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Ashrafpour, Homa, Ning Huang, Peter C. Neligan, Christopher
R. Forrest, Patrick D. Addison, Michael A. Moses, Ronald H.
Levine, and Cho Y. Pang. Vasodilator effect and mechanism of
action of vascular endothelial growth factor in skin vasculature. AmJ
Physiol Heart Circ Physiol 286: H946-H954, 2004. First published
November 26, 2003; 10.1152/gjpheart.00901.2003.—Various labora-
tories have reported that local subcutaneous or subdermal injection of
VEGFes at the time of surgery effectively attenuated ischemic
necrosis in rat skin flaps, but the mechanism was not studied and
enhanced angiogenesis was implicated. In the present study, we used
the clinically relevant isolated perfused 6 X 16-cm pig buttock skin
flap model to 1) test our hypothesis that VEGFie5 IS a potent
vasodilator and acute VEGFes treatment increases skin perfusion;
and 2) investigate the mechanism of VEGF;es-induced skin vasore-
laxation. We observed that VEGFies (5 X 10715 X 1071 M)
elicited a concentration-dependent decrease in perfusion pressure (i.e.,
vasorelaxation) in skin flaps preconstricted with a submaximal con-
centration of norepinephrine (NE), endothelin-1, or U-46619. The
VEGFes-induced skin vasorelaxation was confirmed using a der-
mofluorometry technique for assessment of skin perfusion. The va-
sorelaxation potency of VEGFies in NE-preconstricted skin flaps
(pD2 = 13.57 = 0.31) was higher (P < 0.05) than that of acetylcho-
line (pD2> = 7.08 * 0.24). Human placental factor, a specific VEGF
receptor-1 agonist, did not elicit any vasorelaxation effect. However,
a specific antibody to VEGF receptor-2 (1 wg/ml) or a specific VEGF
receptor-2 inhibitor (5 X 10~ M SU-1498) blocked the vasorelax-
ation effect of VEGF6s in NE-preconstricted skin flaps. These ob-
servationsindicate that the potent vasorel axation effect of VEGFe5in
the skin vasculature is initiated by the activation of VEGF receptor-2.
Furthermore, using pharmacological probes, we observed that the
postreceptor signaling pathways of VEGFes-induced skin vasorelax-
ation involved activation of phospholipase C and protein kinase C, an
increase in inositol 1,4,5-trisphosphate activity, release of the intra-
cellular Ca2* store, and synthesis/release of endothelial nitric oxide,
which predominantly triggered the effector mechanism of VEGFi6s-
induced vasorelaxation. This information provides, for the first time,
an important insight into the mechanism of VEGF1es protein or gene
therapy in the prevention/treatment of ischemia in skin flap surgery
and skin ischemic diseases.

VEGFies5 receptors; signaling pathways; nitric oxide; prostacyclin;
skin flap

SKIN FLAPS ARE ROUTINELY useD for coverage of large deep
wounds or tissue defects resulting from injury, excision of
tumors, ulceration, or congenital malformation. In skin flap
surgery, a large piece of skin with subcutaneous tissue is
undermined and elevated from a donor site. The skin flap is

immediately transferred and sutured to the nearby wound (i.e.,
pedicled skin flap surgery) or detached and transferred to a
distant site for wound coverage where the artery and vein of the
skin flap vascular pedicle are anastomosed to vessels in the
recipient site for blood supply (i.e., autogenous skin transplan-
tation or free flap surgery) (5, 11).

Distal ischemic necrosis is the most common clinical com-
plication in pedicled skin flap surgery, but the pathogenic
mechanism is unclear. The general consensusis that unpredict-
able vasospasm, thrombosis, and insufficient vascularity are
the main factors in the pathogenesis of distal skin ischemic
necrosis in pedicled skin flaps (5). Numerous systemic vaso-
dilator drugs and severa antithrombotic drugs and topical
vasodilator drugs have been investigated in laboratory animals
for augmentation of skin blood flow and viability in pedicled
skin flaps by many investigators, but the results thus far are
either disappointing, controversial, or very modest at best, and
none has reached the clinical tria stage (5, 7, 32). Most if not
all systemic vasodilators are not effective in augmentation of
skin flap viability probably because they cause systemic hypo-
tension, which is known to be detrimental to skin flap blood
flow and viahility. Of particular interest are recent publications
that reported that acute local VEGF;es protein or gene therapy
was effective in mitigation of skin flap ischemic necrosis.
Specifically, it was reported that local subcutaneous or subder-
mal injection of VEGF;es at the time of flap surgery attenuated
skin ischemic necrosis in skin and musculocutaneous flaps in
therat (19, 31, 37). It was also reported that local subcutaneous
injection of naked plasmid DNA encoding VEGFies given at
the time of surgery or adenovirus encoding the VEGF65 gene
given at 12 h before skin flap surgery attenuated ischemic
necrosis in rat skin flaps (12, 30). The mechanism of acute
local VEGF65 protein or gene therapy in attenuation of skin
ischemic necrosis in flap surgery in these studies was not
investigated, but enhanced angiogenesis and/or neovascular-
ization were implicated by these investigators. In our opinion,
angiogenesis and neovascularization may not explain the ac-
tion of acute VEGF65 protein or gene therapy in the mitigation
of skin flap ischemic necrosis. Specifically, the maximum time
for ischemic tolerance in skin flaps is 8-13 h (17), but it may
take at least 2 to 3 days for VEGF65 to establish angiogenesis
or neovascularization (18). Therefore, the critical ischemic
time of skin flaps would be surpassed before any benefits can
be gained from angiogenesis or neovascul arization induced by
VEGF65 protein or gene therapy started 12 h before or at the
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time of skin flap surgery (12, 19, 30, 31, 37). We hypothesize
that not only is VEGFigs important in the initiation and
progression of angiogenesis and neovascularization but that it
also possesses a potent vasodilator effect principally by stim-
ulating synthesis and release of endothelium-derived relaxing
factors, which increase blood flow to the hypoperfused skin in
the distal portion of the skin flap. This vasodilator effect of
VEGF65 explains the efficacy of acute VEGFigs protein or
gene therapy in the augmentation of pedicled skin flap viabil-
ity. Our hypothesis on the vasodilator effect of VEGFg5 is
supported by other observations showing that acute coronary
artery infusion of VEGF,65 increased coronary blood flow in
the pig (23), and VEGF,es €licited vasorelaxation in animal
and human vascular rings in organ chambers (2024, 41, 44).
At the present time, little is known about the vasodilator effect
and mechanism of action of VEGFgs in the skin vasculature.
Therefore, we planned to test our hypothesis by investigating
1) the vasorelaxation effect of acute VEGF65 treatment in the
skin vasculature; 2) the receptor and postreceptor signal trans-
duction pathways mediating VEGFs-induced vasorelaxation
in the skin vasculature; and 3) the effector mechanism associ-
ated with VEGF,es-induced vasorelaxation in the skin vascu-
lature. The isolated perfused pig buttock skin flap model was
used in the present study because the vasculature in this skin
flap model resembles very closely to that of the human arterial
skin flap routinely used in reconstructive surgery (4). The
techniques for surgical construction and perfusion of pig arte-
rial island buttock skin flaps have been previously described by
us (33-35) and other investigators (27, 39, 40).

MATERIALS AND METHODS

Surgical Procedures

Y orkshire pigs (19.5 + 1.8 kg, mean = SD) were used. Skin flaps
were harvested under genera anesthesia induced by intramuscular
ketamine (25 mg/kg) and intravenous pentobarbitone sodium (2025
mg/kg). General anesthesia was maintained by an intravenous infu-
sion of isotonic saline (2 mi/min) containing pentobarbitone sodium
(0.5 mg-kg~*min~1). A 6 X 16-cm skin flap based on the deep
circumflex iliac neurovascular bundle was outlined on both sides of
the buttock. These marked skin flaps were incised and completely
undermined with all musculocutaneous blood vessels (perforators)
tied and/or cauterized carefully. The circumflex iliac neurovascular
bundle was dissected and formed the vascular pedicle (~4 cm) of the
island buttock skin flap. All side branches of blood vessels of the
pedicle were ligated with 4-0 silk sutures and cauterized. Findly, the
proximal end of the neurovascular pedicle of the flap was tied with a
2-0silk suture and then transected. The arterialized island buttock skin
flap was freed and used for in vitro perfusion as described previously
(33-35). The pig was killed with an overdose of intravenous pento-
barbitone sodium (100 mg/kg). Thisanimal protocol was approved by
The Hospital for Sick Children Animal Care Committee.

Skin Flap Preparation for In Vitro Perfusion

The skin flap was wrapped around a plastic tube (22 cm in length
and 1.2 cm in diameter), and the longitudinal edges of the flap were
sewn together with 3-0 silk sutures to form a tubed flap. From our
previous experience, inclusion of this tube in the tubed skin flap
significantly reduced edema formation during 4 to 5 h of in vitro
perfusion, and water retention was reduced to <10% (33-35). The
circumflex iliac artery and one of its veins were cannulated with a 20-
and 18-gauge angiocatheter, respectively, for skin flap perfusion. The
warm ischemic time required for construction of atubed skin flap and
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cannulation was 20—30 min. We previously demonstrated in vivo that
this pig skin flap model could tolerate 2 h of primary and 10 h of
secondary ischemia without skin ischemic necrosis (14). Therefore, it
is unlikely that skin ischemia-reperfusion injury could have taken
place in our isolated perfused skin flap model.

Sin Flap Perfusion Technique

Modified Krebs-Henseleit buffer of the following composition (in
mM) was used for the perfusate: 100 NaCl, 4.60 KCI, 1.10 NaH,PO,,
1.20 MgSQ,, 2.25 CaCl,, 30 NaHCOg, 11 glucose, and 2 p-mannitol.
Bovine serum abumin (Cohn fraction V) was added to the buffer (65
g/l), which was stirred and filtered (Whatman no. 44) before use. A
similar perfusate was used by other investigators in the isolated
perfused pig skin flap model (27, 39, 40). Krebs buffer instead of
whole blood was chosen as the perfusate to avoid confounding effects
of vasoactive substances released by traumatized blood cells.

The commercially available Two-Ten Perfuser (MX International;
Aurora, CO) equipped with two reservoirs and a pump with adjustable
rates (model 7014, Cole Pamer Instruments; Vernon Hills, IL) was
used as a perfusion apparatus. The perfusate was equilibrated in the
reservoirs with 95% O»-5% CO, at 38°C and pH 7.35-7.40. The
perfusate was kept at 37°C. A three-way connector that linked
the tubing from the peristaltic pump to the arterial angiocatheter of
the flap permitted a paralel tubing to be connected to a pressure
transducer (AB High Performance Pressure Transducer, Data Instru-
ments; Lexington, KY). The transducer output was displayed contin-
uously on adigital monitor (Trendicator 11 621A, Doric Scientific; San
Diego, CA) and a chart recorder (Lineacorder WR3101, Graphtec).
The pump was adjusted to produce a basal perfusion pressure of
35-40 mmHg. Drugs to be studied were infused into the perfusate
through a side arm shortly before the perfusate entered the arterial
angiocatheter of the skin flap. A thermister probe (YSI Series 400,
Yellow Springs Instruments; Yellow Springs, OH) connected to a
microcomputer thermometer (Series 084 202, Cole Palmer Instru-
ments) was positioned on the surface of the longitudinal midpoint of
the skin flap for continuous monitoring of surface skin temperature,
which was kept at ~34°C.

A baseline perfusion pressure of 35-40 mmHg was selected be-
cause our past experiments revealed that the pig skin flap was well
perfused and oxygenated (33—-35). The basal perfusion pressure used
by other investigators for perfusion of rabbit ears was 35.8 = 3.5
mmHg (38). From our past experience, we also noticed that the
weights of the 6 X 16-cm buttock skin flaps in pigs weighing 17-22
kg were quite uniform (51 = 3 g). A pump rate of 1.5-2.0 ml/min
would produce a baseline perfusion pressure of 35-40 mmHg. At the
beginning of each experiment, a 45-min stabilization period was
allowed to establish a steady baseline perfusion pressure at a constant
flow rate.

Construction of Concentration-Dependent VVasorelaxation Curves

In al experiments, skin flaps were perfused with Krebs-Henseleit
buffer at a constant flow rate throughout each experiment. Norepi-
nephrine (NE), endothelin-1 (ET-1), or the thromboxane A, mimetic
U-46619 was infused into the perfusate continuously through the side
arm to cause a sustained increase in perfusion pressure (i.e., vascular
contraction). After the increase in perfusion pressure was stabilized, a
cumulative concentration-dependent vasorelaxation curve was con-
structed by stepwise infusion of a vasodilator drug to the perfusate
through the side arm. Each increment (0.5 log) of vasodilator drug
was made only after the response to the preceding concentration of
drug had stabilized. Vasodilator drugs caused a concentration-depen-
dent decrease in perfusion pressure (i.e., vasorelaxation), and vasore-
laxation was expressed as a percentage of the perfusion pressure
(contraction) induced by a submaximal dose of NE, ET-1, or U-46619
as described previously (2). When an inhibitor/antagonist was used to
block the action of the vasorelaxation drug, it was infused continu-
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ously into the perfusate starting 30 min before the beginning of the
concentration-dependent relaxation-response experiment.

A least-square best-fit computer program (Prism, GraphPad; San
Diego, CA) was used for plotting line graphs for concentration-
dependent response curves and for calculation of the concentration of
a drug that elicited 50% (ECso) and 100% (ECi00) of the maximum
vasorelaxation. Apparent affinity (pD2) was calculated as the negative
log molar concentration of ECso (35).

Surface Dermofluorometry Technique for Assessment
of Skin Perfusion

The dermofluorometry technique for assessment of in vivo dermal
perfusion was validated against the radioactive microsphere technique
in the pig skin (43). We adopted this dermofluorometry technique for
the assessment of dermal perfusion in isolated perfused pig skin flaps
(33). Specifically, confluent circles of 1 cm diameter were marked
along the longitudinal midline of the skin flap surface. After the
45-min stabilization period, the background fluorescence in each
circular skin areawas measured (fluorescence units) using a dermoflu-
orometer (Fluorescan unit, Santa Barbara Technology; Santa Barbara,
CA). Fluorescence dye (Diofluor, fluoroscein sodium, 100 mg/ml,
Dioptic Laboratories;, Markham, Ontario, Canada) with a fina con-
centration of 3 X 10~° M was then infused into the skin flap for 5
min, and fluorescence in each circle was measured again. A washout
period of 15 min was allowed, and the background fluorescence was
taken again. The drug to be tested was infused into the skin flap. After
the perfusion pressure had stabilized subsequent to drug infusion for
the study of skin vascular reactivity, fluorescence dye infusion was
repeated, and skin fluorescence was measured again. The differencein
fluorescence units for each circular skin area between the background
and postfluorescence dye infusion was defined as the net fluorescence
unit for that area. The total dye fluorescence is the sum of all net
fluorescence units measured from al circular skin areas along the
midline of the skin flap (43).

Assessment of Stable End Products of Nitric Oxide and PGl »
in Pig Skin Arteries

The end products of nitric oxide (NO) are nitrite/nitrate (NO5/
NOg3; NOy). The end product of PGl is 6-keto-PGF.. The methods
for analysis of tissue contents of NOy and 6-keto-PGF;,, were similar
to those reported previously (15, 47). Briefly, arteries and veins (~100
mg) dissected from pig skin flaps were homogenized at 4°C in abuffer
containing 25 mmol/l Triss HCI (pH 7.5), 0.5 mmol/| EDTA, and 0.5
mmol/l EGTA and centrifuged at 14,000 g for 15 min. The resulting
supernatants were collected as cytosolic fractions for assay of protein
content determined by the Bradford method (Bio-Rad), 6-keto-PGF,.,
using a commercia radioimmunoassay (RIA) kit, and assay of NOx
using the following techniques. The supernatants were loaded to a
Centricon YM-30 filter and centrifuged at 4°C to remove substances
larger than 30 kDa. NO, content was assayed using the Griess
reaction. NO3 content was determined after the conversion of NO3' to
NO; with Aspergrillus nitrate reductase. Tissue NOy contents are
expressed as nanomoles per milligram of protein.

Biochemicals

All chemicals and the antibody to VEGF receptor-2 were pur-
chased from Sigma Chemical (Oakville, Ontario, Canada) except the
following: ET-1 was from Peptide International (Louisville, KY),
fluorescein dye (100 mg/ml Diofluor) was from Dioptic Laboratory
(Markham, Ontario, Canada), injectable NE was from Sabex (Bou-
cherville, Quebec, Canada), N-[3-(aminomethyl)-benzyl]-acetamine
(1400W) and N-propyl-L-arginine (L-NPA) were from Tocris (Ellis-
ville, MO), human placental growth factor (PIGF) and recombinant
human VEGF;6s were from R&D Systems (Minneapolis, MN), SU-
1498 was from Cabiochem (San Diego, CA), U-46619 was from

VEGF165-INDUCED SKIN VASORELAXATION

Cayman (Ann Arbor, MI), and RIA kits for 6-keto-PGF, were from
Amersham (Baie d' urfé, Quebec, Canada). Perfusion buffer was made
on the day of each experiment using distilled Milli Q water. The
freshly made buffer was used to make drug stock solutions, which
were stored at 4°C before use. N“-nitro-L-arginine (L-NNA) was
dissolved in 0.5 ml of 0.1 N HCI. The following drugs were dissolved
in 0.5 ml of DMSO before being added to the buffer to make stock
solutions: 2-aminoethoxydiphenylborate (2-APB), 1,2-bis-(2-amino-
phenoxy)ethane-N,N,N’,N’'-tetraacetic acid acetoxymethyl ester
(BAPTA-AM), indomethacin, 2-nitro-4-carboxyphenyl-N,N-diphe-
nylcarbonate (NCDC), and SU-1498. The final maximal concentration
of DM SO in the perfusion buffer was <0.05%, and this concentration
did not have any effect on the basal perfusion pressure in pig skin
flaps.

Experimental Protocols

The following protocols were designed to investigate whether
VEGF6s5 is a potent vasodilator in the skin vasculature and, if so,
what possible receptors and postreceptor signaling pathways and
effector mechanism are involved in mediating VEGF;es-induced
vasorelaxation in the pig skin vasculature.

Protocol 1: effect of VEGF16s On perfusion pressure in pig skin
flaps. The cumulative concentration-dependent decrease in perfusion
pressure (i.e., vasorelaxation) induced by VEGF6s (5 X 10165 X
101 M) was studied in pig skin flaps preconstricted with NE (5 X
1076 M), ET-1 (10°° M), or U-46619 (2 X 107 M). These sub-
maximal concentrations of drugs were chosen because they were
observed in our preliminary study to raise the perfusion pressure of
the skin flaps by 40-50 mmHg over the baseline.

The cumulative concentration-dependent decrease in perfusion
pressure induced by ACh (107 °-10"“ M) and VEGF 65 (5 X 10~ 16—
5 X 107 M) was aso studied in skin flaps preconstricted with
NE (5 X 107® M). The ECso and D, values of VEGF16s and ACh
in NE-preconstricted skin flaps were calculated and compared
statistically.

Protocol 2: effect of VEGF 165 on dermal perfusion in pig skin flaps.
A dermofluorometry technique was used to investigate the vasorel ax-
ation effect of VEGFgs on derma perfusion in pig skin flaps
preconstricted with NE (5 X 10~ ¢ M). Total dye fluorescence in pig
skin flaps was assessed at the end of the stabilization period (baseline)
and 15 min after the infusion of vehicle (control), NE (5 X 10~ ¢ M),
or NE and VEGFes (5 X 10~11 M) in pig skin flaps. Results obtained
from this study were used to corroborate the vasorelaxation effect of
VEGF6s in skin flaps assessed by perfusion pressure in the preceding
studies.

Protocol 3: role of different tyrosine kinase receptorsin triggering
VEGFes-induced vasorelaxation in pig skin flaps. The perfusion
pressure in pig skin flaps was raised with 5 X 107 M NE. After
stabilization, the cumulative concentration-dependent decrease in per-
fusion pressure induced by VEGFies (5 X 107165 X 10~ M) was
studied in the absence and presence of a specific monoclonal antibody
(1 pg/ml) against VEGF receptor-2 (FIk-1/KDR) or a selective VEGF
receptor-2 tyrosine kinase inhibitor (5 X 107¢ M SU-1498). The
cumulative concentration-dependent vasorelaxation effect of PIGF
(5 X 10716-5 X 10 ** M) on perfusion pressure was also studied in
pig skin flaps preconstricted with 5 X 1076 M NE. PIGF is known to
bind selectively to VEGF receptor-1 (Flt-1) with high affinity but fails
to bind to VEGF receptor-2 (3, 36).

Protocol 4: postreceptor signal transduction pathways in
VEGF6s-induced vasorelaxation in pig skin vasculature. Pharmaco-
logical probes were used to identify the possible postreceptor signal-
ing pathways in VEGF;es-induced vasorelaxation in pig skin flaps.
The perfusion pressure in pig skin flaps was raised with 5 X 1076 M
NE. After stabilization, the cumulative concentration-dependent re-
laxation induced by VEGFies (5 X 107°-5 X 10~1* M) was studied
in the absence (control) and presence of 5 X 10~ M of the phos-
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pholipase C (PLC) inhibitor NCDC, the inositol 1,4,5-trisphosphate
[Ins(1,4,5)P3] receptor inhibitor 2-APB, the PKC inhibitor cheleryth-
rine, or the intracellular Ca2* chelator BAPTA-AM.

Protocol 5: role of NO and PGl in VEGFies-induced vasorelax-
ation in pig skin vasculature. The perfusion pressure was raised in pig
skin flaps with 5 X 107 M NE. After stabilization, the cumulative
concentration-dependent vasorelaxation induced by VEGFi6s (5 X
107165 x 10 1 M) was studied in the absence (control) and
presence of 5 X 107% M of the nonspecific NO synthase (NOS)
inhibitor L-NNA, the specific inducible NOS (iNOS) inhibitor 1400W,
or the specific neuronal NOS (nNOS) inhibitor L-NPA. There is no
selective endothelial NOS (eNOS) inhibitor available at the present
time.

The concentration-dependent vasorelaxation effect of VEGFies
was aso studied in the absence and presence of 5 X 10-¢ M of the
cyclooxygenase inhibitor indomethancin.

In a separate study, the effects of VEGF,65 On vascular tissue
contents of the stable end-products of NO (NOy) and PGl (6-keto-
PGF1.) were investigated. Specifically, pig skin flaps were perfused
for 30 min with buffer (control) and buffer containing5 X 10~ M NE
or5x 107°M NEand 5 X 10~ M VEGF6s. The arteries and veins
from each skin flap were dissected, frozen in liquid nitrogen imme-
diately at the end of each experiment, and stored at —80°C for future
assays for the total stable end-products of NO (NOyx) and PGl
(6-keto-PGF4,,) in vascular tissue.

Satistics

All values are expressed as means = SE unless otherwise stated.
The number of observations and the specific statistical tests used in
each study are indicated in each figure. Statistical significance was set
at P = 0.05 for al tests.

RESULTS
Effect of VEGF65 on Perfusion Pressure in Pig Skin Flaps

VEGF65 €elicited a cumulative concentration-dependent de-
crease in perfusion pressure (i.e., vasorelaxation) in pig skin
flaps preconstricted with NE (5 X 10~¢ M), ET-1 (10 ° M), or
U-46619 (2 X 1077 M). Vasorelaxation is expressed as a
percentage of the perfusion pressure induced by NE, ET-1, or
U-46619 (Fig. 1). The maximal vasorelaxation induced by NE,
ET-1, and U-46619 was 97 + 2%, 62 = 6%, and 55 * 2%,
respectively (Fig. 1).

The vasorelaxation properties of VEGF65 and ACh were
compared in pig skin flaps preconstricted with 5 X 1076 M NE
(Fig. 2). A decreasein perfusion pressure began to occur within
1-2 min after the infusion of ACh or VEGFe5 Was started in
the pig skin flap. The time required to achieve a maximal
decrease in perfusion pressure for each concentration of ACh
or VEGF;65 Was ~10-15 min. The vasorelaxation potency of
VEGFies5 (ECsp = 6.2 + 45 X 107* M, pD, = 13.568 +
0.314) was higher (P < 0.05) than that of ACh (ECso = 1.2 +
0.5 X 1077 M, pD2 = 7.076 + 0.235). However, the maximal
relaxation was similar between VEGF65 (97 = 2%) and ACh
(98 = 1%) (Fig. 2).

Effect of VEGF 165 on Dermal Perfusion in Pig Skin Flaps
Assessed by a Fluorometry Technique

The total dye fluorescence in the vehicle-treated skin flaps
(control) was 104 = 4% of the baseline (Fig. 3). Perfusion of
skin flap with buffer containing 5 X 10~ M NE reduced the
total dye fluorescenceto 16 + 4% of the baseline. Thetotal dye
fluorescence returned to 62 = 4% of the baseline when
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Fig. 1. Cumulative concentration-dependent vasorelaxation induced by
VEGFss in isolated perfused skin flaps preconstricted with a submaximal
concentration of norepinephrine, endothelin-1, or the stable thromboxane A»
minetic U-46619.

VEGF g5 (5 X 10~ M) was used to induce vasorelaxation in
pig skin flaps preconstricted with 5 X 10~¢ M NE (Fig. 3).

Role of Different Tyrosine Kinase Receptors in Initiating
VEGFes-Induced Vasorelaxation in Pig Skin Vasculature

VEGF65 but not the specific VEGF receptor-1 agonist PIGF
elicited cumulative concentration-dependent (5 X 10 16-5 X
10~ M) vasorelaxation in pig skin flaps preconstricted with
5 X 1078 M NE. The concentration-dependent vasorel axation
effect of VEGF;6s Was attenuated significantly (P < 0.05) and
to asimilar extent by a selective VEGF receptor-2 monoclonal
antibody (1 pg/ml) or the selective VEGF receptor-2 tyrosine
kinase inhibitor SU-1498 (5 X 10~ M) (Fig. 4). The maximal
vasorelaxation of VEGF15 was reduced (P < 0.05) from 97 =
2% to 30 = 3% and 24 = 3% in the presence of a VEGF
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Fig. 2. Cumulative concentration-dependent vasorel axation effect of VEGF1es5
and acetylcholine in pig skin flaps preconstricted with norepinephrine.

receptor-2 antibody or the VEGF receptor-2 tyrosine kinase
inhibitor, respectively (Fig. 4).

Postreceptor Sgnal Transduction Pathways in
VEGF65-1nduced Vasorelaxation in Pig Skin Vasculature

The cumulative concentration-dependent vasorelaxation in-
duced by VEGFes in pig skin flaps preconstricted with 5 X
107% M NE was reduced significantly (P < 0.05) and to a
similar extent by 5 X 107° M of the PLC inhibitor NCDC, the
Ins(1,4,5)P5 receptor inhibitor 2-APB, the PKC inhibitor chel-
erythring, or the intracellular Ca?* chelator BAPTA-AM (Fig. 5).
Similarly, the maximal relaxation induced by VEGFes in pig skin
flaps preconstricted with NE was reduced (P < 0.05) from 97 =+
2% to asimilar extent by NCDC (32 = 3%), 2-APB (32 = 3%)),
chelerythrine (39 + 4%), and BAPTA-AM (37 * 4%).

Role of NO and PGl in VEGF165-Induced Vasorelaxation
in Pig Skin Vasculature

The nonspecific NOS inhibitor L-NNA (5 X 107° M) sig-
nificantly (P < 0.05) blocked the concentration-dependent
vasorelaxation induced by VEGF65 in pig skin flaps precon-
stricted with 5 X 1078 M NE, and the maximal vasorelaxation
was significantly (P < 0.05) reduced from 97 = 2% to 26 *+
1%. However, the specific iNOS inhibitor 1400W (5 x 10°°
M) and the specific NANOS inhibitor L-NPA (5 X 10~° M) did

140+

120+ a

100 Mean + SEM; n=5

80 c

60+ p— m—

40+
b

20~ %
0
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Total Dye Fluorescence
(% of Baseline)

Norepinephrine  Nore pine phrine

.
VEGF g5

Fig. 3. Effect of VEGFies (5 X 10~ M) on dermal perfusion of pig skin flaps
preconstricted with norepinephrine (5 X 10°% M). Derma perfusion was
assessed by measuring the total dye fluorescence in the skin flap using a
dermofluorometry technique. Total dye fluorescence is expressed as a percent-
age of the baseline. Means without a common letter are significantly different
(a> b > c, P < 0.05) by oneeway ANOVA, followed by Tukey’s test.
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Fig. 4. Role of VEGFies receptor-1 (VEGFR-1) or VEGFies receptor-2
(VEGFR-2) in VEGFies-induced vasorelaxation in pig skin flaps. Cumulative
concentration-dependent vasorel axation induced by VEGFes and the specific
VEGF receptor-1 agonist placental growth factor (PIGF) were studied in pig
skin flaps preconstricted with 5 X 106 M norepinephrine. The vasorelaxation
effect of VEGF1es Was also studied in the presence of a specific VEGFR-2
antibody (1 pg/ml) or the specific VEGF receptor-2 tyrosine kinase inhibitor
SU-1498 (5 X 106 M). PIGF did not €elicit any significant vasorelaxation.
Vasorelaxation induced by VEGFi6s was blocked (P < 0.05) to a similar
extent by a specific VEGFR-2 antibody or SU-1498. Two-way ANOVA with
repeated measures was used to compare vasorelaxation between treatment
groups.

VEGF, 45
VEGF¢s , VEGF R-2 antibody
VEGFyg5 + SU 1498

PiIGF

Mean + SEM; n=4

Relaxation
(% of Contraction to
5x 106 M Norepinephrine)

not have any significant effect on the vasorelaxation induced
by VEGFes in pig skin flaps preconstricted with NE (Fig. 6).

The cyclooxygenase inhibitor indomethacin elicited a slight
but significant (P < 0.05) inhibitory effect on the cumulative
concentration-dependent vasorelaxation induced by VEGFigs
in pig skin flaps preconstricted with 5 X 10~® M NE (Fig. 7),
and the maximal vasorelaxation was reduced (P < 0.05) from
97 = 2% to 88 = 3%.

The total content of stable end-products of NO (NOy) and
PGl (6-keto-PGF1,) in arteries and veins dissected from pig
skin flaps was similar between skin flaps perfused with vehicle
(control) or NE (Figs. 8 and 9). Infusion of VEGFe5 in pig
skin flaps constricted with NE significantly increased (P <
0.01) the vascular tissue contents of NOy and 6-keto-PGF,,, by
1.5- and 2.0-fold, respectively, compared with the control
(Figs. 8 and 9).

VEGF 45

VEGF, g5 + NDCD
VEGF 45 + 2-APB

VEGF 45 + Chelerythrine
VEGF 45 + BAPTA-AM
Mean = SEM; n=4

Relaxation
(% of Contraction to
5x 10-® M Norepinephrine)
Z

VEGF 45, -log [M]

Fig. 5. Postreceptor signal transduction pathways in VEGFies-induced vasore-
laxation in pig skin flaps. The cumulative concentration-dependent vasorel ax-
ation effect of VEGF16s Was attenuated to a similar extent by 5 X 1076 M of
the phospholipase C inhibitor 2-nitro-4-carboxyphenyl-N,N-diphenylcarbonate
(NCDC), the inositol (1,4,5)-trisphosphate receptor inhibitor 2-aminoethoxy-
diphenylborate (2-APB), the PKC inhibitor chelerythrine, or the intracellular
Ca?* chelator 1,2-bis-(2-aminophenoxy)ethane-N,N,N’,N’'-tetraacetic acid
acetoxymethyl ester (BAPTA-AM). Two-way ANOVA with repeated mea-
sures was used to compare treatment effects on vasorelaxation (P < 0.05).
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Fig. 6. Role of endothelial (eNOS), neurona (nNNOS), and inducible nitric
oxide (NO) synthase (iNOS) in VEGFes-induced vasorelaxation in pig skin
flaps. The cumulative concentration-dependent vasorelaxation induced by
VEGFes Was significantly blocked in the presence of 5 X 10 M of the
nonspecific NOS inhibitor N-nitro-L-arginine (L-NNA). The vasorelaxation
effect of VEGF16s Was not significantly affected in the presence of 5 X 106
M of the specific NNOS inhibitor N-propyl-L-arginine (L-NPA) or the specific
iNOS inhibitor 1400W. Two-way ANOVA with repeated measures was used
to compare treatment effects (P < 0.05).

DISCUSSION
Major Findings in the Present Study

Using the isolated perfused pig buttock skin flap model, we
investigated for the first time the vascular effects and mecha-
nism of action of acute VEGF,¢5 treatment in the skin vascu-
lature. Specifically, we observed that VEGFgs5 is a potent skin
vasodilator, thus providing explanation and support for the
observation reported by other investigators that acute local
subcutaneous/subdermal VEGF65 protein or gene therapy ef-
fectively reduced ischemic necrosis in skin flap surgery in the
rat. In addition, using pharmacological probes, we demon-
strated for the first time that VEGF receptor-2 plays an impor-
tant role in triggering VEGFgs-induced vasorelaxation in the
skin vasculature, and the postreceptor mechanism involves
activation of PLC and PKC, an increase in Ins(1,4,5)Ps activ-
ity, arelease of the intracellular Ca®* store, and an increase in

4 VEGF 45 + Indomethacin

FCg=2.0%1.2x103 M
Mean + SEM; n=4

70 " VEGF4;
ECsy=6.2+ 4.5x 10 M
Mean = SEM; n=4
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™
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Fig. 7. Role of cyclooxygenase products in VEGFies-induced vasorelaxation
in pig skin flaps. The cumulative concentration-dependent vasorelaxation
effect of VEGF1es in pig skin flaps preconstricted with 5 X 10~ M norepi-
nephrine was slightly but significantly attenuated in the presence of 5 x 106
M of the cyclooxygenase inhibitor indomethacin. Two-way ANOVA with
repeated measures was used to compare treatment effects (P < 0.05).
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Fig. 8. VEGF1es-induced NO production in the pig skin vasculature. Pig skin
flaps were perfused for 30 min with buffer or buffer containing norepinephrine
(5 X 10~% M) or norepinephrine and VEGFies (5 X 10~** M). Arteries and
veins were dissected from each skin flap for assay of total tissue content of NO
(NOx = NO,/NO3). Means without a common letter are significantly differ-
ent (a > b) by one-way ANOVA followed by Tukey’s test (P < 0.05).

synthesis/release of endothelial NO, which plays a pivotal role
in the effector mechanism of VEGF;es-induced vasorel axation.

Vasorelaxation Property of VEGF 65 in Skin Vasculature

There are several lines of evidence from the present study to
indicate that acute VEGF;65s treatment induces potent vasore-
laxation in the skin vasculature. Specifically, intra-arterial
infusion of VEGF,¢5 €elicited a potent concentration-dependent
vasorelaxation in skin flaps preconstricted with a submaximal
concentration of NE, ET-1, or U-46619 (Fig. 1). The vasore-
laxation potency of VEGF,es in the skin vasculature precon-
stricted with U-46619 observed in this study (ECso = 1.4 X
1013 M) was similar to that of VEGF,es observed in human
coronary microvascular rings (ECso = 1.0 X 10 13 M) pre-
constricted with a submaximal concentration of U-46619 (24).
Furthermore, we observed that the vasorelaxation potency of
VEGFi6s5 (pD2 = 13.568 = 0.314) was significantly higher
than that of ACh (pD, = 7.076 £ 0.235) in skin flaps
preconstricted with a submaximal concentration of NE, and the
maximal vasorelaxation for VEGF;es and ACh was 97 = 2%

300+ a
& 250-
B = Mean + SEM
T T 200
% T
] 4
g Eﬁ 150 b
S
) 4 1
é A 100 b |
™ p— —
> 504
n=5 n=8 n=6

]

Control Norepinephrine Norepinephrine

+
VEGF 45

Fig. 9. VEGFies-induced prostacyclin (PGlz) production in the pig skin
vasculature. Skin flaps were perfused for 30 min with buffer or buffer
containing norepinephrine (5 X 10~ M). Arteries and veins were dissected
from each skin flap for assay of the stable PGl metabolite 6-keto-PGFi..
Means without a common letter are significantly different (a > b, P < 0.05)
by one-way ANOVA followed by Tukey’s test (P < 0.05).
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and 98 * 1%, respectively (Fig. 2). Vasorelaxation induced by
VEGF65 or ACh occurred between 1 and 2 min of drug
infusion, and the maximal relaxation was reached within 15
min. Last but not least, the acute vasorelaxation effect of
VEGF165 in NE-constricted skin flaps was confirmed by using
a dermofluorometer technique for the assessment of dermal
perfusion (Fig. 3).

Role of Different Tyrosine Kinase Receptors in Initiating
VEGF65-Induced Vasorelaxation in Skin Vasculature

In the past, studies on the functional importance of VEGF
receptors were focused on VEGF;es-induced angiogenesis (16,
25, 26, 29) or vascular permeability (9, 28, 46), but little is
known about the role of different VEGF receptors in vasore-
laxation. Recently, Li et a. (21) used selective VEGF recep-
tor-1 and VEGF receptor-2 mutants and PIGF, which binds
principally to VEGF receptor-1, to investigate for the first time
the role of different VEGF receptors in VEGFgs-induced
vasorelaxation in rat aortic rings in organ chambers. They
observed that VEGF;es-induced vasorelaxation involved both
VEGF receptor-1 and VEGF receptor-2 but that VEGF recep-
tor-2 was the predominant receptor mediating vasorelaxation in
this large conduit vessel. In the present study, PIGF, a mono-
clonal antibody (1 p.g/ml) to VEGF receptor-2, and the VEGF
recpetor-2 tyrosine kinase inhibitor SU-1498 (5 X 10°¢ M)
were used to evaluate the relative functional importance of
VEGF receptor-1 and VEGF receptor-2 in mediating
V EGF65-induced vasorel axation in the NE-preconstricted skin
vasculature in isolated perfused pig skin flaps relevant to skin
flap ischemia. We observed that PIGF did not elicit any
vasorelaxation effect in the pig skin vascul ature preconstricted
with NE (Fig. 4). On the other hand, the monoclonal antibody
to VEGF receptor-2 and SU-1498 blocked the concentration-
dependent vasorel axation effect of VEGF65 in the NE-precon-
stricted skin vasculature to a similar extent and reduced the
maximum vasorelaxation effect of VEGF165 from 97 = 2% to
30 + 2% and 24 *= 3%, respectively (Fig. 4). These observa
tions indicate that the vasorelaxation effect of VEGF,65 in the
skin vasculature is mediated by VEGF receptor-2, with little or
no participation from VEGF receptor-1 in the skin vascul ature.

Postreceptor Sgnal Transduction Pathways in
VEGF;es-Induced Vasorelaxation in Pig Skin Vasculature

In the present study, we used pharmacological probes to
investigate the postreceptor signaling pathways in VEGF;es-
induced vasorelaxation in the pig skin vasculature. We ob-
served that the PLC inhibitor NCDC, the Ins(1,4,5)Ps receptor
inhibitor 2-APB, the PKC inhibitor chelerythrine, and the
intracellular Ca?™ chelator BAPTA-AM blocked the concen-
tration-dependent vasorelaxation effect of VEGF65 to a Sim-
ilar extent in pig skin flaps (Fig. 5). These observations led us
to speculate that the activation of PLC and PKC and stimula-
tion of Ca?* release from intracellular stores by 1ns(1,4,5)Ps
are important postreceptor events in VEGF;es-induced vasore-
laxation in the pig skin vasculature. Interestingly, these path-
ways are very similar to the signaling pathways in VEGF6s5-
induced synthesis/release of NO in cultured vascular segments
(44) and endothelial cells (13, 42, 44) reported by other
investigators. It was also reported that VEGFi65 €licited va
sorelaxation in endothelium-intact but not endothelium-dis-

VEGF165-INDUCED SKIN VASORELAXATION

rupted vascular rings in organ chambers, and this vasorelax-
ation effect was blocked by the nonspecific NOS inhibitor
NCE-monomethyl-L-arginine or L-NNA (20, 44). In addition,
L-NNA also attenuated the increase in coronary blood flow
induced by acute VEGF¢s infusion into the coronary of the pig
(23). These observations led us to investigate the role of
endothelial NO in the effector mechanism of VEGFgs-induced
vasorelaxation in the pig skin vasculature.

Role of NO and PGl in the Effector Mechanism of
VEGF16s-Induced Vasorelaxation in Pig Skin Flaps

There is evidence from the present studies to indicate that
Ca?*-dependent eNOS was involved in the synthesis/rel ease of
NO, which played a key role in the effector mechanism of
VEGF6s-induced vasorelaxation in the pig skin vasculature.
Ce?*-dependent eNOS and nNOS and Ca?*-independent
iNOS are known to stimulate the synthesisrelease of NO.
Here, we observed that the nonselective NOS inhibitor L-NNA
blocked the VEGFgs-induced concentration-dependent ver
sorelaxation in pig skin flaps (Fig. 6). However, the selective
NNOS inhibitor .-NPA and the selective iNOS inhibitor
1400W did not attenuate the vasorelaxation effect of VEGFies
in pig skin flaps (Fig. 6). These observations indicate that
VEGF6s5 activates eNOS in the skin vasculature, and eNOS
increases the synthesis/release of NO, which causes vasorel ax-
ation. Our speculation is supported by the observation that
acute VEGF;65 treatment increased the tissue content of total
NO in the vasculature of pig skin flaps (Fig. 8).

There is evidence to indicate that VEGF65 stimulates PGl
synthesis/release in endothelial cells (6, 13, 23, 28, 42, 45);
thus PGl, may also be involved in VEGF;gs-induced vasore-
laxation. Indeed, we observed that acute VEGFies treatment
induced an increase in vascular tissue contents of the PGI,
stable metabolite 6-keto-PGF,, in pig skin flaps (Fig. 9).
However, there is evidence in the present study to indicate that
NO but not cyclooxygenase products play a major role in
VEGFigs-induced vasorelaxation in pig skin flaps. Specifi-
cally, the cyclooxygenase inhibitor indomethacin (5 X 10
M) only slightly reduced the concentration-dependent vasore-
laxation in pig skin flaps preconstricted with 5 X 10~® M NE.
The maximal vasorelaxation was reduced from 97 = 2% to
88 + 3% (Fig. 7). However, the nonspecific NOS inhibitor
L-NNA (5 X 10~° M) blocked over 70% of the concentration-
dependent vasorelaxation effect of VEGF4es in pig skin flaps
preconstricted with the same concentration of NE (Fig. 6).

Effect of VEGF 165 on Skin Vascular Permeability

It has been reported that NO and PGIl, also mediate the
VEGFies-induced increase in vascular permeability in pig
coronary venules and guinea pig skin (28, 46). There is
evidence from our preliminary study to indicate that VEGF65
may also increase vascular permeability in our isolated per-
fused pig skin flap model. For example, water retention at the
end of 2 h of perfusion caused the skin flap to increase in
weight by 4.8 = 0.5% (n = 3) in control skin flaps. Intra-
arteria infusion of VEGF1g5 (10~ M) caused an increase of
10.9 = 2.8% (n = 3) in the weight of skin flaps at the end of
2 h of infusion. However, it is unlikely that this increase in
water retension (edema) induced by VEGFis5 may have a
significant detrimental effect on vasorelaxation (1, 10). Spe-
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cifically, we observed in the present study that vasorelaxation
induced by VEGF;65 completely mitigated NE-induced vaso-
congtriction in isolated perfused pig skin flaps (Fig. 1A).

However, the effect of a VEGF,es-induced increase in vas-
cular permeability on the assessment of dermal perfusion by a
dermofluorometry technique is unclear at the present time.
Specifically, sodium fluorescein dye (CxoH10Na:Os, mol. wit.
376, Stokes radius 0.45 mm) is used experimentaly and
clinicaly as a marker for the indirect assessment of skin
perfusion. When injected intravenously, fluorescein dye is
carried in the circulation, and it diffuses freely and rapidly
from intravascular compartment to extracellular fluid. Fluores-
cein dye emits fluorescence in the skin, which is visible under
ultraviolet light, and the fluorescence can be measured using a
dermofluorometer for the indirect assessment of dermal perfu-
sion (43). Recently, it was observed that VEGF;es rapidly and
transiently increased permeability to fluorescein dyeinisolated
perfused frog mesenteric microvessels (8). This observation
may be interpreted to indicate that VEGF65 treatment may
cause a transient increase in vascular permeability in the skin
flap, and this in turn may increase the rate of fluorescein dye
diffusion from microvessels to extravascular fluid. Therefore,
the VEGF6s-induced increase in dermal perfusion assessed by
a dermofluorometer is likely the result of both an increase in
vascular permeability and vasorelaxation. Because the size of
sodium fluorescein is very small and is freely diffusible in
normal microvessels, we speculate that the VEGF;6s-induced
increase in dermal perfusion measured by a dermofluorometry
technique is mainly the result of vasorelaxation rather than the
transient increase in vascular permeability.

In summary, we demonstrated for the first time that
VEGF6s5 is a potent vasodilator in the skin vasculature. The
data obtained thus far indicate that the vasorel axation effect of
VEGF6s5 in the pig skin vasculature is triggered by the acti-
vation of VEGF receptor-2, and the postreceptor signaling
pathway most likely involves activation of PLC and PKC, an
increase in Ins(1,4,5)P; activity, a release of the intracellular
Ca?* store, and synthesigrelease of NO, and PGl, and NO
plays a predominant role in the effector mechanism of
VEGFgs-induced vasorelaxation in the pig skin vasculature.
These findings provide an important insight into the mecha-
nism of action of VEGFes protein or gene therapy in the
prevention and/or treatment of skin ischemia in skin flap
surgery or skin ischemic diseases.
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