proxl1.

Fourth, this is a preliminary study therefore a larger re-
search study is required. It is difficult to collect and ana-
lyze tissues located at the deep lumbar area and lower
extremities in studies conducted on human beings, an
animal experiment is required in a large scale for study-
ing molecular genetic mechanism.

CONCLUSION

When repetitive magnetic stimulation was applied to
the spinal cord of healthy rats, the expression of proteins
involved in angiogenesis increased in the lower extremi-
ties. This result indicates that angiogenesis could be
closely associated with lymphangiogenesis. For the treat-
ment of lymphedema that occurs after surgeries such as
breast cancer and uterine cervical carcinoma, a further
study is required to investigate the effect of magnetic
stimulation applied to the spinal cord on lymphangio-
genesis and its mechanism in a molecular level.
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