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1 The purpose of this study in the hamster cheek pouch was to determine whether or not vascular
endothelial growth factor (VEGF) induced changes in plasma extravasation and if so, the
mechanism(s) involved.

2 The cheek pouch microcirculatory bed of the anaesthetized hamster was directly observed under
microscope and the number of vascular leakage sites, as shown by ¯uorescein isothiocyanate (FITC-
dextran, 150 kD) extravasation, was counted. Drugs and VEGF were applied topically. VEGF from
0.05 to 0.5 mg ml71 (1.2 to 12 nM) produced a dose-dependent increase in the number of
microvascular leakage sites from virtually none in basal conditions to up to 250 in some pouches.
The e�ects of VEGF (0.1 mg ml71 or 2.4 nM) were blocked in a concentration-dependent manner by
the non-speci®c heparin growth factor antagonist TBC-1635 (0.1, 1 and 3mM). The placenta growth
factor (PlGF-1: 0.1 and 0.5 mg ml71 or 3.4 and 17 nM) did not increase plasma extravasation, per se,
but abolished the e�ects of VEGF (2.4 nM).

3 The increases in microvascular leakage produced by VEGF (2.4 nM) were partially but
signi®cantly (P50.05) inhibited by genistein (5 and 10 mM, up to 33% inhibition), LY 294002
(30 mM, 41%), bisindolylmaleimide (1 mM, 65%) and virtually abolished by indomethacin (3 mM,
88%) and L-nitro-arginine (10 mM, 95%), these drugs being inhibitors of tyrosine kinase,
phosphatidylinositol-3-kinase, protein kinase C, cyclo-oxygenase and nitric oxide synthase
respectively. None of these inhibitors, at the concentration tested, induced alone an increase in
plasma extravasation.

4 These results indicate that the VEGF-induced plasma extravasation may involve the stimulation of
VEGF-R2 (Flk-1/KDR) and the activation of phosphatidylinositol-3-kinase and protein kinase C. The
production of both nitric oxide and prostaglandin is required to observe an increase in vascular leakage.
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Introduction

Vascular endothelial growth factor (VEGF) has been
independently isolated as both an endothelial growth factor
(Connolly et al., 1989; Leung et al., 1989) and as a
vasopermeability factor (VPF, Senger et al., 1983; Keck et

al., 1989). The designation VEGF currently includes a family
of six known members: VEGF, placenta growth factor
(PlGF-1 and PlGF-2), VEGF-B, VEGF-C, VEGF-D and

the VEGF of viral origin or VEGF-E. These peptides can
interact with at least six di�erent membrane `receptors'.
These include the signalling receptors VEGFR-1 (¯t-1),

VEGFR-2 (Flk-1/KDR), VEGFR-3 (¯t4), members of the
tyrosine kinase receptor family, the accessory isoform speci®c
receptors neuropilin-1 and 2, and the VEGF binding

heparan-sulphate proteoglycans (for review: Stacker &
Achen, 1999; Veikkola & Alitalo, 1999, Neufeld et al.,
1999). VEGF itself consists of ®ve polypeptides of di�erent
sizes that derive from the same gene by alternative splicing

(121, 145, 165, 189 or 206 amino acid residues) but VEGF165

is likely to be the predominant molecular species (Veikkola &
Alitalo, 1999; Neufeld et al., 1999).

VEGF induces an increase in vascular permeability in
various vascular beds from di�erent species in vivo (Senger et
al., 1983, Keck et al., 1989; Collins et al., 1993; Murohara et
al., 1998) and in vitro either in isolated perfused blood vessels

(Wu et al., 1996, Bates & Curry 1996) or in cultured
endothelial cell monolayers (Wang et al., 1996; Kevil et al.,
1998; Feng et al., 1999a). However, the e�ects of VEGF in

the hamster cheek pouch, a model that has been extensively
used to study microcirculation and the changes in micro-
vascular permeability (Duling 1973, SvenjoÈ et al 1978), are

unknown. The purpose of this work was to determine
whether or not topical administration of VEGF could alter
plasma extravasation in the hamster cheek pouch and if so to

characterize the mechanism involved.

Methods

Hamster cheek pouch

The method has been described in detail elsewhere (SvenjoÈ et
al., 1978). Male Harlan golden hamsters (110 ± 120 g; Charles
River, France) were anaesthetized with sodium pentobarbi-
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tone (80 mg kg71; i.p.) and the body temperature controlled
at 378C with a rectal temperature probe and a homeothermic
blanket control unit (Harvard, Ealing, Les Ullys, France).

The trachea was cannulated, in order to facilitate the
spontaneous breathing of the animal, and the femoral vein
catheterized. The cheek pouch was exteriorized, dissected
with care under microscope, ®xed upon a Plexiglass perfusion

chamber and superfused (6 ml min71, Ismatec, Zurich,
Switzerland) with a modi®ed Ringer's solution of the
following composition (mM): NaCl 124, KCl 4.7, CaCl2 1.2,

MgSO4 2.0, NaHCO3 25, HEPES 30 (pH 7.4; 368C, bubbled
with 5% CO2-95% N2 gas mixture). The cheek pouch could
be observed under the microscope (modi®ed Leitz Ergolux)

either under visible light or under UV illumination
(magni®cation: 50). After a 30 min stabilization period,
¯uorescein isothiocyanate dextran (FITC dextran, 150 kD)

was injected through the femoral vein (250 mg kg71, 0.5 ml
100 g71). Anaesthesia was maintained with chloralose
(25 mg kg71, 0.1 ml; i.v.) when needed as previously
described (Bouskela et al., 1990; FeÂ leÂ tou et al., 1996).

VEGF-induced increase in vascular leakage

Bradykinin (300 nM), topically applied for 5 min on the
dissected hamster cheek pouch which was continuously
perfused with non-recirculating modi®ed Ringer's solution

at a rate of 6 ml min71, produced a reversible increase in
plasma extravasation. Changes in plasma extravasation could
be directly observed by the formation, under UV illumination

of the preparation, of leakage sites. Quanti®cation was
performed either by counting the number of leakage sites
or by measuring the accumulation of FITC dextran in the
superfusion ¯uid with a spectro¯uorimeter (495/520 nm,

Shimadzu). Both methods of measuring the changes in
plasma extravasation produced data that were qualitatively
similar and signi®cantly correlated (FeÂ leÂ tou et al., 1996).

Under the same experimental conditions, application of
VEGF, up to 1.8 nM, did not produce a consistent increase
in plasma extravasation. Increasing either the duration of the

VEGF perfusion or the concentration of VEGF in the
perfusate could not be envisaged (due to the cost of VEGF).
Furthermore, reducing the perfusion rate altered the response
of the pouch to bradykinin (data not shown). The responses

to VEGF (0.05 to 0.5 mg ml71 or 1.2 to 12 nM) were
therefore studied by still perfusing the pouch at a rate of
6 ml min71, but with a recirculating solution. The recircula-

tion of modi®ed Ringer's solution did not per se produce any
changes in plasma extravasation and under these conditions,
bradykinin (300 nM, for 5 min) induced the formation of

leakage sites. The number of these leaks was not signi®cantly
di�erent to the number observed with non-recirculating saline
solution (data not shown). However, the measurement of the

accumulation of FITC-dextran in the recirculating solution
became meaningless.
The following protocol was subsequently applied. At the

beginning of the experiment the pouch was superfused with

non-recirculating solution. Preparations with more than 10
spontaneous leakage sites (before the bradykinin super-
fusion), an objective sign of damage during the surgical

procedure, were rejected. Similarly, preparations developing
petechia during the course of the experiments, a gross sign
of circulatory and vascular dysfunction, were excluded.

Forty minutes after the FITC-dextran administration,
bradykinin (300 nM) was superfused for 5 min. In order to
homogenize the various groups, preparations with less than

80 or more than 250 leakage sites in response to the
bradykinin test were also discarded (surface area of the
microscope ®eld: 0.2 cm2). The preparation was then washed
for 40 min by which time the number of leakage sites had

returned to zero and the extravasation of FITC dextran to
its control value. Groups were established in order to
present a homogeneous response toward bradykinin (average

number of leakage sites per group before any treatment:
130 ± 170). The pouch was then superfused at the same rate
(6 ml min71) with recirculating control solution (total

volume: 20 ml) for 20 min. Drugs or solvent and subse-
quently VEGF were directly added to the recirculating
solution (maximum volume added: 500 ml). The incubation

time with the various inhibitors was 30 min. Each animal
was exposed only once to a single concentration of VEGF
and only one pouch was studied for a given hamster.

Substances used

Bisindolylmaleimide, borax, bradykinin, chloralose, L-nitro-

arginine, indomethacin, 2-(4-morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one: LY 294002 (Sigma/RBI, La VerpilleÁ re,
France), sodium pentobarbitone (Sano®, Libourne, France),

human recombinant vascular endothelial growth factor
(VEGF165), human recombinant placenta growth factor
(PlGF129 or PlGF-1, R&D systems, Abington, U.K.),

Sodium salt of 2,6-bis-[4-(10,13-dimethyl-3-sulphooxy-hexa-
decahydro-cyclopenta[a] phenanthren-17-yl)-pentanoylamino]-
hexanoic acid (2-{2,6-bis-[4-(10,13-Dimethyl-3-sulphooxy-
hexadecahydro- cyclopenta [a] phenanthren-17-yl) -pentanoyla-
mino]-hexanoylamino}-pentyl)-amide: TBC 1635 (a generous
gift from Dr R. Tilton: Texas Biotechnology Corporation,
Houston, TX, U.S.A.). Drugs were prepared daily as stock

solution in saline or dimethyl sulphoxide (DMSO). Chlor-
alose (25 g l71) was dissolved in borax solution (23 g l71).

Statistical evaluation

Data are shown as means+s.e.mean; n represents the number
of animals studied. Statistical evaluation was performed using

an unpaired t-test and a one or two-way analysis of variance.
When a signi®cant interaction was observed (P50.05), a
complementary analysis was undertaken (Newman-Keul's

test) to identify di�erences among groups.

Results

VEGF-induced changes in plasma extravasation

In the hamster cheek pouch, the non-cumulative, topical
application of VEGF (0.05 ± 0.5 mg ml71 or 1.2 ± 12 nM)
induced a concentration-dependent formation of leakage sites

situated at the level of post-capillary venules (Figure 1), as
observed with other inducers of changes in plasma extra-
vasation such as bradykinin or histamine. The maximum

increase in the number of leakage sites was reached 10 ±
15 min after the application of VEGF and then progressively
declined (Figure 2). However, di�use extravasation could
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thereafter be observed along venules and arterioles but could
not be properly quanti®ed as the superfusing ¯uid was
recirculating. Even after a prolonged wash-out (up to 1 h),

the number of leakage sites in response to a second VEGF
administration was signi®cantly decreased (& 25% of the
®rst response). However, the increase in plasma extravasation
produced by bradykinin (300 nM) was not signi®cantly

in¯uenced by previous exposure to VEGF and was similarly
observed in the presence of the growth factor or after wash-
out (data not shown). In the subsequent experiments each

hamster cheek pouch was exposed to a single 30 min
application of VEGF (0.1 mg ml71 or 2.4 nM) and only the
leakage sites situated on the post-capillary venules were

quanti®ed.
PlGF-1 (0.1 and 0.5 mg ml71 or 3.4 and 17 nM) produced

no changes or a very minimal increase in vascular leakage.

However, in the presence of PlGF (3.4 nM), the e�ects of
VEGF (2.4 nM) were abolished while the changes in plasma
extravasation produced by bradykinin (300 nM) were only
partially inhibited (Figure 2). In the presence of the highest

concentration of PlGF (17 nM), the e�ects of bradykinin were
also abolished. After the wash-out of PlGF (for both
concentrations), the increase in plasma extravasation pro-

duced by bradykinin was fully restored.

Mechanism of the changes in plasma extravasation
induced by VEGF (2.4 nM)

TBC 1635 (0.3, 1.0 and 3.0 mM), a non-speci®c heparin-

binding growth factor antagonist, did not produce any
signi®cant vascular leakage when compared to the solvent
(DMSO, maximum number of leakage sites 56). TBC 1635
produced a statistically signi®cant concentration-dependent

inhibition of the increase in plasma extravasation produced
by VEGF (Figure 3). In contrast, TBC 1635 (1.0 mM) did not

signi®cantly a�ect the increase in plasma extravasation
produced by bradykinin (300 nM).

Genistein (5 and 10 mM), a tyrosine kinase inhibitor, LY
294002 (10 and 30 mM), a phosphatidylinositol-3-kinase

inhibitor and bisindolylmaleimide (1 mM), a protein kinase
C inhibitor, produced a partial inhibition of the VEGF-
induced increase in plasma extravasation. The maximum

numbers of leakage sites were statistically smaller at each
concentration tested, with the exception of the compound LY
294002 which did not produce any signi®cant changes at the

lowest concentration studied. In contrast, the responses to
bradykinin (300 nM) were not signi®cantly a�ected by these
various inhibitors (Table 1). Indomethacin (3 mM), a cyclo-

oxygenase inhibitor, and L-nitro-arginine (10 mM), a nitric
oxide synthase inhibitor, virtually abolished the response to
VEGF. Indomethacin did not signi®cantly a�ect the response
to bradykinin (300 nM; Table 1). None of these inhibitors, at

the concentration tested, induced alone an increase in plasma
extravasation during the 30 min pre-incubation period. The
increase in plasma extravasation produced by VEGF was not

Figure 1 E�ect of VEGF165 in the hamster cheek pouch. Each
pouch was subjected to a single administration of VEGF. Data are
shown as means+s.e.mean, n represents the number of animals
studied.

*

*

Figure 2 Top panel: Time-dependent changes in the number of
microvascular leakage sites induced by VEGF165 (2.4 nM), PlGF-1
(3.4 and 17 nM) and VEGF (2.4 nM) in presence of PlGF (3.4 nM).
PlGF did not produce any signi®cant changes in plasma extravasa-
tion. When compared to control the response to VEGF in presence
of PlGF (3.4 nM) was signi®cantly di�erent at each time point.
Bottom panel shows the maximum number of leakage sites
produced by bradykinin (300 nM) in presence or not of PlGF-1
(3.4 and 17 nM). The asterisk indicates a statistically signi®cant
inhibition of the bradykinin response (P50.05). Data are shown as
means+s.e.mean, n represents the number of animals studied.
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inhibited by pretreatment with HOE 140 (a bradykinin B2
receptor antagonist: 5 nmol kg71 iv) at a concentration that
virtually abolished the response to bradykinin (300 nM; data

not shown).

Discussion

The present study demonstrates that, in the hamster cheek

pouch, topically applied VEGF is a very potent inducer of
vascular leakage (approximately 100 and 1000 times more
potent than bradykinin and histamine respectively: Svenjo &
Arfors, 1979; FeÂ leÂ tou et al., 1996). This involves the

stimulation of a tyrosine kinase receptor, possibly VEGF-
R2 (Flk-1/KDR), and the activation of phosphatidylinositol-
3-kinase and protein kinase C. The production of both nitric

oxide and prostaglandin is required to observe an increase in
vascular leakage.
VEGF is a vasodilator and releases nitric oxide from the

endothelium of various vascular beds (Ku et al., 1993; van
der Zee et al., 1997; He et al., 1999). NO is involved in the
increase in plasma extravasation of the hamster cheek pouch

in response to numerous mediators such as bradykinin,
substance P, PAF, ADP or histamine (Mayhan et al., 1992;

1994; Ramirez et al., 1995; FeÂ leÂ tou et al., 1996). The present
study is in agreement with other works showing that VEGF
produces a NO-dependent increase in permeability (Wu et al.,

1996; Murohara et al., 1998; Tilton et al., 1999). However, in
the hamster cheek pouch, in contrast to the changes in
plasma extravasation produced by bradykinin, VEGF-
induced vascular leakage is also dependent on cyclo-

oxygenase activation (FeÂ leÂ tou et al., 1996). VEGF stimulates
prostacyclin production in isolated endothelial cells (Wheeler
Jones et al., 1997) and in mice the increase in permeability

produced by intradermal injection of the growth factor is also
sensitive to either NO-synthase or cyclo-oxygenase inhibition
(Murohara et al., 1998). In the murine model, the changes in

permeability have been linked to the induction of the iNO-
synthase and COX2 (Fujii et al., 1997). In the hamster cheek
pouch, the formation of vascular leaks is more likely to be

attributed to the stimulation of the constitutive enzymes as
the maximum changes in plasma extravasation are observed
within 10 to 15 min of VEGF application. The VEGF-
stimulated NO-dependent vasodilatation is rapidly tachyphy-

lactic (Lopez et al., 1997), while the increase in hydraulic
conductivity produced by VEGF in isolated perfused
microvessels is not (Bates & Curry, 1997). In the present

study, the formation of vascular leakage sites was also
tachyphylactic but the development of di�use plasma
extravasation along the venules and arterioles was observed

during prolonged application of VEGF, though this latter
phenomenon was not studied in detail in the present work.
Nevertheless, these observations are consistent with the fact

that VEGF can induce both short-term and long-term e�ects.
For example, this growth factor evokes an acute increase in
NO production during acute exposure and genomic changes
with an increase in NOS expression during prolonged

exposure (Papapetropoulos et al., 1997; Feng et al.,
1999a,b). The reason why VEGF-induced changes in plasma
extravasation required both the activity of cyclo-oxygenase

and NO-synthase while bradykinin for instance required only
the latter is not known at present. In the murine model,
dermal injection of a NO donor and of a prostacyclin

analogue produced an increase in permeability when applied
together but not when administered individually (Murohara
et al., 1998). Whether or not the inhibition of VEGF-induced
increase in plasma extravasation by the NO-synthase and

cyclo-oxygenase inhibitors is linked to alteration in blood
¯ow is not know at present. L-nitro-arginine vasconstricts the
hamster cheek pouch, a phenomenon that contributes to its

inhibitory e�ect against bradykinin-induced plasma extra-
vasation (FeÂ leÂ tou et al., 1996). However, indomethacin does
not a�ect the diameter of the blood vessels in the hamster

cheek pouch (Suzuki et al., 1996).
In the present study, VEGF- but not bradykinin-induced

changes in plasma extravasation were inhibited in a

concentration-dependent manner by a non-selective heparin-
binding growth factor antagonist, TBC 1635, at concentra-
tions that are consistent with the published value of IC50

(Stephan et al., 1998). Furthermore, HOE 140, the bradyki-

nin B2 selective receptor antagonist, did not inhibit VEGF-
induced vascular leakage and there was no evidence for cross-
desensitization between VEGF and bradykinin, suggesting

that VEGF-induced vascular leakage was mediated by a
speci®c receptor. VEGF165 is a ligand of VEGF-R1, VEGF-
R2, and neuropilin1 and 2 (Neufeld et al., 1999). In the

Figure 3 Top panel: Time-dependent changes in the number of
microvascular leakage sites induced by VEGF165 (2.4 nM), in
presence of not of the heparin-binding growth factor antagonist
TBC 1635 (0.3, 1 and 3 mM). The e�ects of TBC 1635 were
statistically signi®cant for the two highest concentrations studied.
Bottom panel shows the maximum number of leakage sites produced
by bradykinin (300 nM) in presence or not of TBC 1635 (1 mM). Data
are shown as means+s.e.mean, n represents the number of animals
studied.
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present study, genistein, a tyrosine kinase inhibitor, at a
concentration that has been shown to be e�ective in this

model (Kim & Duran, 1995), partially inhibited the response
to VEGF, con®rming earlier studies (Fujii et al., 1997;
Murohara et al., 1998; Cohen et al., 1999). However, the
inhibition observed represented only 30% of the total

response, suggesting either that the experimental conditions
used to study genistein were not optimal (concentration,
duration of the administration) or that another pathway

besides tyrosine kinase is involved in the transduction of the
VEGF signal. However, this inhibition was apparently
selective as the increase in plasma extravasation produced

by bradykinin was not a�ected. The tyrosine kinase
activation suggests that either VEGF-R1 or -R2 mediates
the response to VEGF since the involvement of VEGF-R3 in
the changes in microvascular permeability has been de®ni-

tively ruled out by other groups (Joukov et al., 1998; Wise et
al., 1999; Ogawa et al., 1998). PlGF-1, a speci®c agonist of
VEGF-R1 (Park et al., 1994; Sawano et al., 1996; Neufeld et

al., 1999), did not produce any signi®cant changes in plasma
extravasation, indicating that VEGF-R1 is not involved in
the VEGF e�ects (Sawano et al., 1996; Muruhora et al.,

1998). Therefore, the present study con®rms previous works
strongly suggesting that VEGF-R2 is involved in the changes
in permeability produced by VEGF (Murohara et al., 1998).

This hypothesis is substantiated by the observation that a
mutant of VEGF-C that lacks binding a�nity towards
VEGF-R2 lost its ability to induce vascular permeability
(Joukov et al., 1998) and by the fact that monoclonal

antibodies toward VEGF-R2 inhibit the VEGF-induced
hyperpermeability in isolated venules (Wu et al., 1999).
Additional indirect evidence supports the implication of

VEGF-R2. The increase in endothelial intracellular calcium
(Cunningham et al., 1999), a process required for an increase
in permeability (Bates & Curry 1997), as well as the

activation of endothelial NO-synthase and cyclo-oxygenase
depend on VEGF-R2 stimulation (Wheeler-Jones et al., 1997;
Feng et al, 1999a,b; He et al., 1999). However, Stacker et al.
(1999) have shown than a mutant form of VEGF that lacks

VEGF-R2 activation retains the ability to induce vascular
permeability suggesting that VEGF-R2 is not the only

explanation. Two possible hypotheses could be evoked to
explain these discrepancies. A yet unknown receptor with a

high a�nity for VEGF could be responsible for the changes
in plasma extravasation. Alternatively, a heterodimeric
complex including VEGF-R2 and another receptor which
provides the high a�nity interaction with VEGF, possibly

neuropilin 1 or 2, is involved (Stacker et al., 1999; Neufeld et
al., 1999). These two hypotheses are not inconsistent with our
data and could explain the partial inhibition observed even

with a high concentration of genistein and also the inhibitory
e�ect of PlGF-1 on VEGF-induced changes in plasma
extravasation. High concentrations of PlGF-1 can inhibit

the binding of PlGF-2 and VEGF165 to neuropilin-1 without
a�ecting the binding of the latter to VEGF-R2 (Migdal et al.,
1998). Nevertheless, the inhibitory e�ect of PlGF on
bradykinin-induced changes in plasma extravasation, which

remains unexplained at present, suggests that PlGF could
produce unspeci®c inhibitory e�ects.

In the present study, the changes in plasma extravasation

produced by VEGF, but not those produced by bradykinin,
were inhibited by LY 294002 and bisindolylmaleimide,
inhibitors of phosphatidylinositol-3-kinase and protein kinase

C, respectively. These observations are in agreement with the
signal transduction pathways for VEGF-R2 (Xia et al., 1996;
Thakker et al., 1999; Takahashi & Shibuya, 1997; Gerber et

al., 1998). Inhibitors of protein kinase C and especially
protein kinase C b-isoform inhibit the changes in perme-
ability produced by VEGF in vivo and in vitro (Aiello et al.,
1997; Wu et al., 1999) and inhibitors of phosphatidylinositol-

3-kinase inhibit VEGF-induced NO release in endothelial
cells (Papapetropoulos et al., 1997). The hamster cheek pouch
is therefore an appropriate model to improve our under-

standing of the mechanisms of VEGF-induced changes in
permeability and to study new drugs that may antagonize its
action at various levels of the signalling pathway.

The authors thank Drs R.J. Biedeger, T.P. Kogan and R.G. Tilton
(Dpt Cell Biol. and Dpt Chem. & Biophys., Texas Biotechnology
Corporation, Houston, TX, U.S.A.) for the synthesis and the
generous gift of TBC 1635.

Table 1 Inhibitors of VEGF signal transduction and the maximum increase in leakage sites in the hamster cheek pouch

VEGF (2.4 nM) Bradykinin (300 nM)
Number of Inhibition Number of Inhibition

n leaks (%) leaks (%)

DMSO (0.2%) 11 123+8 162+9
Genistein: 5 mM 6 82+10* 733 183+13 +13
Genistein: 10 mM 6 92+13* 725 161+6 70.01

DMSO (0.3%) 11 125+17 173+8
LY 294002: 10 mM 4 69+26 745 175+23 +1
LY 294002: 30 mM 7 74+10* 741 165+13 75

DMSO (0.2%) 5 80+10 135+11
Bisindolylmaleimide: 1 mM 5 28+8* 765 146+14 +8
Indomethacin: 3 mM 5 10+2* 788 152+16 +13

Saline 3 83+7 ND
L-NA: 4 4+2* 795 ND

Data are shown as means+s.e.mean and n indicates the number of hamsters studied. *Indicates a statistically signi®cant di�erence
between a treated group and its respective contemporary control (P50.05). ND: not determined in the present study.

British Journal of Pharmacology vol 132 (6)

VEGF and plasma extravasationM. FeÂ leÂ tou et al1346



References

AIELLO, L.P., BURSELL, S-E., CLERMONT, A., DUH, E., ISHII, H.,

TAKAGI, C., MORI, F., CIULLA, T.A., WAYS, K., JIROUSEK, M.,

SMITH, L.E.H. & KING, G.L. (1997). Vascular endothelial growth
factor-induced retinal permeability is mediated by protein kinase
C in vivo and suppressed by an orally e�ective b-isoform-
selective inhibitor. Diabetes, 46, 1473 ± 1480.

BATES, D.O. & CURRY, F.E. (1996). Vascular endothelial growth
factor increases hydraulic conductivity of isolated perfused
microvessels. Am. J. Physiol., 271, H2520 ±H2528.

BATES, D.O. & CURRY, F.E. (1997). Vascular endothelial growth
factor increases microvascular permeability via a Ca2+-depen-
dent pathway. Am. J. Physiol., 273, H687 ±H694.

BOUSKELA, E., GRAMPP, A.W. & MELLANDER, S. (1990). E�ects of
hypertonic NaCl solution on microvascular haemodynamics in
normo- and hypervolaemia. Acta Physiol. Scand., 140, 85 ± 94.

COHEN, A.W., CARBAJAL, J.M. & SCAEFFER JR., R.C. (1999). VEGF
stimulates tyrosine phosphorylation of beta-catenin and small
pore endothelial barrier dysfunction. Am. J. Physiol., 277,
H2038 ±H2049.

COLLINS, P.D., CONNOLLY D.T. & WILLIAMS, T.J. (1993). Char-
acterization of the increase in vascular permeability induced by
vascular permeability factor in vivo. Br. J. Pharmacol., 109, 195 ±
199.

CONNOLLY, D.T., HEUVELMAN, D.M., NELSON, R., OLANDER,

J.V., EPPLEY, B.L., DELFINO, J.J., SIEGEL, N.R., LEIMGRUBER,

R.M. & FEDER, J. (1989). Tumor vascular permeability factor
stimulates endothelial cell growth and angiogenesis. J. Clin.
Invest., 84, 1470 ± 1478.

CUNNINGHAM, S.A., TRAN, T.M., ARRATE, M.P., BJERCKE, R. &

BROCK, T.A. (1999). KDR activation is crucial for VEGF165-
mediated Ca2+ mobilization in human umbilical vein endothelial
cells. Am. J. Physiol., 276, C176 ±C181.

DULING, B. R. (1973). The preparation and use of the hamster cheek
pouch for studies of the microcirculation. Microvasc. Res., 5,
423 ± 429.

FELETOU, M., BONNARDEL, E. & CANET, E. (1996). Bradykinin and
changes in microvascular permeability in the hamster cheek
pouch: Role of NO. Br. J. Pharmacol., 118, 1371 ± 1376.

FENG, Y. VENEMA, V.J., VENEMA, R.C., TSAI, N., BEHZADIAN, M.A.

& CALDWELL, R.B. (1999a). VEGF-induced permeability in-
crease is mediated by caveolae. Invest. Ophthalmol.Vis. Sci., 40,
157 ± 167.

FENG, Y. VENEMA, V.J., VENEMA, R.C., TSAI, N. & CALDWELL, R.B.

(1999b). VEGF induces nuclear translocation of Flk-1/KDR,
endothelial nitric oxide synthase and caveolin-1 in vascular
endothelial cells. Biochem. Biophys. Res. Commun., 256, 192 ±
197.

FUJII, E., IRIE, K., OHBA, K-I, OGAWA, A., YOSHIOKA, T.,

YAMAKAWA, M. & MURAKI, T. (1997). Role of nitric oxide,
prostaglandins and tyrosine kinase in vascular endothelial
growth factor-induced increase in vascular permeability in mouse
skin. Naunyn-Schmiedeberg's Arch. Pharmacol., 356, 475 ± 480.

GERBER, H-P., MCMURTREY, A., KOWALSKI, J., YAN, M., KEYT,

B.A., DIXIT, V. & FERRARA, N. (1998). Vascular endothelial
growth factor regulates endothelial cell survival through the
phosphatidylinositol-3'-kinase/Akt signal transduction pathway.
Requirement for Flk-1/KDR activation. J. Biol. Chem., 273,
30336 ± 30343.

HE, H., VENEMA, V.J., GU, X., VENEMA, R.C., MARRERO, M.B. &

CALDWELL, R.B. (1999). Vascular endothelial growth factor
signals endothelial cell production of nitric oxide and prostacy-
clin through Flk1/KDR activation of c-Src. J. Biol. Chem., 274,
25130 ± 25135.

JOUKOV, V., KUMAR, V., SORSA, T., ARIGHI, E., WEICH, H.,

SAKSELA, O. & ALITALO, K. (1998). A recombinant mutant
vascular endothelial growth factor-C that has lost vascular
endothelial growth factor receptor-2 binding, activation and
vascular permeability activity. J. Biol. Chem., 273, 6599 ± 6602.

KECK, P.J., HAUSER, S.D., KRIVI, G., SANZO, K., WARREN, T.,

FEDER, J. & CONNOLLY, D.T. (1989). Vascular permeability
factor an endothelial cell mitogen related to PDGF. Science, 246,
1309 ± 1312.

KEVIL, C.G., PAYNE, D.K., MIRE, E. & ALEXANDER, J. S. (1998).
Vascular permeability factor/vascular endothelial cell growth
factor-mediated permeability occurs through disorganization of
endothelial junctional proteins. J. Biol. Chem., 273, 15099 ±
15103.

KIM, D. & DURAN, W. N. (1995). Platelet-activating factor stimulates
protein tyrosine kinase in hamster cheek pouch microcirculation.
Am. J. Physiol., 268, H399 ±H403.

KU, D., ZALESKI, J.K., LIU, S. & BROCK, T.A. (1993). Vascular
endothelial factor induces EDRF-dependent relaxation in
coronary arteries. Am. J. Physiol., 265, H586 ±H592.

LEUNG, D.W., CACHIANES, G., KUANG, W.J., GOEDDEL, D.V. &

FERRARA, N. (1989). Vascular endothelial growth factor is a
secreted angiogenic mitogen. Science, 246, 1306 ± 1309.

LOPEZ, J.J., LAHAM, R.J., CARROZZA, J.P., TOFUKUJI, M., SELLKE,

F.W., BUNTING, S. & SIMONS, M. (1997). Hemodynamic e�ects of
intracoronary VEGF delivery: evidence of tachyphylaxis and NO
dependence of response. Am. J. Physiol., 273, H1317 ±H1323.

MAYHAN, W. G. (1992). Role of nitric oxide in modulating
permeability of hamster cheek pouch in response to adenosine-
5-diphosphate and bradykinin. In¯ammation, 16, 295 ± 304

MAYHAN, W. G. (1994). Nitric oxide accounts for histamine-induced
increases in macromolecular extravasation. Am. J. Physiol., 266,
H2369 ±H2373.

MIGDAL, M., HUPPERTZ, B., TESSLER, S., COMFORTI, A., SHI-

BUYA, M., REICH, R., BAUMANN, H. & NEUFELD, G. (1998).
Neuropilin-1 is a placenta growth factor-2 receptor. J. Biol.
Chem., 273, 22272 ± 22278.

MUROHARA, T., HOROWITZ, J.R., SILVER, M., TSURUMI, Y., CHEN,

D., SULLIVAN, A. & ISNER, J.M. (1998). Vascular endothelial
growth factor/vascular permeability factor enhances vascular
permeability via nitric oxide and prostacyclin. Circulation, 97,
99 ± 107.

NEUFELD, G., COHEN, T., GENGRINOVITCH, S. & POLTORAK, Z.

(1999). Vascular endothelial growth factor (VEGF) and its
receptors. FASEB J. 13, 9 ± 22.

OGAWA, S., OKU, A., SAWANO, A., YAMAGUCHI, S., YAZAKI Y. &

SHIBUYA, M. (1998). A novel type of vascular endothelial growth
factor, VEGF-E (NZ-7 VEGF), preferentially utilizes KDR/Flk-
1 receptor and carries potent mitotic activity without heparin-
binding domain. J. Biol. Chem., 273, 31273 ± 31282.

PAPAPETROPOULOS, A., GARCIA-CARDENA, G., MADRI, J.A. &

SESSA, W.C. (1997). Nitric oxide production contributes to the
angiogenic properties of vascular endothelial growth factor in
human endothelial cells. J. Clin. Invest., 100, 3131 ± 3139.

PARK, J.E., CHEN, H.H., WINER, J., HOUCK, K.A. & FERRARA, N.

(1994). Placenta Growth factor: Potentiation of vascular
endothelial growth factor bioactivity, in vitro and in vivo, and
high a�nity binding to Flt-1 but not Flk-1/KDR. J. Biol Chem.,
269, 25646 ± 25654.

RAMIREZ, M. M., QUARDT, S. M., KIM, D., OSHIRO, H., MINNI-

COZZI, M. & DURAN, W. N. (1995). Platelet activating factor
modulates microvascular permeability through nitric oxide
synthesis. Microvasc. Res., 50, 223 ± 234.

SAWANO, A., TAKAHASHI, T., YAMAGUSHI S., AONUMA, M. &

SHIBUYA, M. (1996). Flt-1 but not KDR/Flk-1 tyrosine kinase is
a receptor for placenta growth factor, which is related to vascular
endothelial growth factor. Cell Growth Di�er., 7, 213 ± 221.

SENGER, D.R., GALLI, S.J., DVORAK, A.M., PERRUZZI, C.A.,

HARVEY, V.S. & DVORAK, H.F. (1983). Tumor cells secrete a
vascular permeability factor that promotes accumulation of
ascites ¯uid. Science, 219, 983 ± 985.

STACKER, S.A. & ACHEN, M.A. (1999). The vascular endothelial
growth factor family: Signalling for vascular development.
Growth Factors, 17, 1 ± 11.

STACKER, S.A., VITALI, A., CAESAR, C., DOMAGALA, T., GROE-

NENS, L.C., NICE, E., ACHEN, M.G. & WILKS, A.F. (1999). A
mutant form of vascular endothelial growth factor (VEGF) that
lacks VEGF receptor-2 activation retains the ability to induce
vascular permeability. J. Biol. Chem., 274, 34884 ± 34892.

British Journal of Pharmacology vol 132 (6)

VEGF and plasma extravasationM. FeÂ leÂ tou et al 1347



STEPHAN, C.C., CHANG, K.C., LEJEUNE, W., ERICHSEN, D.,

BJERCKE, R.J., REGE, A., BIEDEGER, R.J., KOGAN, T.P., BROCK,

T.A., WILLIAMSON, J.R. & TILTON, R.G. (1998). Role for
heparin-binding growth factors in glucose-induced vascular
dysfunction. Diabetes, 47, 1771 ± 1778.

SUZUKI, H., GAO, X.P., OLOPADE, C.O., JAFFE, H.A., PAKHLEVA-

NIANTS, S. & RUBINSTEIN, I. (1996). Aqueous smokeless tobacco
extract impairs endothelium-dependent vasodilation in the oral
mucosa. J. Appl. Physiol., 81, 225 ± 231.

SVENJ, E. & ARFORS, K. E. (1979). Dimensions of post-capillary
venules sensitive to bradykinin and histamine-induced leakage of
macromolecules. Ups. J. Med. Sci., 84, 47 ± 60.

SVENJOÈ E., ARFORS, K. E., ARTURSON, G. & RUTILI, G. (1978). The
hamster cheek pouch as a model for studies of macromolecular
permeability of the microvasculature. Ups. J. Med. Sci., 83, 71 ±
79.

TAKAHASHI, T. & SHIBUYA,M. (1997). The 230 kDa mature form of
KDR/Flk-1 (VEGF receptor-2) activates the PLC-gamma path-
way and partially induces mitotic signals in NIH3T3 ®broblasts.
Oncogene, 14, 2079 ± 2089.

THAKKER, G.D., HAJJAR, D.P., MULLER, W.A. & ROSENGART, T.K.

(1999). The role of phosphatidylinositol 3-kinase in vascular
endothelial growth factor signaling. J. Biol Chem., 274, 10002 ±
10007.

TILTON, R.G., CHANG, K.C., LEJEUNE, W.S., STEPHAN, C.C.,

BROCK, T.A. & WILLIAMSON, J.R. (1999). Role for nitric oxide
in the hyperpermeability and hemodynamic changes induced by
intravenous VEGF. Invest. Ophthalmol. Visual Sci., 40, 689 ± 696.

VAN DER ZEE, R., MUROHARA, T., ZOLLMANN, F., PASSERI, J.,

LEKUTAT, C. & ISNER, J.M. (1997). Vascular endothelial growth
factor/vacular permeability factor augments nitric oxide release
from quiescent rabbit and human vascular endothelium.
Circulation, 95, 1030 ± 1037.

VEIKKOLA, T. & ALITALO, K. (1999). VEGFs, receptors and
angiogenesis. Semin. Cancer Biol., 9, 211 ± 220.

WANG, W., MERRILL, M.J. & BORCHARDT, R.T. (1996). Vascular
endothelial growth factor a�ects permeability of brain micro-
vessel endothelial cells in vitro. Am. J. Physiol., 271, C1973 ±
C1980.

WHEELER-JONES, C., ABU-GHAZALEH, R., COSPEDAL, R., HOU-

LISTON, R.A., MARTIN, J. & ZACHARY, I. (1997). Vascular
endothelial growth factor stimulates prostacyclin production and
activation of cytosolic phospholipase A2 in endothelial cells via
p42/p44 mitogen-activated protein kinase. FEBS Lett., 420, 28 ±
32.

WISE, L.M., VEIKKOLA, T., MERCER, A.A., SAVORY, L.J., FLEMING,

S.B., CAESAR, C., VITALI, A., MAKINEN, T., ALITALO, K. &

STACKER, S.A. (1999). Vascular endothelial growth factor
(VEGF)-like protein from orf virus NZ2 binds to VEGFR2 and
neuropilin-1. Proc. Natl. Acad. Sci. U.S.A., 96, 3071 ± 3076.

WU, H.M., HUANG, Q., YUAN, Y. & GRANGER, H.J. (1996). VEGF
induces NO-dependent hyperpermeability in coronary venules.
Am. J. Physiol., 271, H2735 ±H3739.

WU, H.M., YUAN, Y., ZAWIEJA, D.C., TINSLEY, J. & GRANGER, H.J.

(1999). Role of phospholipase C, protein kinase C and calcium in
VEGF-induced venular hyperpermeability. Am. J. Physiol., 276,
H535 ±H542.

XIA, P., AIELLO, L.P., ISHII, H., JIANG, Z.Y., PARK, D.J., ROBINSON,

G.S., TAKAGI, H., NEWSOME, W.P., JIROUSEK, M.R. & KING,

G.L. (1996). Characterization of vascular endothelial growth
factor's e�ect on the activation of protein kinase C, its isoforms
and endothelial cell growth. J. Clin. Invest., 98, 2018 ± 2026.

(Received September 20, 2000
Revised December 12, 2000
Accepted January 8, 2001)

British Journal of Pharmacology vol 132 (6)

VEGF and plasma extravasationM. FeÂ leÂ tou et al1348


	fig_xref1
	fig_xref2
	fig_xref3
	tab_xref1
	bib_xref
	bib_xref
	fig_xref

