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Abstract—Vascular endothelial growth factor (VEGF) is impor-
tant in improving wound healing. We evaluated the effect of sen-
sory (direct current, 600 microamperes) and motor (monophasic
current, pulse duration 300 microseconds, 100 Hz, 2.5-3.0 mA)
intensities of cathodal electrical stimulation (ES) current to
release VEGF in muscle and skin in the wound site. We ran-
domly assigned 48 male Sprague-Dawley rats into one control
and two experimental groups (sensory and motor ESs). A full-
thickness skin incision was made on each animal’s dorsal region.
The experimental groups received ES for 1 h/day every other
day. In the control group, no current was applied. VEGF expres-
sion was measured in muscle and skin on the third and seventh
days after surgical incision. Our outcomes demonstrated that no
difference was found in the VEGF levels among groups on the
third day. However, on the seventh day, the skin VEGF levels in
the sensory group were significantly higher than those levels of
the other groups (p < 0.05). No difference was found in the mus-
cle VEGF levels on the third and seventh days. The results
showed that sensory ES increases the release of more VEGF in
skin. This mechanism may be one through which a sensory type
of current is more effective in promoting wound healing.

Key words: cathode, direct current, electrical stimulation, full-
thickness wound, monophasic current, muscle, rat, skin, VEGF,
wound healing.

INTRODUCTION

Wound healing is characterized by a complex series
of biological processes in response to injuries that ulti-
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mately cause tissue formation, reepithelialization, and
scar formation. Angiogenesis is an integral part of this
sequence of events and occurs during the proliferative
phase of wound healing. It is characterized by new vessel
formation and vascular hyperpermeability that improve
tissue oxygenation and nutrient delivery and promote cel-
lular and matrix deposition in the wound [1]. A potent
direct angiogenic factor is the vascular endothelial
growth factor (VEGF), which stimulates migration, pro-
liferation, and/or tube formation of endothelial cells [2—4].
Direct and indirect evidence implicates that VEGF is sig-
nificant in wound healing immediately after injury and
stimulates wound healing through multiple mechanisms,
including collagen deposition, angiogenesis, and epithe-
lialization [2,5]. VEGF level in the wound site was
observed as markedly elevated immediately after injury.
Maximal VEGF level is between the third and seventh

Abbreviations: ANOVA = analysis of variance, DC = direct
current, ELISA = enzyme-linked immunosorbent assay, ES =
electrical stimulation, LIDC = low-intensity DC, LVES = low-
voltage ES, SEM = standard error of the mean, VEGF = vascular
endothelial growth factor.
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days after full-thickness wounding, coincident with early
stage of the proliferation phase of wound healing [2].
During this period, VEGF upregulated to promote vascu-
lar dilation, permeability, migration, and proliferation of
endothelial cells [6]. The elevated synthesis declined to a
basal level in 7 to 14 days after skin injury [2]. Capillary
growth in the wound alleviates tissue hypoxia and meta-
bolic deficiencies [1-2], which may subsequently pro-
mote wound closure and better formation of granulation
tissue and their remodeling [1]. However, no in vivo
studies were found in the literature bearing directly on
the effects of VEGF expression on different phases of
wound healing.

Evidence exists that electrical stimulation (ES)
increases the release of VEGF in the muscle and wound
site [7-12]. Thus, recruitment of muscle by ES may be a
way to facilitate angiogenesis in wound healing. Hang et
al. reported the VEGF gene expression is unregulated in
rat skeletal muscle [7]. They stimulated muscle electri-
cally at 10 Hz using 300 ms square waves at voltages that
maximized contraction on palpation for up to 21 days.
Nagasaka et al. reported the VEGF protein was signifi-
cantly increased by low-voltage ES (LVES) in rat skeletal
muscle that was stimulated continuously for 5 days at 50 Hz,
with unipolar square waves at stimulus strength below
threshold muscle contraction [8]. In this study, the active
electrode had negative polarity and was implanted onto the
tibialis anterior muscle. In addition, some studies demon-
strated that ES increased the release of VEGF in rat skele-
tal muscle, both when ES caused muscle contraction [10—
11] and following subthreshold stimulation, which did
not induce contraction [9]. Morris et al. applied square-
wave pulsed direct current (DC) ES to ischemic wounds
in the ear of rabbits for either 1, 2, or 3 weeks (10 rab-
bits were assigned in two experimental groups, A and B)
[12]. Both groups received amplitude of 11 mA, with an
interpulse interval of 40 ms, but pulse width was set at
110 ps in group A and 5 us in group B. They found that
VEGEF level was significantly higher for the stimulation
pattern in group A (110 us pulse width) than in group B
(5 ps pulse width) on the fourteenth day following injury.
Their results implied that the ES pattern in group A might
be more effective at promoting angiogenesis. Zhao et al.
reported that applied electric fields of small physiological
magnitude directly stimulate VEGF production by endo-
thelial cells in culture without the presence of any other
cell types [13].

In wound healing, VEGF is produced by endothelial
cells, fibroblasts, platelets, neutrophils, keratinocytes,
and macrophages [2]. In vitro studies have reported that
fibroblasts, neutrophils, and keratinocytes migrated
toward cathode (negative polarity) in electric fields [14].
Talebi et al. showed that the cathodal ES increased the
number of macrophages and fibroblast cells as compared
with that in the control [15]. Therefore, applying the
cathodal ES on the wound site apparently increases the
release of more VEGF.

The low-intensity DC (LIDC) within the range of
200 to 800 pA effectively promotes and accelerates
wound healing [16]. The intensities of >1 mA have not
been studied, in either continuous or pulsed DC [16]. In
addition, the effect of ES on releasing VEGF in an acute
wound site, as one of the most important mechanisms of
effectiveness of ES on wound healing, has not been
studied. One cannot fully define the optimal treatment
and stimulation parameters without clearly understanding
the basic mechanisms of ES in promoting wound healing.

We conducted this study to investigate the role of
sensory (600 pA) and motor (threshold of contraction)
intensities of cathodal current on releasing VEGF in
wound healing. Specifically, we designed the study to
answer the following two questions:

1. Does externally applied cathodal ES influence the
release of VEGF in the wound site?

2. Which intensities of ES (sensory or motor) have better
effects to release VEGF in the wound site?

MATERIALS AND METHODS

Animals

In this investigation, we used 48 healthy male Sprague-
Dawley rats (Razi Vaccine and Serum Research Institute;
Karaj, Tehran, Iran) weighing 250 to 300 g. The animals
were maintained in special cages according to the controlled
conditions in the experimental guidelines of Tarbiat
Modares University. Animals could access food without
any limitation until 12 hours before the surgery.

Wounding and Treatment Protocol

After weighing the animals, we anesthetized them
using a mixture of xylazine hydrochloride (20 mg/mL)
and ketamine hydrochloride (100 mg/mL, Alfasan; Woer-
den, the Netherlands) (xylazine: ketamine ratio of 1:9 mL
and dose of 1 mL/kg). The hairs on the middle of each
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rat’s back were shaved, and the area was cleaned with
Betadine antiseptic solution (Purdue Products L.P.; Stan-
ford, Connecticut). Following the sterilization, we made
a 2.5 cm longitudinal full-thickness incision, in the cranio-
caudal direction, at a distance of 1 cm from the spine on
the right side of the paravertebral region.

We divided animals randomly into one control and
two experimental groups (sensory and motor ESs). Each
group included 16 animals consisting of 8 rats that were
studied for 3 days and 8 rats that were studied for 7 days.
Treatment began 24 hours after injury. Carbon rubberized
electrodes were placed on a sterile gauze moistened with
normal saline solution. An active treatment electrode (1 %
3 cm) was placed on the incision wound site, and a pas-
sive indifferent electrode (2 x 4 cm) was placed on the
opposite side of the paravertebral region, at the highest
part of the back (Figure 1). To prevent electrode displace-
ment, we tied the electrodes tightly using straps and con-
strained animal movement using the restrainer. In both the
experimental groups, the polarity of the active treatment
electrode was negative (cathode) during applied protocol.
In the sensory ES group, we applied microamperage DC
ES with an intensity of 600 pA, for 1 h/day, every other
day, for 3 or 7 days. In the motor ES group, we applied
monophasic pulsed current with an intensity enough to
elicit a visible minimum contraction (about 2.5-3.0 mA),
pulse duration 300 ps, frequency 100 Hz, for 1 h/day,
every other day, for 3 or 7 days. These ES parameters

Figure 1.
Electrode positions before restrainer was used. Right electrode was
active (1 x 3 cm), and left electrode was passive indifferent (2 x 4 cm).

have been used in many other studies [15,17-19]. The ES
device used in this study was the BTL-5000 series (BTL
Industries Ltd; Hertfordshire, United Kingdom). In the
control group, we similarly placed electrodes on the
wound site but applied no current.

Tissue Preparation and VEGF Level Determination

On the third and seventh days postinjury, eight rats in
each group were euthanized by chloroform inspiration
and wound strips were removed along the incision,
including 3 mm from the edges, and were used as tissue
samples for examining skin VEGF protein. In addition,
after removing the wound strips, we excised muscle tissue
under the wound area site in a rectangular shape (0.5 X
1.0 cm, respectively, as width and length in the same
direction of wound incision) to measure the muscle
VEGEF protein.

Tissue samples were homogenized in phosphate-
buffered saline containing antiprotease (phenylmethane-
sulfonyl fluoride, ethylenediaminetetraacetic acid, aprotinin,
for each 100 mg of tissue, 1 mL buffer). The homoge-
nates were centrifuged at 12,000 revolutions per minute
for 15 min at 4 °C. The supernatant was collected and
stored at —80 °C until used. VEGF was determined with
an enzyme-linked immunosorbent assay (ELISA) kit
(R&D Systems, Inc; Minneapolis, Minnesota). Standards
or samples (50 pL) were pipetted into each antibody-
coated well containing 50 pL assay diluents and incu-
bated for 2 h at room temperature. The wells were
washed five times with wash buffer, and then 100 pL of
VEGF conjugate were added to each well. Microplates
were again incubated for 2 h at room temperature. After
the five washings of the wells, solutions of 100 pL sub-
strate chromogen were added. The microplates were
incubated for 30 min at room temperature. Optical den-
sity was read in a microplate ELISA reader (Sunrise
Model Co; Vienna, Austria) at the wavelength of 450 nm.
The tissue sample concentration was calculated from the
standard curve and normalized by the weight of the skin.

Statistical Analysis

The Kolmogorov-Smirnov test demonstrated that the
VEGF levels were normally distributed in all groups (p >
0.05). We used one-way analysis of variance (ANOVA)
and Tukey test to evaluate the differences of VEGF pro-
tein on the third and seventh days between experimental
and control groups. We considered p < 0.05 statistically
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significant. We used SPSS statistical software, version 16.0
(SPSS Inc; Chicago, Illinois), for the analysis.

RESULTS

VEGF Protein Level in Skin Wound Tissue

The levels of VEGF protein in skin wound tissue of
the different groups on the third and seventh days postin-
jury are shown in Table 1. On the third day postinjury,
the VEGF levels (mean + standard error of the mean
[SEM]) in the sensory, motor, and control groups were
3.64 £0.72,3.28 + 0.46, and 3.20 £ 0.65 pg/mg, respec-
tively (Figure 2). Although the VEGF protein levels in
the sensory group were higher than those levels in the
motor and control groups on the third day, this difference
was not significant (p = 0.8).

On the seventh day postinjury, the VEGF levels
(mean = SEM) in the sensory, motor, and control groups
were 4.43 = 0.97, 1.74 £ 0.59, and 1.14 = 0.46 pg/mg,
respectively (Figure 2). ANOVA revealed significant
difference among the groups on the seventh day (p =
0.01). Tukey test demonstrated that the VEGF protein
levels in the sensory group were significantly higher than
those levels in the motor and control groups on the seventh
day (p = 0.03 and p = 0.01, respectively), but differences
between the motor and control groups were not significant

(p=0.8).

VEGF Protein Level in Muscle Tissue

The levels of VEGF protein in muscle tissue from
different groups on the third and seventh days postinjury
are presented in Table 2. On the third day postinjury, the
VEGF levels (mean = SEM) in the sensory, motor, and
control groups were 0.66 + 0.13, 0.67 = 0.15, and 0.86 +

Table 1.
Skin vascular endothelial growth factor (VEGF) on third and seventh
days after incision as mean + standard error of the mean.

VEGF (pg/mg)
Group
Day 3 Day 7
Sensory 3.64+0.72 443+097"
Motor 3.28 £0.46 1.74 £ 0.59
Control 3.20 £ 0.65 1.14 + 0.46

*Signiﬁcantly different than motor and control groups; p < 0.05.

|mSensory @Motor o Control

*

Skin VEGF Value (pg/mg)
(2]

0 7 T
Day
Figure 2.
Skin vascular endothelial growth factor (VEGF) on third and seventh

days after incision. Levels are expressed as mean + standard error of
the mean. ~ Significant difference related to control and motor groups.

0.14 pg/mg, respectively (Figure 3). ANOVA revealed
no differences among groups on the third day (p = 0.5).

On the seventh day postinjury, the VEGF levels
(mean + SEM) in the sensory, motor, and control groups
were 0.34 = 0.08, 0.29 + 0.04, and 0.35 = 0.05 pg/mg,
respectively (Figure 3). ANOVA revealed no differences
among groups on seventh day (p = 0.8).

DISCUSSION

Although many clinical articles support the use of ES
for wound healing [20-25], the mechanism by which ES
induces wound healing is not well known. Many evi-
dences implicate VEGF as a significant factor in wound
healing immediately after injury [2,5-6]. In this study, we
determined the effect of ES on the release of VEGF in the
incision wound site.

In full-thickness wounds, maximal VEGF protein is
found between the third and seventh days after wounding,

Table 2.
Muscle vascular endothelial growth factor (VEGF) on third and
seventh days after incision as mean + standard error of the mean.

VEGF (pg/mg)
Group
Day 3 Day 7
Sensory 0.66 £0.13 0.34 £0.08
Motor 0.67 £0.15 0.29+£0.04
Control 0.86+0.14 0.35£0.05
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Figure 3.

Muscle vascular endothelial growth factor (VEGF) on third and
seventh days after incision. Levels are expressed as mean + standard
error of the mean.

coincident with the early stages of angiogenesis [2]. In
the present study, we demonstrated that the pattern of
VEGF expression in injured skin was similar in the motor
and control groups. In both groups, skin VEGF level
reached its peak on the third day postinjury and
decreased on the seventh day. However, in the sensory
group, skin VEGF level reached its peak on the seventh
day postinjury. The level of skin VEGF protein in the
sensory group was significantly higher than the level in
the motor and control groups by the seventh day (p < 0.05).

Morris et al. reported that application of pulsed DC
ES with 110 us pulse width significantly increased
VEGEF level on the fourteenth day compared with appli-
cation of pulsed DC ES with 5 us pulse width [12]. They
applied ES to ischemic full-thickness wounds in the ears
of rabbits. The mechanisms by which ES increases the
release of VEGF in the wound site are still not well
known.

In wound healing, VEGF is produced by endothelial
cells, fibroblasts, platelets, neutrophils, keratinocytes,
and macrophages [2]. In vitro studies have reported that
fibroblasts, neutrophils, and keratinocytes migrated
toward cathode (negative polarity) in electric fields [14].
Talebi et al. showed that the cathodal ES in the experi-
mental group increased the number of macrophages and
fibroblast cells compared with that in the control group
[15]. In addition, they claimed that LIDC may resemble
the natural electrical field current created following

injury, thus it can enhance galvanotaxis (directional
migration of various types of cells) [26].

Therefore, the sensory ES compared with motor ES
can facilitate better cell migration (such as neutrophils,
macrophages, fibroblasts, and keratinocytes) to the
wound site; thus, it increases the release of more VEGF
in the wound site as compared with motor-intensity ES
and control groups. The increase of skin VEGF level by
sensory ES on the third and seventh days postinjury con-
curs with early stages of angiogenesis; thus, sensory ES
may be more effective at promoting angiogenesis in
wound healing.

Evidence exists that ES increases the release of
VEGF in muscle [7-11]. Hang et al. reported that the
VEGF gene expression is upregulated in rat skeletal mus-
cle that was stimulated electrically at 10 Hz using 300 ms
square waves at voltages that maximized contraction on
palpation for up to 21 days [7]. Nagasaka et al. reported
that the VEGF protein was significantly increased by
LVES in rat skeletal muscle that was stimulated continu-
ously for 5 days at 50 Hz, with unipolar square waves at
stimulus strength below threshold muscle contraction [8].
In their study, the active electrode had negative polarity
and was implanted onto the tibialis anterior muscle.
Kanno et al. reported that ES increased VEGF and blood
flow when cultured skeletal muscle cells were electrically
stimulated at a voltage that did not cause contraction [9].

In the present study, we observed no significant
increase in levels of VEGF protein in muscle under the
wound site in any groups on the third and seventh days
postinjury. Conflicting results may be explained by the
difference in duration of application of ES and by areas
of stimulation. In the previous studies, muscle was stimu-
lated continuously for 5 or 21 days, but in the present
study, muscle was stimulated for 1 h/day, every other day,
for 3 or 7 days. In addition, in previous studies, muscle
was stimulated in ischemic conditions [7,8], but in this
study, muscle was stimulated in the condition of normal
blood perfusion. Therefore, neither the sensory nor the
motor ES (parameters used in this study) apparently
increases the release of VEGF by muscle cells during
full-thickness wound healing. Further work is needed to
determine the relationship between VEGF expression
after sensory and motor ES and its angiogenesis effect
during wound healing.
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CONCLUSIONS

In summary, this study demonstrated more expres-
sion of skin VEGF on the third and seventh days after
application of sensory ES. Using sensory or motor ES
could not change the expression of muscle VEGF in the
wound site. The effect of sensory ES to release more
VEGF may be one through which sensory ES is more
effective in promoting wound healing.
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