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Vascular endothelial growth factor (VEGF) is an important regulator
of angiogenesis, vasculogenesis and vascular permeability. Edema
in glioma tumors is considered one of the most pathological chara-
cteristics, but the mechanism of regulating vascular permeability is
still unclear. In the present study, tumorigenic mice were generated
by subcutaneous injection of glioma cell lines, C6-null cells and
stable transfected-C6 cells overexpressing mock vector (C6-mock)
and antisense VEGF (C6-VEGF–/–). Overexpression of antisense VEGF
(C6-VEGF–/– mice) significantly suppressed tumor growth, decreased
angiogenesis and reduced tumoral edema. Further studies by
electron microscope revealed that tumor-induced hyperpermeability
was mediated by formation of vesiculo-vacuolar organelles (VVO),
specifically reducing the number of vesicle and caveolae in VVO, and
this effect was blocked, at least partially, by antisense VEGF. These
data show a possible mechanism of tumor-induced hyperpermeability
and indicate that blockage of VEGF might contribute to thera-peutical
strategies for tumor edema. (Cancer Sci 2008; 99: 2540–2546)

Glioma is the most common primary central nervous system
(CNS) tumor in adults and is a very aggressive, invasive

and destructive malignancy. Its proliferation rates are two to
five times higher than other brain tumors.(1) Histopathologically,
the features of glioma are characterized by high proliferation,
cellular polymorphism, necrosis, hypermeability and massive
neovascularization.(2) During the progression of glioma, a
crucial step is the so-called angiogenic switch, marking the
predominance of pro-angiogenic factors that subsequently
induce the proliferation and activation of vascular endothelial
cells (VEC). This process is mediated by various growth factors
including vascular endothelial growth factor (VEGF). VEGF is
expressed in a wide spectrum of brain tumors and is related
to tumor degree; it is expressed at relatively low levels in the
normal brain, up-regulated in low-grade glioma and highly
expressed in high-grade glioma.(3,4) In addition, overexpression
of VEGF has been associated with the formation of new tumor
blood vessels,(5) suggesting a direct correlation between the
VEGF expression level and glioma prognosis.(6,7)

VEGF is known as a growth regulator of VEC, as well as
a vascular permeability factor(8–10) that is responsible for plasma
extravasation, leading to edema in tumoral tissues and increased
vessel permeability.(11) It has been shown that overexpression
of VEGF directly and rapidly induces plasma extravasation
in the endothelium of skeletal muscle and skin(12) and in the
neovasculature of VEGF-secreting tumors.(13) The molecular
mechanisms underlying this function are still uncertain. Several
endothelial subcellular structures have been involved in these
processes: caveolae, transendothelial channels, fenestrae, vesiculo-

vacuolar organelles (VVO), sinusoidal gaps and intercellular
junctions.(14,15) Recentely, Dvorak et al.(14) demonstrated that
VEGF induces leakage of macromolecules from venules
through extravasation via VVO,(16,17) the fused clustered vesicles
of caveolae.(18)

The bunches-of-grape-like clusters of VVO are present in
the cytoplasm of vascular endothelial cells.(18) They locate near
lateral borders of endothelial cells and extend to both the lumen
and albumen at multiple sites.(16–18) Individual vesicles and
vacuoles comprise VVO and interconnect with each other such
that they may open stomata and therefore allow macromolecular
components to cross the vascular endothelial membrane. VVO
provide the major route of extravasation at sites of vessels, that
was induced by vascular permeability factor VEGF, serotonin
and histamine in animal models.(16,19) Tumor-induced VEGF
secretion is found to localize on the surface of tumor vascular
endothelium cells as well as in association with VVO in their
cytoplasm.(17)

The aim of the present study is to detect the effects of
down-regulation of VEGF in glioma cell proliferation. Moreover,
we investigate the molecular mechanism and ultrastructural
basis of tumor-induced hyperpermeability, aiming to elucidate
the molecular target of tumor treatment.

Materials and Methods

Plasmids. Total RNA was isolated from 1-day-old Sprague
Dawley rat brain using Trizol reagent (Invitrogen, Calsbad, CA,
USA). Antisense VEGF164 complementary DNA (cDNA) was
synthesized using the Titan One-Step reverse transcriptase–
polymerase chain reaction (RT-PCR) Kit (Roche, Indianapolis,
IN, USA) following the manufacturer’s instructions. Primers
were designed using Primer Express 1.5a software and were as
follows: forward, CCCAAGCTTTCACCGCCTTGGCTTGTC;
reverse, CGCGGATCCATGAACTTTCTGCTCTCTTG. Plasmid
pBudCE4.1/VEGF–/– was generated containing a 640-bp BamHI/
HindIII amplicon cloned into a pBudCE4.1 expression vector
(Invitrogen) under the control of human cytomegalovirus
(CMV) promoter.

Cell culture. Rat glioma cell C6 (Cell Biology Research
Institute of Shanghai, Shanghai, China) was cultured in RPMI-1640
medium (1640 M) (Invitrogen) supplemented with fetal calf
serum (10%). C6 cells (2 × 105) were placed in 35-mm dishes
and transfected with plasmids, pBudCE4.1/VEGF–/– (1 μg) or
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vector control pBudCE4.1 (1 μg), respectively, using
Lipofectamine 2000 (Invitrogen). Medium was replaced with
1640 M containing Zeocin (1 mg/mL, Invitrogen) after 18 h
post-transfection. After 4 weeks, surviving clones were isolated,
analyzed using PCR and selected for a transfected cell line
that demonstrated the highest expression of genes to generate
heterogeneously overexpressing antisense VEGF (C6-VEGF–/–)
and vector control (C6-mock).

For cell proliferation assay, 2 × 104 cells were placed in a
6-well plate and were counted after 24 h, 48 h, 72 h, 96 h, 96 h,
120 h and 144 h culture by hemocytometer.

Semi-quantitative polymerase chain reaction. Total RNA was
isolated and cDNA was synthesized as previously described.
The sequences of primer sets were: VEGF, forward: CCCAA-
GCTTATGAACTTTCTGCTCTCTTG, reverse: CGCGGATCCT-
CACCGCCTTGGCTTGTC; and β-actin, forward: GAGGCATCCT-
GACCCTGAAG, reverse: CATCACAATGCCAGTGGTACG. The
calculation of expression levels of VEGF was normalized by β-actin.

Immunostaining. To detect VEGF expression in vitro, cells
were fixed in 4% paraformaldehyde and blocked with
3% normal goat serum for 2 h at room temperature for
immunocytochemistry.

To determine VEGF and its receptors expression in vivo,
anesthetized mice were killed by decapitation. Tumor tissues
were removed and frozen in liquid nitrogen quickly. Sections
(18-μm thick) were cut using a cryostat and were rehydrated,
treated with 0.3% hydrogen peroxide (H2O2) in methanol for
30 min to inactivate endogenous peroxidase, rinsed with 0.1 M
phosphate buffer (PB) for 10 min and exposed to blocking
serum (3% normal goat serum) for 2 h at room temperature for
immunohistochemistry.

Immunoreaction was performed using antibodies against
VEGF (1:150 dilution, United States Biological, Swampscott,
MA, USA), VEGF receptor 1 (VEGFR-1, 1:150, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), VEGF receptor 2
(VEGFR-2, 1:150, Santa Cruz Biotechnology), phospho-
VEGF receptor 1 (pVEGF-1, 1:100, Abcam, Cambridge, MA,
USA) and phospho-VEGF receptor 2 (pVEGF-2, 1:100, Abcam)
as described.(20) The slices were rinsed with 0.1 M PB and
exposed to anti-rabbit immunoglobulin G (IgG) horseradish
peroxidase (HRP; 1:500 dilution, Maixin, Fuzhou, China) for
1 h. After an additional 10-min rinse, the slices were treated
with VectaStain Elite ABC reagent (Maixin) for 30 min and
developed with diaminobenzidine (DAB) detection kit (Maixin).
The sections were counterstained by hematoxylin and mounted
using Permount (Maixin).

Vessel density detection. The tumor sections were treated with
primary antibody against CD31 antigen (1:150 dilution, Santa
Cruz Biotechnology) overnight at 4°C, then stained using a
streptavidin–peroxidase (SP) conjugation kit (Maixin) according
to the manufacturer’s instructions. Immunoreaction was visible
by DAB detection kit (Maixin) under light microscopy and
counterstained by hematoxylin (Maixin).

Microvessel density (MVD) was determined under a confocal
microscope (Nikon, Japan). The microvessels were carefully
counted in five fields (200×) of areas around the basal part of
tumor tissues. Single cells, a cluster of cells and branches of
vascular trunks were all regarded as a blood vessel if they were
CD31-positive.

Enzyme-linked immunosorbent assay (ELISA). To measure VEGF
secretion in vitro, 5 × 105 cells were placed in 6-well plate and
treated with serum-free 1640 M medium. Medium was collected
after 24 h and 48 h culture. Debris was removed by cen-
trifugation at 2000 × g for 5 min and supernatant was collected
for ELISA.

To measure VEGF levels in vivo, tumor tissues (0.1 g) were
homogenized in Tris-HCl buffer (25 mM, pH 7.6) containing
100 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA)

and 1 mM phenylmethanesulfonylfluoride (PMSF). Debris was
removed by centrifugation at 2000 × g for 5 min, followed with
centrifugation at 20 000 × g for 20 min, and supernatants were
collected for ELISA. Protein concentration was measured using
a protein assay kit (Bio-rad, Hercules, CA, USA).

Serial dilutions of samples with the highest and the lowest
expected values were performed to determine VEGF expression
level using a commercial VEGF ELISA kit (R & D Systems,
Minneapolis, MN, USA) following the manufacturer’s instruc-
tions. VEGF expression levels were calculated by standard
curve available from the manufacturer. All experiments were
performed in triplicate reactions.

Protein analysis. Tumor tissues were homogenized in Tris-HCl
buffer (50 mM, pH 8.0) containing protease inhibitor cocktail
V (Calbiochem, San Diego, CA, USA). Homogenate (20 μg)
was electrophoresed on 10% sodium dodecylsulfate (SDS)
polyacrylamide gel and transferred onto Immobilon membranes
(Millipore, Billerica, MA, USA). Western blot analyses were
conducted using antibodies against VEGFR-1:(1:200), VEGFR-2
(1:200), pVEGFR-1 (1:100), pVEGFR-2 (1:100) and β-actin
(1:2000, Neomarker, Fremont, CA, USA). Bands were visualized
using an electrochemiluminescence (ECL) kit (Amersham
Biosciences, Piscataway, NJ, USA).

VEGF activity assay. Confluence (80–90%) of C6 cells, C6-mock
cells and C6-VEGF–/– cells were treated with serum-free 1640 M
for 48 h. Media were collected and VEGF concentration were
measured by ELISA. HUVEC cells (2 × 104, Cell Biology
Research Institute of Shanghai, Shanghai, China) were placed
in a 6-well plate and treated with 100 ng of VEGF secreted
from three C6 cell lines. The HUVEC cell growth curve was
monitored by cell count.

In vivo tumorigenesis animals. Male 4-to-6-weeks-old BALB/c
(nu/nμ) mice (SLAC, Shanghai, China) were randomized into
three groups (n = 8): C6, C6-mock and C6-VEGF–/–. Tumorigenic
mice were established by subcutaneous (s.c.) flank inoculation
of 1.5 × 106 cells in serum-free 1640 M. After 20 days post-
implantation, tumors were removed for further analysis. All
procedures met the national guidelines for the care and use of
laboratory animals and were approved by the Institutional
Animal Care and Use Committee of the Fujian Medical
University, Fujian, China.

Electron microscopy studies. Tumors were rapidly removed,
immersed into 3% paraformaldehyde containing 1.5%
glutaraldehyde for 4 h and post-fixed in 1% osmium tetroxide
(OsO4). Specimens were dehydrated in gradient alcohols and
embedded. Sections (50 nm) were cut and stained with uranyl
acetate and lead citrate for morphologic analysis under HU-12 A
transmission electron microscope (TEM; Hitachi, Tokyo,
Japan).

Numbers of VVO were observed in 10 microvascular
endothelial cells with an intact structure at a magnification of
5000× under TEM. The VVO were counted using the following
scale: (0) <5 bunchy vesicles; (1) 6–10 bunchy vesicles; (2)
11–20 bunchy vesicles; and (3) >20 bunchy vesicles.

Tumor vessel permeability. Tumor-bearing mice received a
0.1-mL/kg, i.v. injection of Evans blue dye (1% in saline;
Sigma-Aldrich, St. Louis, MO, USA). After 6 h, the animals
were killed and Evans blue was extracted from tumors as
described.(21) Briefly, tumors were removed and homogenized
using 3 mL of N,N-dimethylformamide (Sigma-Aldrich), then
incubated at 57°C for 12 h. The solutions were vortexed, then
2 mL of l N HCL were added, vortexed again and centrifuged at
2000 × g for 15 min. Supernatant was collected and measured at
620 nm by spectrophotometer (Bechman Coulter Fullerton, CA,
USA). Concentrations were calculated using a standard curve
for Evans blue dye.

Edema assays. Water content of the tumor represents the
degree of edema and was calculated as previously described.(22)
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Briefly, water content was assessed by subtracting the weight of
dry tumor (incubated at 100°C vacuum oven for 24 h) from the
weight of the fresh tumor.

Statistical analysis. Data were analyzed by using one-way
ANOVA followed by Tukey’s post hoc test for multiple com-
parisons with the control groups. Differences were considered
significant if P < 0.05.

Results

Effect of antisense VEGF in cell proliferation. We first verified
VEGF expression in the heterogeneously overexpressing
antisense VEGF cells (C6-VEGF–/–). Immunoreaction with
antibody against VEGF showed that endogenous VEGF
expression was reduced in C6-VEGF–/– cells compared with
C6-null cells and C6-mock cells after 24 h serum deprivation
(Fig. 1a–c) as well as that after 48 h serum deprivation
(Fig. 1d–f). Simultaneously, we determined VEGF protein
secretion in those cells and found that the levels of VEGF in
medium from C6-VEGF–/– cells were significantly lower than
that from C6-null cells and C6-mock cells (Fig. 1g). These
changes were observed similarly after 24 h and 48 h serum
deprivation (Fig. 1g), suggesting that antisense VEGF blocked
endogenous VEGF expression in glioma tumor cells.

VEGF is considered to be a trigger of cell proliferation.
To further investigate the effect of antisense VEGF in cell
proliferation, we placed C6-null cells, C6-mock cells and
C6-VEGF–/– cells into 6-well plates at a density of 2 × 104 cells
per well, then counted cell numbers after 24 h, 48 h, 72 h, 96 h,
120 h and 144 h culture. Data showed regressive proliferation in
C6-VEGF–/– cells compared with the two controls, C6-null cells
and C6-mock cells (Fig. 1h); morphology did not change in any
cell line (data not shown). Moreover, we examined whether
biological activity of VEGF released from different cell lines
was altered. We treated HUVEC cells with the same amount
VEGF secreted from three C6 cell lines and monitored the
HUVEC cell growth chart. We found that HUVEC cells grew
similarly in the treatment groups, whereas cells grew apparently
slowly in the non-VEGF-treatment (Fig. 1i). Together, these
data suggested that down-regulation of VEGF expression
inhibited cell proliferation.

Effect of antisense VEGF in tumorigenesis. VEGF plays a key
role in tumorigenesis. We sought to determine whether down-
regulation of VEGF blocked its impacts, initiated tumor

formation. To evaluate the anti-tumor action, we injected
glioma cells, C6-null cells (Fig. 2a), C6-mock cells (Fig. 2b)
and C6-VEGF–/– cells (Fig. 2c), directly into the right inguinal
area of BALB/c mice to induce tumor formation (Fig. 2).
After 20 days inoculation, tumor size from C6-VEGF–/– mice

Fig. 1. Characterization of antisense vascular
endothelial growth factor (VEGF) in vitro. (a–f)
Immunocytochemical staining with antibody
against VEGF antigen in C6-null cells (a, d), C6-mock
cells (b, e) and C6-VEGF–/– cells (c, f) after 24 h (a–c)
and 48 h (d–f) serum deprivation. (g) Enzyme-
linked immunosorbent assay (ELISA) of VEGF levels
in condition media of C6-null cells, C6-mock cells
and C6-VEGF–/– cells after 24 h (open bars) and
48 h (closed bars) serum deprivation. (h) Time
course of cell proliferation of C6-null cells (open
squares), C6-mock cells (closed squares) and C6-
VEGF–/– cells (closed circles). (i) Time course of
HUVEC cell growth curve with treatment of VEGF
released from C6-null cells (open squares), C6-mock
cells (closed squares), C6-VEGF–/– cells (closed circles)
and non-treated (open circles). *, P < 0.05, **,
P < 0.01; n = 4–6.

Fig. 2. Tumor growth inhibition by antisense vascular endothelial growth
factor (VEGF). (a–c) Representative tumorigenic mice implanted with
C6-null cells (a), C6-mock cells (b) and C6-VEGF–/– cells (c). Analyses of
tumor volume (d) and tumor weight (e) in C6-null mice (open bars), C6-
mock mice (gray bars) and C6-VEGF–/– mice (closed bars). **P < 0.01; n = 7.
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(1.687 ± 0.189 cm3) was notably smaller than that from two
controls, C6-null mice (5.299 ± 0.656 cm3) and C6-mock mice
(5.534 ± 0.62 cm3) (Fig. 2d). Also, tumor weight was
significantly decreased in C6-VEGF–/– mice (1.018 ± 0.112 g)
compared with C6 mice (2.81 ± 0.187 g) and C6-mock mice
(2.79 ± 0.221 g) (Fig. 2e).

Characterization of tumorigenic mice. To test the effect of
antisense VEGF in vivo as well as in vitro, we determined
VEGF levels by ELISA (Fig. 3a) and semi-quantitative PCR
(Fig. 3b). ELISA analysis showed that the levels of VEGF protein
were markedly decreased in the tumors from C6-VEGF–/– mice
compared with two control mice, C6 mice and C6-mock mice
(Fig. 3a). Similar results were obtained by semi-quantitative
PCR (Fig. 3b).

Up-regulation of VEGF shown in brain glioma tumor is
associated with angiogenesis.(2,7,23) Here, we tested whether
blockage of VEGF by antisense VEGF contributed anti-
angiogenesis properties. Immunohistochemistry using anti-CD31
antibody stained microvasculature showed dramatically lower
staining in the tumor tissue from C6-VEGF–/– mice (Fig. 3c,f)
compared with C6-null mice (Fig. 3d) and C6-mock mice
(Fig. 3e), indicating that tumor-induced angiogenesis was
inhibited in C6-VEGF–/– mice.

A common feature of malignant brain tumors is their ability
to increase capillary permeability, subsequently leading to
edema. The mechanism of tumor-induced permeability is
complex. Evidence implicating VEGF as an agent in tumor-
generated edema has been reported.(23,24) In the present study, we
demonstrated that tumoral edema in C6-VEGF–/– mice was
decreased compared with control mice, C6-null mice and
C6-mock mice (Fig. 3g). Next, to confirm that the edema was
due to vascular hyperpermeability, we examined vascular
extravasation by using a dye tracer.(21) Results showed that
vascular leakage was markedly reduced in C6-VEGF–/– mice
compared with controls (Fig. 3h). These data imply that inhibition
of VEGF expression suppresses tumor growth and vascular
hyperpermeability, suggesting that a targeted VEGF pathway
may be considered as a therapy for brain glioma tumor.

The effect of antisense VEGF on anti-angiogenesis is mediated
by tyrosine kinase receptors. VEGF binds to endothelial cells via
interaction with high-affinity tyrosine kinase receptors,
VEGFR-1 and VEGFR-2. The selective expression of VEGF
receptors ensures that VEGF action is confined to the endothelial
cells(25–27) and that additional signals are required to trigger
angiogenesis in gliomas tumor. Here, we showed that lower
production of VEGF was accompanied by lower expression
of its receptors, VEGFR-1 (Fig. 4a) and VEGFR-2 (Fig. 4b).
Furthermore, we examined the expression of phospho-VEGFR
in those tumors and showed that phospho-VEGFR-1 (Fig. 4c)
and phospho-VEGFR-2 (Fig. 4d) were correlated with VEGF
levels. Quantitative analysis showed that the expression levels of
tyrosine receptors, normalized by β-actin, markedly decreased
in the C6-VEGF–/– mice (Fig. 4e). Similar observations were
obtained by immunohistochemistry studies. Figures 5 and 6
demonstrate that C6-VEGF–/– mice (Figs 5c,f and 6c,f) had less
staining of VEGF-1 receptor (Fig. 5c), VEGF-2 receptor (Fig. 5f),
phospho-VEGF-1 receptor (Fig. 6c) and phospho-VEGF-2

Fig. 3. Reduction of neovascularization and edema by antisense
vascular endothelial growth factor (VEGF). The expression levels of
VEGF protein and mRNA in tumor tissue were assessed by enzyme-
linked immunosorbent assay (ELISA) (a) and semi-quantitative PCR (b).
(c) Quantification of the brown staining revealed the percentage area
occupied by vasculature in tumor sections. d–f, Relative area of vascular
density of the tumor section from C6-null mice (d), C6-mock mice (e)
and C6-VEGF–/– mice (f). Brown, CD31-positive endothelial cells. (g)
Measurement of water content in tumor tissues. (h) Quantitative vascular
leakage assessed by Evan Blue dye tracer. (i) Observation of number of
vesiculo-vacuolar organelles (VVO) under electron microscope in tumor
slices. Open bars, C6-null mice; gray bars, C6-mock mice; closed bars,
C6-VEGF–/– mice. *P < 0.05, **P < 0.01, n = 4–6, scale bar = 100 μm.

Fig. 4. The expression of vascular endothelial growth factor receptors
(VEGFR) decreased in C6-VEGF–/– mice. The expression levels, assessed
by Western blot, of VEGF receptors using antibody against (a) VEGFR-1,
(b) VEGFR-2, (c) phospho-VEGFR-1 and (d) phospho-VEGFR-2. 1, C6-null
mice; 2, C6-mock mice; 3, C6-VEGF–/– mice. (e) Quantitative expression
levels of VEGFR-1, VEGFR-2, phos-VEGFR1, and phos-VEGFR2. Open bars,
C6-null mice; gray bars, C6-mock mice; closed bars, C6-VEGF–/– mice.
***P < 0.001; **P < 0.01.
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receptor (Fig. 6f) compared with C6-null mice (Figs 5a,d and
6a,d) and C6-mock mice (Figs 5b,e and 6b,e). Interestingly,
VEGFR were not only present in vascular endothelial cells,
but were also found in the tumor cell body that possible engages
with tumor proliferation. This evidence suggests that VEGF
acting on vasculogenesis and angiogenesis require its receptor
tyrosine kinases.

The mechanism of tumor-induced edema. Previous data showed
that the expression level of VEGF in tumors was correlated
with the levels of extravasation.(6) To elucidate the structural
basis for this effect, we determined the morphological structure
of tumors from C6 mice, C6-mock mice and C6-VEGF–/– mice

by TEM. TEM analyses showed that opened intercellular tight
junctions and endothelium fenestration (or cleft) (Fig. 7a–c)
were observed in tumor tissues from C6 mice, C6-mock mice
and C6-VEGF–/– mice; however, these structural changes were
not different among those animals. In contrast, there were
conspicuous VVO in tumor VEC from C6 mice and C6-mocks
mice (Fig. 7d,e), whereas few VVO were observed in tumor VEC
from C6-VEGF–/– mice (Fig. 7f) that develops attenuated extravasa-
tion and edema in tumor tissues. Based on ultrastructural
analyses of 10 vascular endothelial cells (VEC), 0.23 ± 0.05 VVO
were found in cytoplasm of C6-VEGF–/– mice (Fig. 3i). However,
in the same sections of C6 mice and C6-mock mice, 1.2 ± 0.07

Fig. 5. Down-regulation of vascular endothelial growth factor receptors (VEGFR) expression by antisense vascular endothelial growth factor
(VEGF). Immunoreaction with antibody against VEGFR-1 (a–c) and VEGFR-2 (d–f) in C6-null mice (a, d), C6-mock mice (b, e) and C6-VEGF–/– mice
(c, f). Scale bar = 50 μm.

Fig. 6. Down-regulation of phospho-VEGFR expression by antisense vascular endothelial growth factor (VEGF). Immunoreaction with antibody
against phospho-VEGFR-1 (a–c) and phospho-VEGFR-2 (d–f) in C6-null mice (a, d), C6-mock mice (b, e), and C6-VEGF–/– mice (c, f). Scale bar = 50 μm.
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and 1.23 ± 0.05 VVO were observed, respectively (Fig. 3i).
The number of vesicles and vacuoles per individual VVO
were significantly reduced in C6-VEGF–/– mice compared with
that in C6 mice and C6-mock mice (Fig. 7d–f).

Discussion

Determining the contribution of VEGF to tumorigenesis and
tumoral angiogenesis is important for developing novel
therapeutic approaches for brain gliomas. In the present work,
we demonstrated that down-regulated VEGF expression
reduced cell proliferation of glioma C6 cells and we
established tumorigenic animals subcutaneously implanted
with C6-null cells, C6-mock cells and C6-VEGF–/– cells that
were grown in orthotropic sites in mice. In our models, the
contribution of VEGF to tumor growth and vascularization
was dependent on the expression levels of tumor-cell-derived
VEGF. Compared with C6-null mice or C6-mock mice, tumor
size and neovascularization were markedly decreased in
C6-VEGF–/– mice. This result is consistent with previousreports.(28)

In addition to the reduction in tumor size, angiogenesis is an
extremely important process for sustained tumor growth. Our
studies demonstrated lower staining of CD31 in tumor sections
from C6-VEGF–/– mice compared with that in C6-null cell
mice and C6-mock mice. These data clearly indicate that
neomicrovascular formation was decreased in tumors after
blockage of VEGF, subsequently reducing the blood flow in
the tumor area and limiting tumor growth. Blockage of the
VEGF pathway predominantly inhibits tumor endothelial cell
proliferation, migration and survival.

Initially, Senger et al.(24) discovered VEGF as a permeability
factor and found that tumor-derived VEGF induced vascular
leakage, causing extravasation. The mechanism of VEGF-
induced vascular leakage has not been fully elucidated. Our
present in vivo studies demonstrated that the inhibition of

tumor growth and edema by down-regulated VEGF was mediated
by tyrosine kinase receptors. These results are in agreement
with previously published data.(28,29) However, our study is the
first demonstration that glioma-induced edema is caused by
fusion of clustered caveolae, referred to as vesiculo-vacuolar
organelles (VVO).(16,18)

Tumor vasculature has long been characterized as hyper-
permeable.(30) However, there are some controversies regarding
the mechanisms and structures responsible for the increase
permeability of tumor vessels. Earlier reports suggested that
open endothelial gaps/fenestration resulted in tumor vessel
hyperpermeability induced by VEGF.(5,13) However, our studies
demonstrated that intercellular fenestrae was observed between
VEC of tumors from C6 mice, C6-mock mice and C6-VEGF–/–

mice and there was no structural difference among them. Moreover,
our previous work on microecosystems in human glioma had
shown that fenestrae are only observed in a limited number
of individual vascular endothelial cells,(31) whereas they are
commonly observed in meningioma. It had been reported that
fenestrae are formed and maintained by VVO, which increase
blood vessel permeability.(32) Feng et al.(16) found that VEGF
induced permeability of tumor blood vessels by increasing VVO
function such that individual VVO extend across endothelial
cells and interconnect with each other to open stomata. These
stomata likely provide the structural basis for extravasation
acrossed the microvascular endothelium. The function of VVO
in tumor vessels is regulated by vasoactive mediators that in
some way open the stomata that connected individual VVO
vesicles and vascuoles.(14) VEGF is likely one of vasoactive
mediators responsible for opening stomata in hyperpermeable
tumor vessels.(24,33,34) In fact, this proves to be the case. Our
electron microscopic studies demonstrated that tumor tis-
sues from C6-VEGF–/– mice prevented extravasation and
VVO formation. Intense immunostaining for VEGF was
observed on the plasma membrane of tumor-associated

Fig. 7. High-magnification electron micrographs illustrate the reduction of vesiculo-vacuolar organelles (VVO) structure in C6-VEGF–/– mice. (a–c)
The morphological features of endothelium intercellular junctions (black arrows) and fenestrae (red arrows) between vascular endothelial cells
(VEC) in tumor tissue from C6 mice (a), C6-mock mice (b) and C6-VEGF–/– mice (c). (d–e) Electron microscope reveals VVO structure (red arrows) in
tumor tissue from C6 mice (d), C6-mock mice (e) and C6-VEGF–/– mice (f). L, lumens, EN; vascular endothelial cells; BM, base membrane. Scale
bar = 1 μm.
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microvascular endothelial cells and VVO are present in
these same endothelial cells.(17) Thus, VVO might serve as
the major pathway in response to VEGF-induced vessel
hyperpermeability.

In conclusion, our findings demonstrate the effects of VEGF
signaling in malignant glioma and it can be interpreted that
VVO formation possibly participates in tumor-induced edema.
Blockage of VEGF suppressed tumor growth and prevented
tumor hyperpermeability, suggesting an important role of this
system in tumor invasion. Assessing VEGF in malignant glioma

on a functional level may enable a closer understanding of
glioblastoma angiogenesis and lead to more effective therapeu-
tical approaches for brain tumors.
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