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Background—Therapeutic angiogenesis is thought to be beneficial for serious ischemic diseases. This investigation was
designed to establish a simple and practical procedure applicable to therapeutic angiogenesis.
Methods and Results—When cultured skeletal muscle cells were electrically stimulated at a voltage that did not cause their
contraction, vascular endothelial growth factor (VEGF) mRNA was augmented at an optimal-frequency stimulation.
This increase of VEGF mRNA was derived primarily from transcriptional activation. Electrical stimulation increased
the secretion of VEGF protein into the medium. This conditioned medium then augmented the growth of endothelial
cells. The effect of electrical stimulation was further confirmed in a rat model of hindlimb ischemia. The tibialis anterior
muscle in the ischemic limb was electrically stimulated. The frequency of stimulation was 50 Hz and strength was 0.1
V, which was far below the threshold for muscle contraction. After a 5-day stimulation, there was a significant increase
in blood flow within the muscle. Immunohistochemical analysis revealed that VEGF protein was synthesized and
capillary density was significantly increased in the stimulated muscle. Rats tolerated this procedure very well, and there
was no muscle contraction, muscle injury, or restriction in movement.
Conclusions—We propose this procedure as a simple and practical method of therapeutic angiogenesis. (Circulation.
1999;99:2682-2687.)
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A

rterial occlusive diseases cause serious ischemic diseases in various organs, such as the heart, brain, and leg,
and therapeutic angiogenesis is thought to be beneficial for
such conditions.1 Local administration of recombinant angiogenic growth factors, such as basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF),
salvaged ischemic areas of myocardium and hindlimb in
animal models.2– 6 However, the clinical application requires
large amounts of these recombinant proteins and is not
feasible at this time. Instead of recombinant proteins, use of
gene therapy, ie, in vivo transfection of angiogenic growth
factor gene, has been attempted to treat these diseases. In
particular, the clinical trial of intramuscular gene transfer of
naked plasmid DNA encoding human VEGF165 is progressing
in the United States for the treatment of ischemic limbs.7

vasculature and affects ECs as a paracrine factor. The
expression of VEGF is upregulated by hypoxia and various
cytokines. Our present study revealed that low-voltage electrical stimulation of skeletal muscle induced de novo synthesis of VEGF protein, promoted local angiogenesis, and
restored blood flow in the ischemic area. We propose this
procedure as a simple and practical method of therapeutic
angiogenesis.

Methods
Cell Culture and Electrical Stimulation In Vitro
Murine skeletal muscle cell line C2C12 cells were obtained from
Riken Cell Bank; rat aortic smooth muscle cells from Hanno
Research Center, Taiho Pharmaceutical Co Ltd; and human pulmonary artery smooth muscle cells from Kurabo. Cells were routinely
cultured on plastic dishes in DMEM (Nissui Pharmaceutical Co, Ltd)
containing 10% FCS (Summit Biotechnology). Bovine capillary ECs
(BCECs) were obtained from Dr T. Tamaoki (Kyowa Hakko Kogyo
Co, Ltd) and were grown in DMEM containing 10% FCS as
described previously.11 All primary cultures of passage ,6 were
used in following experiments.
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VEGF, a dimeric endothelial cell (EC)–specific growth
factor, is thought to be a principal angiogenic factor that
stimulates migration, proliferation, and expression of various
genes in ECs.8 –10 VEGF is synthesized by cells around
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Electrical Stimulation of Cells In Vitro
Before the following experiments, cells were preincubated for 24
hours in DMEM containing 0.1% BSA. Confluent cultures were
electrically stimulated at 1.0 V of stimulus strength and at indicated
frequencies (Hz) for an indicated period, according to the method
described by Brevet and Pinto.12

Northern Blot Analysis
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Northern blot analysis was carried out as described previously.13
Briefly, total RNA was extracted by the Acid Guanidium-PhenolChloroform method and fractionated on a 1% agarose gel containing
2.2 mol/L formaldehyde. The blots were then prepared by transfer
onto a nylon filter (Hybond N1, Amersham). The filter was hybridized with a 32P-labeled probe in hybridization solution for 24 hours
at 42°C. After the hybridization, the filter was washed in 23SSC and
0.1% SDS at 60°C and then in 0.23SSC and 0.1% SDS at 60°C.
Autoradiography was carried out on an imaging plate, and autoradiograms were analyzed with an FLA 2000 image analyzer (Fuji).
Human GAPDH cDNA templates were prepared as previously
described.13 Flk-1 and VEGF cDNA templates were prepared by
reverse-transcription polymerase chain reaction using the following
primer pairs: Flk-1: sense, 59-AGGGGAACTGAAGACAGGCTA-39 and antisense, 59-GATGCTCCAAGGTCAGGAAGT-39;
VEGF: sense, 59-GTGCACTGGACCCTGGCTTT-39 and antisense,
59-AAGCTGCCTCGCCTTGCAAC-39.

Measurement of VEGF Protein in
Conditioned Medium
C2C12 cells in DMEM containing 0.1% BSA were electrically
stimulated for 24 hours at 1.0 V and 50 Hz, and the medium was
collected. VEGF protein in the medium was measured by
Quantikine-M ELISA kit (R&D Systems) according to the manufacturer’s protocol.

Effect of Medium Conditioned by Electrical
Stimulation on the Growth of BCECs
BCECs (53104) were plated on plastic dishes in DMEM with 10%
FCS and incubated for 6 hours to allow attachment to the dish. The
culture medium was replaced with either 100% conditioned medium,
fresh medium (DMEM containing 0.1% BSA), or fresh medium
supplemented with 10 ng/mL of recombinant human VEGF. Cell
numbers were counted after 48 hours of incubation.

Electrical Stimulation In Vivo
All animal studies were performed according to a protocol approved
by the Animal Experiment Committee of our institution. Male
Sprague-Dawley rats (300 to 350 g body weight) were used. The
animals were anesthetized with light ether sedation and subcutaneous
injection of pentobarbital sodium (50 mg/kg) (Nembutal, Abbott
Laboratories). The operation for hindlimb ischemia was performed
according to the method described by Takeshita et al.14 Briefly, the
left femoral artery (FA) was completely excised from its proximal
origin to the point distally at which it bifurcates into the saphenous
and popliteal arteries. After 1 week was allowed for recovery from
the operation, blood flows of the bilateral tibialis anterior (TA)
muscles were measured by the hydrogen gas clearance technique
originally described by Aukland et al15 and modified by Hori et al.16
Thereafter, the electrodes (Electrode for FES, Nihonseisen) were
implanted onto the fascia of the left TA muscle, tunneled subcutaneously and exteriorized at the level of the scapulae,17 and connected
to a pulse generator (PulseCure, OG Giken). Electrical stimulation
was started on the day after electrode implantation and continued for
5 days with a 0.3-ms stimulus width, 50-Hz stimulus frequency, and
0.1-V stimulus strength, which was far below the threshold of TA
muscle contraction. The threshold of TA muscle contraction in this
experimental condition detected by electromyogram was 1.160.2 V
(data not shown). One day after the period of electrical stimulation,
animals were anesthetized, blood flow was measured, and then the
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animals were killed for the procurement of bilateral TA muscles for
further evaluations.
Animals were divided into 3 groups. In the first group (5 animals),
TA muscles were continuously stimulated for 5 days after the
dissection and excision of the left FA. In the second group (4
animals), electrodes were implanted after the dissection and excision
of the left FA, but TA muscles were not electrically stimulated. The
third group (6 animals) received a sham operation of the left FA and
no electrical stimulation despite the implantation of electrodes. The
contralateral hindlimb of each animal served as the control.

Immunohistochemical Analysis
For detection of VEGF protein, muscle specimens were fixed with
10% formaldehyde, preincubated with 1% BSA for 30 minutes, and
then incubated with rabbit polyclonal anti-VEGF antibody (1
mg/mL) (Santa Cruz Biotechnology) for 30 minutes at room temperature. Thereafter, the specimens were stained by the ABC method
(Elite, Vector Laboratories, Inc).

Determination of Capillary Density
Numbers of capillaries and muscle fibers were counted in at least 8
different fields, and capillary density was obtained by the calculation
of capillary number/fiber area.

Calculations and Statistical Analysis
The statistical significance of differences in the results was evaluated
by use of unpaired ANOVA, and a value of P,0.05 was accepted as
statistically significant.

Results
Induction of VEGF mRNA by
Electrical Stimulation
To determine whether electrical stimulation affects the expression of VEGF mRNA, we exposed cultured skeletal
muscle cells to electrical pulse stimulation for 24 hours at
various frequencies and 1.0 V strength, which did not cause
their contraction or interfere with their spontaneous contraction. Northern blot analysis revealed that VEGF mRNA was
augmented at specific frequencies. In murine skeletal muscle
cell line C2C12 cells, the expression of VEGF mRNA was
significantly augmented at the narrow range of frequencies
around 50 Hz (Figure 1A). This frequency of electrical
stimulation augmented the expression of VEGF mRNA in
primary culture of rat skeletal muscle cells as well (data not
shown). Although 50-Hz electrical stimulation seemed to be
optimal for the expression of VEGF mRNA in skeletal
muscle cells, it did not augment the expression of VEGF
mRNA in rat aortic smooth muscle cells (Figure 1B) or
human fibroblasts (data not shown). Instead, the expression
of VEGF mRNA was augmented at 24-Hz stimulation in rat
aortic smooth muscle cells (Figure 1B) as well as human
pulmonary artery smooth muscle cells (data not shown). A
time-course experiment revealed that VEGF mRNA was
increased 4.8-fold in skeletal muscle cells and 4.5-fold in
smooth muscle cells at the 8-hour time point at the proper
frequency. To exclude the possibility that substances that
might be released from the electrodes into the medium
affected the expression of VEGF mRNA, we electrically
agitated the medium and exposed it to the cells. We did not
see any augmentation of the expression of VEGF mRNA by
this procedure (data not shown). The expression of VEGF
receptor-2 (KDR/Flk-1) mRNA in BCECs was not affected
by electrical stimulation at various frequencies (Figure 1C).
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Figure 3. Time course of induction of VEGF mRNA by transient
electrical stimulation. C2C12 cells were exposed to 2 hours of
electrical stimulation, and total RNA was extracted at indicated
time points after transient electrical stimulation. Control indicates before transient stimulation; restimulation, cells were stimulated a second time for 2 hours at 22 hours after first stimulation. Total RNA was extracted at 22 hours after second
stimulation. Results are representative of at least 3 independent
experiments.
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Figure 1. Expression of VEGF mRNA in cultured smooth muscle cells and skeletal muscle cells and flk-1 mRNA in BCECs.
Cells were electrically stimulated for 24 hours at indicated frequencies. Thereafter, total RNA was extracted, and Northern
blotting for VEGF mRNA or flk-1 mRNA was performed. A,
murine skeletal muscle cell line, C2C12 cells; B, rat aortic
smooth muscle cells; C, BCECs. Results are representative of at
least 3 independent experiments.

The level of expression of VEGF mRNA was determined
by the transcription rate of VEGF gene and/or the stability of
VEGF mRNA. Therefore, we used actinomycin-D (Act-D) to
evaluate the stability of VEGF mRNA. As shown in Figure 2,
the half-lives of VEGF mRNA, which were calculated by
drawing the best-fit linear curve on a log-linear plot of the
percentage of RNA remaining versus time in Act-D–treated
cells, were 0.99 hour for electrically stimulated and 1.12 hour

Figure 2. Analysis for stability of VEGF mRNA in C2C12 cells.
Stability of VEGF mRNA was analyzed by addition of Act-D
(4 mmol/L). Total RNA was extracted at various time points, and
Northern blotting for VEGF mRNA was performed. Quantification
of VEGF mRNA was performed with FLA 2000 Image Analyzer,
and amount of VEGF mRNA was corrected for loading differences by amount of ribosomal RNA. Plotted data are expressed
as % RNA remaining, which is representative of 3 independent
experiments. E, Electrical stimulation alone; M, Act-D without
electrical stimulation; F, Act-D with electrical stimulation. Halflife of VEGF mRNA in Act-D–treated cells was calculated by
drawing best-fit linear curve on log-linear plot of % RNA
remaining vs time.

without electrical stimulation. Thus, the electrical stimulation
did not affect the stability of VEGF mRNA, indicating that
the augmentation of VEGF mRNA by electrical stimulation
was at the transcriptional level.
Next, we examined the effect of transient electrical stimulation. Cells were exposed to 2 hours of electrical stimulation, and then the total RNA was harvested at 22 hours after
the transient stimulation. The results showed that the induction of VEGF mRNA was observed 22 hours after the
transient stimulation, and the level of its expression was
almost identical to that of the continuous electrical stimulation for 24 hours (Figure 3). Because VEGF mRNA returned
to the basal level by 46 hours after a 2-hour electrical
stimulation, the second stimulation could increase VEGF
mRNA to a level comparable to the first stimulation. Thus,
the transient electrical stimulation was equally effective and
was repeatable.

Synthesis and Secretion of VEGF Protein
The synthesis and secretion of VEGF protein into the medium
was analyzed by ELISA. VEGF in the medium of both
C2C12 cells and rat aortic smooth muscle cells was increased
by electrical stimulation (Figure 4A). These stimulatory
effects were observed to increase VEGF mRNA at the same
specific frequencies in these cells. The elevation of VEGF
protein in the medium was observed as early as 12 hours and
reached its peak at 48 hours (Figure 4B). The conditioned
medium of electrical stimulation augmented the growth of
BCECs as much as the medium supplemented with 10 ng/mL
of human recombinant VEGF (Figure 4C). Although proteins
other than VEGF might also be responsible for the growth of
BCECs, the concentration of VEGF in conditioned medium
determined by ELISA suggested that most of the effects on
the growth of BCECs were derived from VEGF.

Rat Model of Ischemic Hindlimb
We used the ischemic hindlimb animal model to investigate
whether electrical stimulation might induce angiogenesis and
increase blood flow in an ischemic limb. Blood flow was
measured in TA muscles of ischemic and contralateral limbs.
The percentage of blood flow in experimental muscles versus
contralateral muscles is shown in Figure 5. Blood flow in the
ischemic limb on day 7 after the left FA excision was
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Figure 4. Synthesis, secretion, and biological activity of VEGF
protein. Medium was collected during continuous electrical
stimulation, and secreted VEGF protein in medium was determined with ELISA. A, Rat aortic smooth muscle cells (solid columns) and C2C12 cells (open columns) were exposed to indicated frequencies for 24 hours. B, C2C12 cells were stimulated
electrically, and conditioned medium was collected at indicated
time points (solid columns). C2C12 cells without electrical stimulation (open columns). C, Conditioned medium of C2C12 cells
with or without electrical stimulation was collected. BCECs were
plated in 60-mm plastic dishes at a density of 53104 cells/dish
and incubated in DMEM containing 10% FCS for 6 hours. Then
culture medium was replaced as indicated. Cell number was
determined after 48-hour incubation. Values are mean6SD of
triplicate experiments.
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Figure 6. Immunohistochemical stains for VEGF protein in rat
TA muscles. For detection of VEGF protein, muscle specimens
were fixed with 10% formaldehyde, preincubated with 1% BSA
for 30 minutes, and then incubated with rabbit polyclonal antiVEGF antibody (1 mg/mL) for 30 minutes at room temperature.
Thereafter, specimens were stained by ABC method. A, Contralateral TA muscle; B, TA muscles after 5 days of electrical
stimulation; C, unstimulated TA muscle with FA excised.

increase without any stimulation, continuous electrical stimulation significantly increased blood flow in the TA muscle
of the ischemic limb. In addition, rats tolerated this procedure
very well, and there was no muscle contraction, muscle
injury, or restriction in movement.
Immunostaining of TA muscles with polyclonal antiVEGF antibody revealed a significant increase of VEGF
protein in the muscle fibers of electrically stimulated TA
muscles compared with unstimulated muscles or contralateral

significantly lower than that in the contralateral limb as well
as in the sham-operated animals. Whereas blood flow in the
ischemic limb on day 14 after the left FA excision did not

Figure 5. Blood flow in rat TA muscles was analyzed at postoperative days 7 and 14. Electrical stimulation was continued from
postoperative day 8 to day 12. Values are expressed as a percentage of blood flow in experimental muscles versus contralateral muscles. At postoperative day 7, blood flow in FA excision
alone (M) and FA excision with electrical stimulation (E) were
significantly lower than that in sham-operated limbs (‚)
(*P,0.01). At postoperative day 14, values in electrically stimulated and sham-operated limbs were significantly higher than
those in FA excision alone (**P,0.01), and there was no significant difference in blood flow between stimulated and shamoperated limbs. All values are given as mean6SD.

Figure 7. Capillary density in rat TA muscles. Number of capillaries was counted in at least 8 different fields, and capillary
density was obtained by calculation of capillary/muscle fiber
area. Whereas difference between contralateral TA muscles (lane
1) and unstimulated (lane 3) or sham-operated (lane 4) muscles
was not significant, that between contralateral (lane 1) and stimulated (lane 2) muscles was significant (*P,0.01). Representative images of lane 2 (FA excised and electrically stimulated)
and lane 3 are shown.
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TA muscles (Figure 6). This increase of VEGF protein was
found only in the area between the electrodes on TA muscle.
Capillary density of the stimulated muscles was increased
'2.5-fold compared with the contralateral muscles, whereas
unstimulated animals as well as sham-operated animals had
no significant difference between ischemic and contralateral
muscles (Figure 7).

Discussion
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Our present study demonstrated that direct electrical stimulation of cultured skeletal muscle cells induced the expression
of VEGF. Moreover, the low-voltage electrical stimulation of
ischemic skeletal muscle augmented de novo synthesis of
VEGF protein in the muscle, induced regional angiogenesis,
and restored blood flow in ischemic muscle. Electrical
stimulation at 100 Hz did not increase the capillary density in
animals (data not shown). This also implied that metabolic
activation could not simply explain the augmentation of
VEGF synthesis in the muscle. It was interesting that the
optimal electrical frequency seemed to vary between individual cell types, ie, 50 Hz for skeletal muscle cells and 24 Hz
for smooth muscle cells. Frequency-dependent gene expression or protein synthesis in insulin-like growth factor-2 of
osteosarcoma cells18 and constitutive NO synthase of cardiomyocytes19 have been described previously. Although the
mechanism of the frequency dependence of VEGF induction
is obscure at the moment, this characteristic will allow us to
restrict the induction of VEGF to skeletal muscle. Two
reports describe the augmentation of VEGF synthesis after in
vivo electrical stimulation: in one, skeletal muscle was
stimulated at 10 Hz and 3 to 4 V, which induced muscle
contraction17; in the other, a motor nerve was stimulated at 6
to 10 Hz, which also induced muscle contraction.20 Because
the frequencies used were far below the optimal value for
VEGF induction in skeletal muscle, the effects of these
studies on the synthesis of VEGF might not be derived from
muscle contraction.
Induction of angiogenesis in skeletal muscle by electrical
stimulation has been described.21–25 However, the aim of
electrical stimulation in those reports was to produce maximal muscle contraction. Indeed, they used an electrical
strength of .2.0 V for the stimulation. It was hypothesized
that hypoxia caused by muscle contraction was relevant to the
increase of capillary density of skeletal muscles in their
model.25 Nevertheless, strenuous electrical stimulation might
be harmful, fail to restore blood flow, increase muscle
atrophy, and worsen fatigue.26 Here, we used 0.1 V of
electrical strength for stimulation of rat TA muscle. This
strength of electrical stimulation was 10% of the threshold of
muscle contraction and was well tolerated. We therefore
propose that this procedure can be applicable as a simple and
practical method of therapeutic angiogenesis.
Transcutaneous electrical nerve stimulation (TENS) has
been used in the clinical field for pain control. Interestingly,
TENS is highly effective in acute musculoskeletal pain as
well as pain from peripheral vascular disease and from angina
pectoris. However, the reasons for pain relief from TENS are
largely unknown at present.27 Because TENS is primarily
nerve stimulation and a high frequency in the range of 60 to

100 Hz is generally considered conventional for this treatment, it is not known whether conventional TENS induces
regional angiogenesis.
Our results indicated that electrical stimulation augmented
VEGF mRNA via transactivation of the VEGF gene. However, the mechanism of how low-voltage electrical stimulation induces the expression of VEGF gene is unknown.
VEGF can be induced by various stimuli. Among them,
hypoxia is thought to be one of the most important stimuli for
the expression of the VEGF gene. Transactivation of the
VEGF gene in hypoxia is mediated by hypoxia-inducible
factor-1, which binds to the hypoxia responsible element in
the 59 flanking region of the VEGF gene. Heme-containing
protein works as a sensor of oxygen, and hypoxia, as well as
nickel or cobalt, induces hypoxia-inducible factor-1 by activating this sensing system.28 We used nickel to mimic the
hypoxic condition and found that the electrical stimulation
reinforced the expression of VEGF in the hypoxic condition
(data not shown). This notion is consistent with the in vivo
experimental results showing that electrical stimulation effectively augmented VEGF synthesis in the ischemic skeletal
muscle.
Gene therapy using VEGF is thought to be relevant for
therapeutic angiogenesis, and a clinical trial is now progressing in the United States.7 However, gene therapy is not
always available. The important point on this issue is that the
expression of VEGF is not restricted to a specific cell type;
rather, it is synthesized by a variety of cell types surrounding
ECs. If one could force cells in the ischemic area to
synthesize a sufficient amount of endogenous VEGF protein,
synthesized VEGF would promote local angiogenesis and
salvage the ischemic area. Our results reinforce the above
idea. We propose that it would be valuable to consider this
procedure for clinical application.
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