
Tumorigenesis and Neoplastic Progression

Angiopoietin-1 Promotes Tumor Angiogenesis in a
Rat Glioma Model

Marcia Regina Machein,* Anette Knedla,†

Rolf Knoth,‡ Shawn Wagner,§ Elvira Neuschl,* and
Karl H. Plate†

From the Department of Neurosurgery,* University of Freiburg

Medical School, Freiburg, Germany; the Institute of Neurology

(Edinger Institute),† University of Frankfurt Medical School,

Frankfurt, Germany; the Department of Neuropathology,‡

University of Freiburg Medical School, Freiburg, Germany; the

Department of Experimental Cardiology,§ Max-Planck-Institute

for Physiological and Clinical Research, Bad Nauheim, Germany

Angiopoietins have been implicated in playing an im-
portant role in blood vessel formation, remodeling,
maturation, and maintenance. However, the role of
angiopoietins in tumor angiogenesis remains uncer-
tain. In this study, expression of human angiopoi-
etin-1 (hAng-1) and angiopoietin (hAng-2) was ampli-
fied in the rat glioma cell line GS9L by stable
transfection using an inducible tet-off system. Trans-
fected cells were implanted intracerebrally into syn-
genic Fischer 344 rats. We demonstrated by means of
magnetic resonance imaging that increased hAng-1
expression promoted a significant in vivo growth of
intracerebral gliomas in rats. Overexpression of
hAng-1 resulted in more numerous, more highly
branched vessels, which were covered by pericytes.
On the other hand, tumors derived from hAng-2-over-
expressing cells were smaller than empty-plasmid
control tumors. The tumor vasculature in these tu-
mors was composed of aberrant small vascular cords,
which were associated with few mural cells. Our re-
sults indicate that in the presence of hAng-1, tumors
induce a more functional vascular network, which
led to better tumor perfusion and growth. On the
other hand, overexpression of hAng-2 led to less in-
tact tumor vessels, inhibited capillary sprouting, and
impaired tumor growth. (Am J Pathol 2004,
165:1557–1570)

Angiogenesis is a complex multi-step process by which
new vessels are formed from pre-existing blood vessels.
This process requires complex signaling pathways and a

high degree of spatial and temporal orchestration of var-
ious cell types and multiple pro- and anti-angiogenic
factors and their corresponding receptors.1 Until re-
cently, most work in the field was focused on growth
factors with mitogenic properties to endothelial cells like
fibroblast growth factor and vascular endothelial growth
factor (VEGF).2

Recently, growing interest has been directed upon a
novel family of endothelial growth factors, the angiopoi-
etins. Angiopoietin-1 (Ang-1) and its antagonist angiopoi-
etin-2 (Ang-2) each signal via the Tie-2 receptor tyrosine
kinase expressed on endothelial cells.3,4 Unlike other
endothelial cell growth factors, neither Ang-1 nor Ang-2
produce a mitogenic response on cultured endothelial
cells.3 Ang-2 appears to block the activation of Tie-2 by
Ang-1, suggesting that it may be a naturally occurring
inhibitor of Ang-1.4 Similar to VEGF, Ang-1 is essential for
normal vascular morphogenesis, since disrupting the
function of either the Ang-1 or Tie-2 genes result in em-
bryonic lethality in mice.5 Consistent with its proposed
role as an Ang-1 antagonist, transgenic overexpression
of Ang-2 in endothelial cells results in lethal embryonic
defects comparable to those observed in Ang-1 and
Tie-2-deficient mice.4 Increasing evidence suggests that
the Tie-2/angiopoietin system is involved in the interac-
tion between endothelial cells and supporting periendo-
thelial cells. Ang-1 has been proposed to stabilize the
adult vasculature by promoting the recruitment of sup-
porting periendothelial cells.5–7 Ang-2 has been thought
to block the stabilization effects of Ang-1, thereby facili-
tating the angiogenic response in presence of VEGF, or
inducing vessel regression in the absence of VEGF.4

Conflicting results have been reported in the literature
regarding the role of the angiopoietin/Tie-2 system in
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tumor angiogenesis. Whereas some recently published
reports imply that overexpression of Ang-1 in different
cancer cells has a pro-angiogenic effect,8 other authors
suggest that induction of Ang-1 impaired angiogenesis
and therefore inhibited tumor growth.9–11 The same con-
tradictory results are also reported regarding overexpres-
sion of Ang-2 in different tumors, suggesting a pro- or
anti-angiogenic effect of Ang-2 in tumors.12–15

One of the major pathophysiological characteristics of
malignant gliomas is the ability to induce a robust angio-
genic response.16 Indeed, glioblastomas belong to the
most vascularized tumors in humans. Previous work has
shown that angiopoietins are expressed in gliomas and
that their expression correlates with the malignancy
grade.17–19 However, the role of these proteins in glioma
angiogenesis is not well known. We investigated the role
of angiopoietins in glioma angiogenesis by overexpress-
ing hAng-1 and hAng-2 in rat glioma cells and analyzing
the tumor angiogenesis, tumor growth, and vascular per-
meability.

Materials and Methods

Cells and Cell Culture

Rat glioblastoma cell line GS9L was a gift from Tom
Budd, St. Lawrence University, Canton, NY. Cells were
cultured in RPMI medium with 10% fetal calf serum at
37°C in 5% CO2, 95% air.

Vector Construction and Stable Transfection of
GS9L Cells

A vector containing bi-directional expression cassettes,
in which seven centrally located copies of the tet-opera-
tor sequence are flanked by minimal promoters from the
human CMV immediate early gene that direct expression
of hAng-1 or hAng-2 on one side and a fusion of en-
hanced green fluorescent protein (EGFP) with neomycin
phosphotransferase on the other side was constructed.
Both constructs were verified for appropriate orientation
and absence of mutations by sequence analysis. GS9L
cells were co-transfected with either the hAng-1 or the
hAng-2 construct and the cytomegalus virus (CMV) pro-
moter/enhancer-driven tTA plasmid pUHDxxx (a gift from
H. Bujard, Heidelberg, Germany) using superfect re-
agent (Qiagen, Hilden, Germany) according to the man-
ufacturer’s protocol. Clones expressing the fusion of
EGFP/neomycin-phosphotransferase were selected in
the presence of the neomycin-analog G418. Isolated
EGFP-positive clones were tested for expression of
hAng-1 or Ang-2 by Western and Northern blotting.

Western Blotting

GS9L cells and stable transfectants were grown to sub-
confluency, washed twice with ice-cold phosphate-buff-
ered saline (PBS), and harvested by scraping. Ultrasonic
homogenization of cells was done in 150 �l homogeni-

zation buffer (50 mmol/L Tris, 150 mmol/L NaCl, 0.02%
NaN3, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate,
1 �g/ml aprotinin, and 100 �g/ml PMSF). Serum-free
supernatants from parental GS9L and stable-transfected
clones were collected and concentrated using Chemicon
Plus 20 filters (Millipore, Bradford, MA).

Total concentration of protein in supernatants and cell
fraction was determined by the method of Bradford. An
equal amount of protein from each sample was loaded to
a 10% SDS-PAGE. Proteins were electroblotted onto a
nitrocellulose membrane and blocked with 5% nonfat dry
milk/PBS with 0.1% Tween 20 for 1 hour at room temper-
ature. The membrane was incubated with the first anti-
body (purified goat anti-human Ang-1 or purified goat
anti-human Ang-2; dilution for both antibodies 1:100;
Santa Cruz Biotechnology Inc., Santa Cruz, CA). After
washing the membrane three times in 5% nonfat dry
milk/PBS with 0.1% Tween 20, the membrane was incu-
bated with peroxidase-conjugated donkey anti-goat IgG
(dilution 1: 2000; Dianova, Hamburg, Germany) for 1
hour, following a triple-wash step and development of the
blot. As loading control, the membrane was probed with
monoclonal anti-�-tubulin (dilution 1:5000; Sigma-Al-
drich, St. Louis, MO) as first antibody and donkey anti-
mouse IgG (dilution 1:10,000; Dianova) as second anti-
body.

ELISA

Cells were cultured in RPMI medium with 10% fetal calf
serum at 37°C in 5% CO2, 95% air. Hypoxia conditions
were 1% O2 at 37°C for 18 hours. Serum-free superna-
tants from parental GS9L and stable-transfected clones
were collected and concentrated using Chemicon Plus
20 filters (Millipore). ELISA test for hAng-2 was pur-
chased from R&D Systems (Minneapolis, MN). It was
performed according to the manufacturer’s protocol.
Concentrated cell culture supernatants were diluted
1:100 or 1:500, respectively. Color development was
measured at 450 nm using a microplate reader (SLT-
Genios, SLT-Instruments, Crailsheim, Germany). Con-
centrations were calculated using SLT-software.

Northern Blot Analysis

GS9L wild-type and transfected cells (2 � 106) were
plated into 100-mm culture dishes. Total RNA was ex-
tracted with the Qiagen RNA Isolation Kit (Rneasy Total
Kit, Qiagen) according the manufacturer’s instructions.
Ten �g of RNA were electrophoresed in a 1.5% agarose
gel containing 15% formaldehyde and subsequently
transferred to a Duralon membrane (Stratagene, La Jolla,
California) in 10X SSC. Filters were cross-linked with UV
light (0.4J/cm2) and hybridized at 68°C in hybridization
solution (QuickHyb, Stratagene) with the following ran-
dom-primed 32P- labeled cDNA probes: a full-length
cDNA encoding for the hAng-1 and a full-length cDNA
encoding for the hAng-2. For RNA loading, we used a
cDNA-fragment encoding for chicken �-actin. Densitom-
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etry was performed using TINA 2.0 Software, Version 2
(Raytest, GmbH/Straubenhardt).

Intracerebral Glioma Model

All procedures with animals were performed according to
the institutional guidelines for use of laboratory animals.
Syngenic male rats (Fischer 344), weighing between 250
to 300 g, were purchased from Charles River (Sussfeld,
Germany). Cells were trypsinized, washed twice, and
resuspended in PBS. 105 cells were stereotactically in-
oculated in a final volume of 10 �l in the right caudatum
as described previously.20 Twelve animals were inocu-
lated per group. Animals were sacrificed 9 days after
tumor implantation.

Magnetic Resonance Imaging (MRI) and
Evaluation of Tumor Volume

On the ninth day after tumor implantation, animals were
anesthetized from the four groups (wild-type, vector only,
hAng-1, and hAng-2) with 1.6% isofluorane (Abbott
GmbH & Co. KG, 65205 Wiesbaden, Germany) in a 20/80
oxygen/air gas stream. A Bruker PharmaScan 7.0 Tesla
magnetic resonance imager was used to acquire T2
weighted images using a 2-D spin-echo sequence, TR
(repetition time)/TE (echo time) � 1000/20, with an in-
plane resolution of 100 �m and a slice thickness of 0.62
mm. Scout scans were done to determine the location of
the brain. The rat was then scanned and removed from
the magnetic and subsequently received a dose of 0.75
mmol/kg of gadolinium DPTA (Magnevist, Schering Deut-
schland GmbH, 10589 Berlin, Germany) and placed
back in the magnetic in the same position. Serial scans
were obtained after contrast medium injection every
minute for up to 10 minutes after injection.

Tumor sizes were calculated 10 minutes after contrast
injection. The tumor volume was calculated by manually
tracing the boundary of the contrast-enhanced tumor
within each cross-section (defined as region of interest,
ROI). The area of the each ROI was multiplied by the slice
thickness. This procedure was repeated for all slices
showing contrast-enhanced tumor and the areas were
summed to determine total tumor volume.

Measurement of Vascular Permeability in Brain
Tumors Using Evans Blue

Immediately after MRI, permeability to Evans blue was
evaluated according to the method described previous-
ly.21 In brief, Evans blue dye (2% saline, 3 ml/kg) was
administered intravenously and allowed to circulate for
60 minutes. To remove intravascular dye, animals were
perfused with saline through the left ventricle until color-
less fluid was obtained from the right atrium. Brains were
removed, sectioned, weighed, and frozen in liquid nitro-
gen. The ipsilateral and contralateral hemispheres were
homogenized in 2 ml of 50% trichloroacetic acid (w/v)
and centrifuged at 10,000 rpm for 20 minutes. After cen-

trifugation, the supernatants were collected and diluted
twofold in 50% trichloroacetic/acid. Tissue levels of
Evans blue were quantified using a spectrofluorometer at
an excitation wavelength of 620 nm and an emission
wavelength of 680 nm. Sample values were compared
with those of standards. Results were expressed in nano-
gram per milligram of tissue.

In Situ Hybridization

For in situ hybridization 10-�m frozen sections were
mounted on positively charged superfrost slides (Fisher
Scientific Co., Houston, TX) and dried at 50°C. Afterward,
sections were fixed for 15 minutes in 4% paraformalde-
hyde and dehydrated in a series of ethanol (30%, 60%,
80%, 95%, and 100%, 5 minutes each). Slides were
air-dried and stored at �80°C before use.

RNA probes were generated as described previous-
ly.17 Briefly, plasmids were linearized and single-
stranded transcripts were synthesized from the T7/T3 poly-
merase promoters using digoxigenin (DIG)-labeled UTP
as substrate. We used the following as probes: a mouse
VEGF164 cDNA subcloned in pBluescript KS�, a mouse
Ang-1 cDNA subcloned in pBluescript KS�, a mouse Ang-2
cDNA subcloned in pBluescript KS�, and a mouse Tie-2
cDNA subcloned in pGEM-T.

Free-Floating Immunofluorescence and
Confocal Analysis

Two animals per group were perfused with PFA 4% in
PBS. Brains were post-fixed in PFA 4% for 24 hours.
Coronal brain sections (60 �m) were cut on a Vibratome
(Leica). Free-floating sections were incubated with a rab-
bit anti-vWF (1:200, Dako, Denmark). Sections were then
incubated with Cy3-labeled goat anti-rabbit (1:500, Jack-
son ImmunoResearch, West Grove, PA). After washing,
sections were mounted and analyzed with krypton-argon
laser scanning confocal imaging system (Leica, Heidel-
berg, Germany). EGFP was imaged with excitation at 495
nm and emission at 510 nm. Cy3 was imaged with exci-
tation at 547 nm and emission above 572 nm. Micro-
scopic data were acquired with �20 and �40 oil-immer-
sion objective lens. Three-dimensional analysis was
performed using Autovisualize Software (Autoquant Im-
aging, Inc).

TUNEL Reaction

For detection of apoptotic cells, TUNEL assay (Tdt-me-
diated dUTP nick end labeling) was performed using the
In Situ Cell Death Detection Kit AP (Alkaline Phospha-
tase) (Roche Diagnostics, Switzerland). Frozen 14-�m
sections were fixed and stained according to the manu-
facturer’s instructions.

Indirect Immunofluorescence

Brains were excised from experimental rats (n � 4/group)
9 days after tumor implantation, placed in Tissue-Tek
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freezing medium and snap-frozen in liquid nitrogen.
Cryosections (14 �m) were fixed in cold acetone and
allowed to air dry. Slides were incubated with 1% bovine
serum albumin (BSA) in PBS and stained with the follow-
ing antibodies: rabbit anti-vWF (1: 200, Dako) and mouse
anti-smooth muscle-actin antibody (1:100, anti-SMA,
Sigma, clone 1A4). The secondary antibodies, labeled
with either Texas red or fluorescein isothiocyanathe
(Jackson ImmunoResearch) were used at a dilution of
1:500 and 1:200, respectively. Slices were washed,
mounted, and photographed in a Leica confocal micros-
copy using a �20 objective. Negative controls were per-
formed using unspecific immunoglobulins (mouse IgG2a,
BD Pharmingen, rabbit IgG, Dianova). Two independent
observers analyzed randomized fields per section (three
sections/animal) obtained from each animal (a total of
four animals per group). The percentage of blood vessels
associated with SMA-positive cells was defined as vessel
maturation index according to the method described pre-
viously.22

Computer-Assisted Morphometric Analysis of
Tumor Vessels

Immunohistochemistry for endothelial cell marker CD31
was performed by indirect immunoperoxidase staining.
Cryosections were fixed as described above and
blocked for non-specific antibody binding with 2% nor-
mal goat serum, followed by incubation with a monoclo-
nal mouse anti-rat CD31 (1:100, Serotec). Following three
washes with PBS, sections were then incubated with
biotinylated goat anti-mouse immunoglobulin containing
2% rat serum (Vector Laboratories, Burlingame, CA). Af-
ter three PBS washes, sections were incubated with avi-
din-biotin complex reagent (Vector Laboratories) fol-
lowed by 3,3 diaminobenzidine (Vector Laboratories)
according to the manufacturer‘s instructions. Slides were
counterstained with hematoxylin. Photomicrographs were
taken with Zeiss Axioplan 2 Imaging and Axion Vision 3
Software.

Assessment of Tumor Vessel Count and
Capillary Density

For assessment of the tumor vessel count, different fields
in each section (three sections/animal with a total of four
animals per group) were examined at a �10 magnifica-
tion. Blood vessels were counted using Soft Imaging
Analysis System and classified according to vessel area
(0 to 500 �m2, 500 to 2000 �m2, and �2000 �m2). To
evaluate the capillary density, random pictures of tumors
were examined at �20 magnification. Capillary density is
defined as percentage of vessel area with tumor area.

Electron Microscopy

For electron microscopy analysis, rats (n � 2) were per-
fused with 4% PFA. Thereafter, small tumor pieces (col-
lected at the tumor border and tumor middle) were fixed

with 2.5% glutaraldehyde in Sorensen buffer post-fixed with
OsO4, and stained with uranyl acetate and lead citrate.
Samples were examined in a Philips CM 100 electron mi-
croscope and in a Zeiss electron microscope 10c/CR.

Statistical Analysis

The two unpaired t-test (SPSS, Inc, Chicago, IL) was
used to analyze differences in tumor volumes, vessel
count, vessel density, and vessel maturation index. A P
value of less than 0.05 was considered statistically sig-
nificant.

Results

Expression of Biological Active Ang-1 and
Ang-2 in Rat GS9L Glioma Cells

We used a bidirectional vector, which allowed the ex-
pression of hAng-1 or hAng-2 simultaneously with the
expression of EGFP and a neomycin-resistant cassette
under the control of a tetracycline responsive element.
Cell clones were selected with the neomycin-analog
G418. EGFP expression was validated by fluorescence
microscopy and fluorescent- activated cell sorter (FACS)
(data not shown). EGFP-expressing clones were selected
on expression of Ang-1 or Ang-2 on protein levels as
determined by Western blot analysis (Figure 1A). A 5.6-
fold up-regulation of Ang-1 and 8.9-fold up-regulation of
Ang-2 could be detected in cell extracts from transfected
clones compared to parental cells. Quantitative evalua-
tion of Ang-2 in supernatant of transfected clones was
performed using a commercially available ELISA test.
A 19-fold increase in levels of secreted Ang-2 was
observed in supernatants obtained from transfected
cells. We cannot exclude that the level of Ang-2 was
even higher since the amount of Ang-2 detected was in
the upper detection limit of the test. This might explain
why we could not detect a further increase in condi-
tioned medium from GS9L-hAng-2 cells under hypoxic
conditions.

As determined by Northern blot analysis, parental cells
and vector only-transfected control clones expressed
very low amounts of Ang-1 or Ang-2 mRNA, whereas the
selected clone strongly expressed Ang-1 and Ang-2 tran-
scripts (densitometry revealed a 37.9- and 29-fold up-
regulation in levels of Ang-1 and Ang-2 mRNA, respec-
tively; transfected clones in comparison with parental
cells) (data not shown).

To confirm that overexpression of hAng-1 or hAng-2 in
the experimental glioma cell line had no effect on tumor
cell proliferation, we analyzed the growth curve of the
transfected clones and parental cell line in vitro. No sig-
nificant difference in growth rates was observed between
the different transfected GS9L clones and the parental
cell line (data not shown).
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In Vivo GS9L Glioma Growth Is Enhanced by Ang-1

To evaluate the effects of hAng-1 or hAng-2 overexpres-
sion on the growth of experimental rat gliomas, trans-
fected clones (hAng-1, hAng-2, and vector only) or the
wild-type GS9L were intracerebrally implanted in syn-
genic Fischer rats. The experiments were terminated af-

ter 9 days of tumor growth, when the tumor size had
achieved a considerable volume but the rats did not
develop visible symptoms of intracranial tumor growth.
Tumor volume was assessed using contrast-enhanced
magnetic resonance imaging. Parental GS9L cells and
vector-only transfected cells formed rapidly growing tu-
mors reaching a volume of 52.6 mm3 (SD � 16.8) and
55.7 mm3 (SD � 21.1), respectively. Overexpression of
hAng-1 resulted in a statistically significant increase of
tumor growth by more than 50% (tumor volume � 88.0
mm3, SD � 26.3) compared to control tumors (P � 0.014)
(Figure 2). In contrast, overexpression of hAng-2 led to
inhibition of tumor growth by 40% (tumor volume � 36.8
mm3, SD � 3.4), which compared to the control tumors
was not statistically significant (P � 0.070) (Figure 2).

In Vivo Expression of Angiopoietins, Tie-2, and
VEGF in Experimental Tumors

We next performed in situ hybridization to characterize
the expression of the angiopoietins, VEGF, and Tie-2
mRNA in the tumors. Ang-1 mRNA is expressed in wild-
type and vector-transfected tumors at this development
stage at very low levels. We found that in hAng-1-over-
expressing tumors only a subset of tumor cells (about
20%) expressed Ang-1 mRNA, suggesting a down-reg-
ulation of the transgene expression in vivo. However, tak-
ing into account that control tumors express very low
levels of Ang-1 mRNA, this up-regulation is considerable.
Ang-2 was found to be expressed by tumor vessels at the
tumor borders (Figure 3). hAng-2-overexpressing tumors
showed a robust up-regulation of Ang-2 mRNA expres-
sion (about 60% of tumor cells expressed Ang-2 mRNA)
(Figure 3). Expression patterns of Ang-1 and Ang-2 in the
overexpressing tumors correlate with the amount of EGFP
found at protein levels in the respective tumors.

Figure 1. Overexpression of hAng-1 and hAng-2 in GS9L cells. A: Equal
amounts of total protein obtained from cell fractions were loaded and
analyzed by SDS-PAGE followed by Western blotting and detection of an-
giopoietins with a goat anti-human Ang-1 or a goat anti-human Ang-2
antibody. The membranes were subsequently stripped and incubated with
an anti-tubulin antibody for loading control. No expression of angiopoietins
was detected in GS9L parental cells. In selected clones Western blot con-
firmed the overexpression of hAng-1 and hAng-2 protein. B: GS9L and
stable-transfected cells were cultivated under normoxic and hypoxic condi-
tions. hAng-2 protein levels in serum-free conditioned media were evaluated
using ELISA. A 19-fold increase in levels of secreted hAng-2 was observed in
supernatants obtained from transfected cells. Hypoxia increases hAng-2
protein levels in conditioned media. In GS9L-hAng-2 cells expression levels
at normoxia was already at detection limit of the test and further increase
under hypoxia could not be detected.

Figure 2. Intracranial glioma growth in syngenic rats. Wild-type and trans-
fected cells (105 in 10 �l PBS) were injected intracerebrally in syngenic
Fischer rats. Nine days after tumor implantation, rats were anesthetized and
brains were scanned in a Bruker 7.0 Tesla without and with contrast injec-
tion. Tumor volume was calculated by determining the area of contrast-
enhanced region in each image. The area in each section was multiplied by
the slice thickness. Final volume represents the sum of all enhanced areas in
a given tumor. Each bar represents the mean and SD of tumors from rats
injected with the corresponding GS9L wild-type (n � 6), GS9L-vector (n �
6), GS9L-hAng-1 (n � 8), and GS9L-hAng-2 (n � 6). (*, P � 0.05 relative to
the wild-type control tumors).
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We next investigated the expression levels of Tie-2 and
VEGF mRNA in the parental and transfected tumors.
Tie-2 transcripts were detected in all tumors analyzed. A
slightly enhanced Tie-2 signal was detected in hAng-2-
overexpressing tumors. In situ hybridization revealed that
VEGF mRNA was expressed at comparable levels in the
different tumors (Figure 3).

Differential Effect of hAng-1 and hAng-2
Overexpression in the Tumor Vasculature

To assess the effect of overexpression of angiopoietins
on the morphology of the tumor vasculature, vibratome
slices of 60-�m thickness were stained for von Willebrand
factor and analyzed by confocal laser microscopy. The
obtained imaging stacks were reconstructed in 3-D view.
The tumor vasculature of wild-type and vector only tu-
mors was disorganized with tortuous and dilated vessels
of uneven diameter. hAng-1-overexpressing tumors dis-

played a highly branched vascular tree, with vessels of
more regular diameter. In contrast, the majority of the
vessels in hAng-2-transfected tumors displayed an aber-
rant structure, characterized by aggregates of endothe-
lial cells forming vessels of narrow lumen and few
branches (Figure 4).

Effect of hAng-1 and hAng-2 Overexpression on
Tumor Vessel Density and Vessel Count and
Tumor Morphology

We quantitatively analyzed the tumor-associated vascu-
lature, visualized with an antibody to CD31. Initial exam-
ination of tumor sections at low magnification showed a
relatively uniform vascularization. Micrographs were
taken in random areas throughout the tumor tissue. Mor-
phometric analysis revealed an increased number of
small vessels (vessel size �500 �m2) in hAng-1-overex-

Figure 3. In situ hybridization analysis of Ang-1, Ang-2, Tie-2, and VEGF mRNA in wild-type, hAng-2-, and hAng-1-transfected tumors. At day 9 after tumor
implantation, small amounts of Ang-1 mRNA are expressed in control and hAng-2-transfected tumors. Only a subset of tumor cells (about 20%) expressed Ang-1
mRNA in hAng-1-transfected tumors suggesting a silencing of the transgene expression in vivo in these tumors. However, compared with the low constitutive
expression of Ang-1 in control tumors, the overexpression of hAng-1 in transfected tumors is considerable. Ang-2 mRNA is expressed in control tumors,
particularly associated with vessels localized at the tumor borders (arrows). hAng-2-overexpressing tumors showed a robust up-regulation of Ang-2 mRNA. There
was no increase in Ang-2 expression in hAng-1-transfected tumors. Many tumor vessels are marked by Tie-2 expression (arrows). A slight up-regulation of Tie-2
mRNA is observed in hAng-2-overexpressing tumors. All tumors showed high expression levels of VEGF mRNA. Almost all tumor cells expressed VEGF mRNA
at this tumor stage. hAng-1 or hAng-2 overexpression did not affect the expression patterns of VEGF as assessed by in situ hybridization. Sense control for Ang-1,
Ang-2, Tie-2, and VEGF. Bars, 50 �m.
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pressing tumors compared with wild-type and mock-
transfected tumors, while no major differences were
found in the number of large vessels (vessel size �500
�m2). No major differences were found between control
and hAng-2-overexpressing tumors. Comparison of the
vessel density in hAng-1-overexpressing tumors with
those of control tumors revealed an increase in vessel
density By contrast, decrease in vessel density in hAng-
2-overexpressing tumors was observed (Figure 5).

In hAng-2-overexpressing tumors, we observed that
glioma cells form tumor cluster around tumor vessels.
These tumor masses formed spike-like structures that

invaded the normal brain (Figure 5). When the tumor has
grown to form a compact mass, we found tumor cells
around the peritumoral vessels but we did not observe
tumor cluster that grow beyond the tumor mass.

Overexpression of hAng-1 Results in Increased
Vessel Maturation

Because the mechanism of angiopoietins might involve
the interaction between endothelial and mural cells, we
evaluated the pericyte coverage index by immunofluo-

Figure 4. Confocal analysis of the vascularization of intracranial tumors 9 days after tumor implantation. Vibratome slices were stained with a rabbit anti-vWF
(red). Transfected cells (vector, hAng-1, and hAng-2) expressed the EGFP (green). Tumor derived from parental and vector-transfected cells displayed an irregular
vasculature, with vessels of uneven diameter and several shunts. EGFP expression in hAng-1-overexpressing tumors correlates with the finding of in situ
hybridization, confirming that only a subset of tumor cells expressed the transgene. Nevertheless, hAng-1-overexpressing tumors are highly vascularized with
highly branched vessels compared to the control tumors. hAng-2-overexpressing tumors, in contrast, displayed poorly built vessels consisting of small vessels with
narrow lumen and few branching. Bars, 20 �m.
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rescence double staining of tumor vessels (vWF, red)
and pericytes (a-SMA, green cells adjacent to endothelial
cells). HAng-1 overexpression in GS9L glioma tumors
significantly increased the degree of pericyte coverage
compared with vector only and wild-type tumors. By con-
trast, the number of vessels surrounded by pericytes in

hAng-2-overexpressing tumors was significantly de-
creased as compared with control tumors (Figure 6).

Transmission electronmicrographs of tumor capillaries
from transfected tumors disclosed marked differences in
ultrastructural morphology. Pericytes and an intact base-
ment membrane were present in tumors derived from
vector only and hAng-1-overexpressing tumors. How-
ever, in hAng-2-overexpressing tumors, we observed few
pericytes and a discontinuous basement membrane,
which did not provide complete vessel coverage. The
aberrant morphology of the basement membrane in
hAng-2 tumors is characterized by variable thickness and
regions with redundant layers. The intercellular junctions
were intact. In the tumor center, some vessels showed a
complete regression of the endothelial cell layer with only a
cavity filled up with cell detritus (Figure 7).

Assessment of Cell Apoptosis in Tumors

We used the TUNEL method to evaluate whether the
reduced tumor growth of the hAng-2 tumors is associated
with an increase in apoptosis of tumor cells. TUNEL stain-
ing revealed no major differences between the trans-
fected tumors and the control tumors. Several clusters of
tumor cells within the tumor and at the tumor border were
positively labeled (Figure 8). For technical reasons, dou-
ble staining using an endothelial cell marker and TUNEL
staining to detect specifically endothelial cell death could
not be performed.

Effect of Ang-1 and Ang-2 in Capillary
Permeability

To study the effect of angiopoietin overexpression on the
tumor permeability, the extravasation of Evans blue in
tumors was investigated 9 days after tumor implantation.
The vascular permeability was measured as an accumu-
lation of Evans blue dye in tumor-bearing hemisphere
after circulation for 60 minutes. The absolute Evans blue
value was 45 ng/mg brain (SD � 20.6) in control rats
(GS9L-wt) while the Evans blue value obtained from rats
receiving GS9L-hAng-1 was 60.9 (SD � 35.9) and 16.06
(SD � 11.29) in GS9L-hAng-2. Given the difference in
tumor sizes, the calculated Evans blue extravasation val-
ues were normalized with the tumor volumes obtained by

Figure 5. Morphometric analysis of tumor vasculature. Four animals per
group were implanted with parental and transfected tumor cells and sacri-
ficed at day 9 post-implantation. Tumor sections (at least three sections per
animal) were stained for CD31. A: CD31 immunohistochemistry shows a
homogenous distribution of tumor vessels throughout the tumor tissue. B:
For assessment of tumor vessel count, random fields (three fields/section)
were examined at a �10 magnification. Blood vessels were counted using
Soft Imaging Analysis System and classified according to vessel area (0 to 500
�m2, 500 to 2000 �m2, and �2000 �m2). Computer-assisted morphometric
analysis of CD31-stained vessels disclosed an increase in number of small
vessels (area �20 �m2) in hAng-1-overexpressing tumors. C: For assessment
of vessel density CD31-stained tumor vessels were evaluated in random fields
(five fields per section at a �20 magnification) using Soft Imaging Analysis
System. Analysis of vessel density revealed an increased vessel density in
tumors derived from hAng-1 clone compared to the control tumors, whereas
a decrease in vessel density was observed in hAng-2-overexpressing tumors.
Data are expressed as mean values and SD (*, P � 0.05 relative to the
wild-type control tumors). Bar, 100 �m.
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the MRI. Vascular permeability/tumor volume ratio was
slightly decreased in hAng-1-overexpressing tumors
(mean, 0.63/SD � 0.28) compared to control wild-type
tumors (mean, 0.92/SD � 0.22). This difference was not
statistically significant. Vascular permeability/tumor vol-

ume ratio was significantly reduced to 0.42 (SD � 0.28) in
hAng-2-overexpressing tumors (P � 0.016) (Figure 9).

Discussion

Angiopoietins have been implicated to play a major role
in embryonic angiogenesis; however, their exact role in
tumor angiogenesis remains still uncertain. This study
provides evidence that overexpression of Ang-1 by gli-
oma tumor cells promotes vessel stabilization. Strength-
ening of the tumor vascular tree may thus explain the
increase in glioma growth that we observed in hAng-1-
overexpressing tumors. Conversely, the imbalance in the
angiopoietin/Tie-2 system created by overexpression of
hAng-2 results in disruption of tumor angiogenesis and
consequently gave rise to a negative impact on growth of
experimental gliomas.

The enhanced tumor angiogenesis in hAng-1-overex-
pressing tumors found in this study coupled with the
strong impairment of sprouting angiogenesis in hAng-2-
overexpressing tumors, supports the antagonistic func-
tion concept of angiopoietins. In hAng-1-transfected tu-
mors the number of small vessels was significantly
increased compared with those in control tumors. Al-
though there was no remarkable difference in vessel
count in hAng-2-overexpressing tumors, the vascular
density (the area covered by vessels in tumor tissue) was
significantly decreased. Gliomas derived from hAng-2-
overexpressing cells showed aberrant vessel morphol-
ogy. Tumor capillaries consisted of small vascular cords
with narrow lumen and few sproutings. These findings
further corroborate the hypothesis that Ang-2 overex-
pression disrupts sprouting angiogenesis. The vascula-
ture of hAng-1-overexpressing tumors was more regular
with a more constant diameter and several branchings.
Collectively, these data support the pro-angiogenic role
of Ang-1 in gliomas, whereas the overexpression of its
natural antagonist Ang-2 by tumor cells has inhibitory
effects on tumor angiogenesis.

Controversial roles for the angiopoietins in tumor an-
giogenesis and tumor growth have been reported. In
breast and colon cancer cells, overexpression of Ang-1
was described to inhibit angiogenesis and tumor
growth.9,11,23,24 In squamous cell carcinoma xenografts,
stable overexpression of Ang-1 leads to more than 70%
tumor inhibition.10 On the other hand, overexpression of
Ang-1 in human cervical cancer xenografts promotes
tumor angiogenesis and inhibits tumor cell apoptosis.25

Yu and Stamenkovic12 found that the overexpression
of Ang-2 in Lewis lung carcinoma and TA3 mammary
carcinoma cells inhibited the ability to form metastatic
tumors and prolonged the survival from tumor-bearing
mice. Another study describes a role of Ang-2 in gastric
tumor progression.14 Accordingly, ectopic expression of
Ang-2 in hepatocellular carcinoma cells promoted rapid
development of human hepatomas within tumors in nude
mice.26 Whether the discrepancy regarding the role of
angiopoietins in tumors is dependent on different consti-
tutive expression patterns in a given tissue remains to be
elucidated.

Figure 6. Effect of angiopoietin overexpression on pericyte coverage of
tumor vessels. A: Double-immunofluorescence stains for vWF (red) and
�-SMA (green). Representative fields of wild-type and transfected tumors
show increase coverage of tumor vessels in tumors derived from hAng-1-
overexpressing cells, while the majority of vessels derived from hAng-2-
transfected cells displayed a paucity of SMA-positive periendothelial cells. B:
Quantitative analysis of the degree of periendothelial cell-associated vessel.
The pericyte coverage index is determined by the percentage of tumor
vessels that are surrounded by at least one positive SMA-positive periendo-
thelial cell in random fields of the tumor. Data expressed the mean values
and SD of at least six fields of tumors obtained from four animals/group. (*,
P � 0.05 relative to the wild-type control tumors). Bars, 50 �m and 20 �m.

Angiopoietins in Gliomas 1565
AJP November 2004, Vol. 165, No. 5



Loss and gain of function experiments showed that the
angiopoietin/Tie-2 system is involved in vessel matura-
tion.4,5,27 Different mechanisms are proposed to explain
how the activation of Tie-2 by Ang-1 promotes vascular
maturation. A number of clinical and experimental works
support the concept that association between the vascu-
lar tube and the mural cells mediates vessel stabilization
and maturation. It is now widely accepted that Ang-1
binding to Tie-2 recruits periendothelial support cells pro-
moting vessel integrity, whereas Ang-2 induces vessel

destabilization by inducing pericyte drop-off.28 We dem-
onstrate here that overexpression of hAng-1 increased
the percentage of vessels covered by SMA-positive cells.
Confocal 3-D analysis of the microvessel architecture
from hAng-1 tumors displayed an increase in vascular
branching. Localization of pericytes to vessel branching
points suggests a role of pericytes in vascular branching
morphogenesis.29 Indeed, pericytes located on sprouts
may help guide the growth of endothelial sprouts and
contribute to the synthesis of basement membrane on

Figure 7. Electron micrographs of tumor capillaries in control and tumors overexpressing hAng-1 and hAng-2. Tumor samples were collected at the tumor border
and inside the tumor. A and B: Capillaries of vector-transfected tumors are surrounded by pericytes. The perivascular space is enlarged (*). Some luminal
microfolds enlarged the endothelial surface. Endothelial cell nucleus (N); intraluminal red blood cell (RBC); tumor cell (T). The basement membrane is uniformly
thick, compact, and closely opposed to the endothelial cells. C and D: hAng-1-overexpressing tumors showed capillaries covered by pericytes also in tumor center.
The basal membrane in capillaries inside the tumor is surrounded by a structurally abnormal blurred basement membrane but it still provides complete vessel
coverage. Myelin in tumor border (M): pericyte nucleus (PN). E and F: In hAng-2-overexpressing tumors, capillaries at the tumor border were surrounded by a
discontinuous basement membrane (arrowheads). Vascular lumen (VL) is filled with fibrin and cell detritus. Pericytes (P) foot has lost the contact with the
basement membrane. Intercellular junctions were present (arrows). Endothelial cells were swollen. Complete regression of the endothelial cell layer in a capillary
in the center of hAng-2-overexpressing tumor (arrowheads). Bars, 1 �m and 2 �m.
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blood vessel. Thus, it is plausible to speculate that the
increased levels of Ang-1 in gliomas may contribute to
increased pericyte recruitment resulting in capillary
sprouting and maintenance of tumor vessel maturation
and integrity. As a consequence of the increased number
of mature tumor vessels, a more functional vascular net-
work can stimulate tumor growth.

It is believed that angiogenesis may start with the
degradation of the vascular basement membrane and
drop-off of pericytes.28 Ang-2 promotes loss of endothe-
lial cell interaction with support cells and the extracellular
matrix.30 This process requires the cooperation of Ang-2
with VEGF, which supply the endothelial cells with the
critical survival signals that are otherwise provided by
cell-cell and cell-ECM contact.31 We show here that
hAng-2 overexpression by tumor cells significantly de-
creased the number of vessels covered with pericytes.
These results corroborate the concept that an increased
expression of Ang-2 might prevent pericyte coverage
inhibiting endothelial sprouting and in later stages leads
to vessel regression. In models of tumor and retina neo-
vascularization, Benjamin et al32 found that pericytes pro-
mote endothelial survival and prevent vessel regression

after VEGF withdrawal. The aberrant morphology of ves-
sels in Ang-2-overexpressing tumors suggested that in-
creased levels of Ang-2 impair capillary sprouting and
induce vessel regression. We detected high amounts of
VEGF mRNA in all tumors including hAng-2-overexpress-
ing tumors. Thus, we speculate that even high amounts of
VEGF cannot prevent the signaling cascade triggered by
high levels of Ang-2 that result in vessel regression.

Angiopoietins might also exert their effects on the ves-
sel maturation and stabilization though mechanisms in-
dependent of pericyte recruitment. Recent observations
have shown that Tie-2 phosphorylation induced by Ang-1
may promote survival signals in endothelial cells by ac-
tivating the phosphatidyl 3� inositol kinase Akt transduc-
tion pathway.33 Ang-1 might also interact directly with
extracellular matrix compounds and mediate the stabiliz-
ing effects though integrins.34 Ang-1 can also induce the
localization of platelet endothelial cell adhesion molecule
(PECAM) into junctions between endothelial cells
strengthening these junctions. Accordingly, it has been
shown that also high concentrations of Ang-2 can be an
apoptosis survival factor for endothelial cells through the
activation of the Tie-2 receptor, PI 3�-kinase, and Akt.35 In

Figure 8. hAng-2 overexpression did not increase tumor cell apoptosis. For detection of apoptotic cells, TUNEL assay was performed. TUNEL staining revealed no major
differences between the transfected tumors and the control tumors. Several clusters of tumor cells within the tumor were positively labeled. Bars, 100 �m.
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vivo, it has been shown that in the presence of endoge-
nous VEGF, Ang-2 stimulates sprouting of new blood
vessels. By contrast, Ang-2 promotes endothelial cell
death and vessel regression if the activity of endogenous
VEGF is inhibited.36 TUNEL assay disclosed clusters of

apoptotic cells throughout the tumor tissue. We did not
observe an increase in apoptosis associated with the
reduced growth of hAng-2 tumors. For technical reasons,
we could not investigate the apoptotic endothelial cells
using TUNEL assay. However, transmission EM analysis
of hAng-2-overexpressing tumors disclosed several tu-
mor vessels surrounded by an abnormal basement mem-
brane, with regions where the basement membrane ap-
peared discontinuous beside regions where it appeared
multi-layered. In some vessels, we observed a complete
regression of endothelial cells leaving strands of basement
membrane devoid of their endothelial cell coverage. Taken
together, in this glioma model hAng-2 overexpression in-
duces vessel regression even in the presence of high levels
of VEGF. Thus, a tight quantitative and spatial balance
between VEGF, Ang-1, and Ang-2 seems to be a key in the
regulation of capillary sprouting and regression.

Ang-2 has been shown to activate metalloproteases
like MMP-2 and thereby inducing tumor invasion in an
experimental glioma model.37 In hAng-2-overexpressing
tumors, we observed that clusters of tumor cells contain-
ing a central vessel core were interspersed in the normal
brain tissue. In other areas tumors formed a compact
mass and displayed at the tumor borders spike-like tumor
clusters invading the peritumor brain along a peritumor
vessel. However, we did not observe cluster of tumor
cells located far away from the main tumor mass. We
hypothesize that impairment of angiogenesis resulting
from hAng-2 overexpression favors vessel co-option,
which rendered tumors a morphological aspect of a more
invasive phenotype.

Ang-1 can prevent vessel permeability in different set-
tings. Transgenic overexpression of Ang-1 in skin under
the control of the keratin promotor turned the vessel more
leakage resistant.27 When Ang-1 was systemically deliv-
ered using an adenoviral approach, vessels became less
leaky in response to topical and inflammatory stimuli or
local injection of VEGF.38 Although Ang-1 is known to
induce resistance to vascular leakage in skin vessels this
might not be the case for tumor vessels. Using the vas-
cular extravasation of Evans blue dye we tested whether
the overexpression of angiopoietins affect the vascular
permeability in gliomas. The brain tissue content of Evans
blue was increased in rats bearing tumors transfected
with hAng-1 compared to control tumors whereas the
Evans blue leakage in the ipsilateral hemisphere of hAng-
2-transfected tumors was reduced. Considering that the
hAng-1 tumors displayed an increased volume, the in-
crease in the amount of Evans blue extravasation in the
tumor tissue might simply reflect vascular density of tis-
sue and not the permeability of individual tumor capillar-
ies. To minimize the effect of tumor volume in the amount
of Evans blue we calculated the ratio of Evans blue
amounts and the tumor volume obtained in magnetic
resonance tomography (MRT). By doing so we found that
the vascular permeability/tumor volume ratio in hAng-1-
derived tumors is lower than in control tumors. However,
this data should be analyzed with caution since evalua-
tion of Evans blue leakage is a static measurement of a
dynamic process. Several factors like tumor size, capil-
lary density, tumor perfusion, and blood flow can affect

Figure 9. Capillary permeability in GS9L-wt-, GS9L-hAng-1-, and GS9L-
hAng-2-derived tumors. A: Rats were injected intravenously with a 2% Evans
blue solution and, after 60 minutes, were then perfused with PBS. Brains
were then removed and photographed. MRI scans of corresponding slices
obtained immediately before the Evans blue injection. B: Quantitative anal-
ysis of Evans blue extravasation from brain extracts. Data are expressed as
ratio of amount of extravased Evans blue (ng/gram of brain) per tumor
volume (mm3). Evans blue was spectrophotometrically quantified at 620 nm.
As control for perfusion efficiency, the absorbance of the contralateral hemi-
sphere was subtracted from that of the hemisphere ipsilateral to the tumor.
For each group n � 5. P � 0.05 relative to wild-type control tumors.
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the overall Evans blue leakage observed in brain tissue.
The reduced capillary density might be responsible for
the reduction in Evans blue/tumor size obtained in the
hAng-2-overexpressing tumors. Certainly dynamic mea-
sures like evaluation of capillary permeability coefficient
in vivo by means of dynamic contrast-enhanced MRT will
provide insightful data to clarify this issue.

In glioblastoma tissues and experimental gliomas in
situ hybridization revealed Ang2 mRNA in endothelial
cells but not in glioma cells.19 Expression profiling of
Ang-2 indicates that it acts primarily as an autocrine
regulator of endothelial cell function. In our experiments,
we evaluated the paracrine Ang-2 overexpression in a tu-
mor model. Whether paracrine and autocrine Ang-2 expres-
sion will differentially modulate angiogenesis is currently
unknown. According to our results, paracrine Ang-2 func-
tions as a negative regulator of tumor angiogenesis.

Blocking the function of Tie-2 signaling is a potential
means to test the effect of the Tie-2/angiopoietin system
in tumor angiogenesis. Furthermore, whether the Ang/
Tie-2 pathway represents a good target for anti-angio-
genic therapies remains a debatable issue. Stratman et
al39 showed that a dominant-negative Tie-2 construct led
to 15% growth inhibition in Tie-2-negative murine mam-
mary tumors as opposed to 57% growth inhibition in
Tie-2-positive tumors. Interruption of Tie-2 signaling ei-
ther via siRNA8 or overexpression of kinase-dead Tie-240

lead to a loss of endothelial cell viability. Recently, Zadeh
et al41 showed that inhibition of Tie-2 using a kinase-
deficient Tie-2 construct decreases growth of malignant
human astrocytomas subcutaneous and intracranial xe-
nographs. It has been suggested that the Ang-1-medi-
ated stabilization effect of tumor vessels might be a de-
sirable therapeutic technique to inhibit new vessel
formation and therefore arrest tumor growth.11 Our re-
sults in gliomas suggest the opposite: vascular stabiliza-
tion might be instrumental for promoting and sustaining
tumor angiogenesis. Creating an imbalance among the
angiopoietins by overexpression of Ang-2 might therefore
provide the means to disrupt angiogenesis and control
tumor growth.
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