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ABSTRACT The vascular endothelial growth factor
(VEGF) has been shown to be a significant mediator of
angiogenesis during a variety of normal and pathological
processes, including tumor development. Human U87MG
glioblastoma cells express the three VEGF isoforms: VEGF;,;,
VEGF65, and VEGF;g9. Here, we have investigated whether
these three isoforms have distinct roles in glioblastoma an-
giogenesis. Clones that overexpressed each isoform were de-
rived and inoculated into mouse brains. Mice that received
VEGF121- and VEGF¢s-overexpressing cells developed intra-
cerebral hemorrhages after 60-90 hr. In contrast, mice im-
planted with VEGF;g9-overexpressing cells had only slightly
larger tumors than those caused by parental cells and little
evidence of hemorrhage at these early times after implanta-
tion, whereas, after longer periods of growth, enhanced an-
giogenicity and tumorigenicity were apparent. There was
rapid blood vessel growth and breakdown around the tumors
caused by cells overexpressing VEGF,; and VEGF¢s, whereas
there was similar vascularization but no eruption in the
vicinity of those tumors caused by cells overexpressing
VEGFi3s9, and none on the border of the tumors caused by the
parental cells. Thus, by introducing VEGF-overexpressing
glioblastoma cells into the brain, we have established a
reproducible and predictable ir vivo model of tumor-
associated intracerebral hemorrhage caused by the enhanced
expression of single molecular species. Such a model should be
useful for uncovering the role of VEGF isoforms in the
mechanisms of angiogenesis and for investigating intracere-
bral hemorrhage due to ischemic stroke or congenital mal-
formations.

Intracerebral hemorrhage is a rupture of blood vessels that
results in the release of blood cells and substances into the
surrounding tissues. Hemorrhage can result from hyperten-
sion, cerebral amyloid angioplasty, ruptured saccular aneu-
rysms, arteriovenous malformations, hemorrhagic disorders,
drug abuse, anticoagulation, and brain tumors (1). In the latter
case, intracerebral hemorrhage can occur upon development
of glioblastoma multiforme or oligodendroglioma (2). Glio-
blastomas are among the most heavily neovascularized neo-
plasms (3), and it has been shown that vascular endothelial
growth factor (VEGF) and its receptors, Flt-1 and Flk-1/
KDR, play a major role in their angiogenesis (4). VEGF is a
34- to 42-kDa heparin-binding, dimeric, disulfide-bound gly-
coprotein and exists as five spliced isoforms having 121, 145,
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165, 189, and 206 amino acids, respectively. In contrast to basic
fibroblast growth factor, another major angiogenic factor, it
has a typical signal peptide composed of 26 amino acids and
is efficiently secreted from cells (5, 6).

In addition to having pivotal roles in vasculogenesis and
angiogenesis (7), accumulated evidence suggests that VEGF
may also be a major factor in several pathological processes.
For example, levels of VEGF were increased in ocular fluids
of patients with proliferative diabetic retinopathy and other
retinal disorders (8), which often show angiogenesis and
hemorrhage (2). Similarly, hemorrhage that is associated with
perfusion of the cerebral vasculature after ischemic infarction
is a significant clinical entity that limits the use of tissue
plasminogen activator in treating patients with ischemic stroke
(9). VEGF expression has also been shown to increase dra-
matically within 6-12 hr of retinal hypoxia and to remain
elevated until the development of neovascularization in a
mouse model of proliferative retinopathy (10). VEGF acts as
a survival factor for newly formed retinal vessels and has
implications for retinopathy of prematurity (11). Elevated
expression of VEGF and its two receptors, Flt-1 and KDR, has
also been demonstrated in rheumatoid synovial tissues (12),
and VEGEF is up-regulated by the myocardial ischemia that
develops as a result of epicardial coronary obstruction (13).
Immunologically detectable VEGF was apparent in several
types of diseases and tumors of the human pediatric and adult
central nervous systems, including vascular malformations and
aneurysms (14, 15) and meningiomas (16) as well as heman-
gioblastomas (17). However, the molecular mechanisms by
which VEGF mediates the development of these pathological
disorders has remained obscure.

Here, we report that the single overexpression of either of
the VEGF isoforms VEGF;,; or VEGF¢5 by human US7TMG
glioblastoma cells causes reproducible and predictable intra-
cerebral hemorrhage. Several individual US7MG cell clones
were isolated that showed highly increased VEGFi,; or
VEGF¢s protein secretion and elevated abilities to stimulate
migration of aortic endothelial cells expressing the VEGF
receptor, KDR. When such VEGF-overexpressing cells were
stereotactically implanted into mouse brains, intracerebral
hemorrhage developed rapidly within 60-90 hr. In contrast,
there was no indication of hemorrhage in mice that received
either VEGF;go-overexpressing or parental US7TMG cells.

Abbreviations: VEGF, vascular endothelial growth factor; rhVEGF,

recombinant human VEGF; CM, conditioned medium; PAE, porcine

aortic endothelial cells.
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Rather, enhanced angiogenicity and tumorigenicity compared
with that elicited by parental cells was observed in mice that
received VEGF;g9-overexpressing cells upon extended growth
periods. These results suggest a novel function for VEGF in the
development of tumor-associated intracerebral hemorrhage
and provide an in vivo model with which to determine the
molecular mechanisms of angiogenesis and the distinct roles of
different VEGF isoforms in the process.

MATERIALS AND METHODS

Cell Lines and Tissue Culture. US7MG cells and their
culture were described previously (18). Porcine aortic endo-
thelial cells that express human KDR (PAE/KDR, a gift from
Lena Claesson-Welsh, Ludwig Institute for Cancer Research,
Uppsala, Sweden) were cultured in Ham’s F-12 medium
containing 10% fetal calf serum (Sigma). The cells were
starved in 0.1% BSA/F-12 for 14-16 hr before they were used
for in vitro migration assays.

Selection of Clones from the U§7MG Cells Transfected with
the VEGF-Expression Constructs, Conditioned Media (CM),
and VEGF ELISA. These experiments were carried out as
described (18).

Western Blot Analysis and Heparin Enrichment of VEGF
from CM. Samples containing 30 ug of total protein from total
cell lysates were separated in an SDS/12.5% polyacrylamide
gel and transferred onto a nitrocellulose membrane (Bio-Rad).
The rinsed and blocked membrane was then incubated with a
mouse monoclonal anti-VEGF antibody (clone G153-341;
PharMingen) at room temperature for 1 hr. The blot was
washed and probed with a rabbit anti-mouse antibody, conju-
gated with horseradish peroxidase (Dako) at room tempera-
ture for 20 min. The blot was washed again and developed with
ECL (enhanced chemiluminescence) reagents (Amersham).

Heparin enrichment of VEGF was done with the CM from
the parental US7MG and VEGF;s5- and VEGF;g9-overex-
pressing cells. The CM was generated in a way similar to that
described above. After 48 hr, the CM was normalized and the
final volumes were adjusted to 2 ml with media. The preab-
sorbed CM was transferred into new tubes that contained
preswollen heparin-Sepharose 6L (Pharmacia). The tubes
were rotated for 1 hr at 4°C. The heparin-Sepharose—protein
complexes were spun down, washed, and analyzed by VEGF
Western blot analysis.

Endothelial Cell Migration Assay. The assays were similar
to those described in ref. 18 except that the endothelial cells
used were PAE/KDR and the collected CM was diluted 1:100
in 0.5% BSA/Ham’s F-12 for the assays.

Intracerebral Stereotactic Implantation and Mouse Brain
Tissue Fixation. Intracerebral stereotactic implantation and
preparation of frozen brain samples were performed as de-
scribed (18). Some samples were fixed in 10% formalin/PBS
overnight followed by dehydration and paraffin embedding.

Immunohistochemical Analysis of Mouse Brain Samples.
To view hemorrhagic mouse brains or tumors in the mouse
brain, paraffin sections (5 um) were stained with hematoxylin
and eosin. Immunohistochemical analysis of cryostat sections
and quantitative analysis of the blood vessel densities of tumor
samples was performed as described (18). The antibodies used
in the analysis were an anti-CD31 mouse monoclonal antibody
(clone MEC 13.3, PharMingen) and its isotype control anti-
body (PharMingen).

RESULTS

Overexpression of VEGF in US7MG Cells. Human US7MG
glioblastoma cells endogeneously express three VEGF splice
variants, VEGF2;, VEGFj6s5, and VEGF;sgy in roughly equal
amounts (Fig. 1a); these PCR-based observations were cor-
roborated by using RNase-protection assays (data not shown).
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We sought to determine whether there are biologically func-
tional differences among these variants by overexpressing
these isoforms individually in cells. Constructs containing each
isoform under human cytomegalovirus (CMV) promoter con-
trol were assembled and separately transfected into US7TMG
cells, and single hygromycin B-resistant cells were isolated as
described previously (18). Eight to 10 clones that overex-
pressed each of the VEGF protein isoforms were identified by
Western blot analysis (Fig. 1b). The secretion of the VEGF
proteins by these clones was further assessed by VEGF ELISA
(Fig. 1b) and by enrichment of CM after treating the cells with
heparin (Fig. 1¢). Fig. 1b shows the levels of VEGF expression
in three examples from each isoform-overexpressing clone
class: clones 7, 12, and 19 for VEGF,; clones 2, 15, and 31 for
VEGFj¢s, and clones 10, 26, and 30 for VEGFg9. Each clone
expressed high levels of its VEGF protein compared with
parental US7MG cells (Fig. 1 b and c¢). Moreover, each of the
VEGF;;-and VEGF¢s-overexpressing clones secreted VEGF
proteins into their growth medium at levels that were 7- to
12-fold higher than parental U87MG cells (Fig. 1b). The
secretion of the three VEGF isoforms from overexpressing
cells was qualitatively consistent with an earlier report (19),
a

s VEGF
— VEGFg;
==\ VEGF,

b 91 2 3 4 5 6 7 8 9 10
" *
1 ] 1 ] 1 1 ] 1 ] 1
5 Gk ® @ A N A & A A
o q?&?f‘?éq?\wf‘?\ -?-09;\ c;"? *\'—";
'b"‘@. b'-\b‘f"gﬁ-"'ﬁ’,gh N N\ q
£ 1 2 3 4 5 6 7
| | | | | | | | | | ] | |
-+ =+ =+ =4 =+ =+ = +
@emem="F ==

Fic. 1. Expression of three isoforms of VEGF in human U87MG
glioblastoma cells. (a) Reverse transcription PCR of VEGF from total
RNA isolated from U87MG cells. cDNA lengths for VEGF2,
VEGF65, and VEGF;g9 are 470, 602, and 674 bp, respectively.
Equivalent amounts of expression of these three VEGF isoforms could
also be detected by RNase-protection assays. (b) VEGF Western blot
and ELISA analysis. Lane 1, parental US7MG cells; lanes 2, 3, and 4,
VEGF2;-overexpressing clones 7, 12, and 19, respectively; lanes 5, 6,
and 7, VEGF¢s-overexpressing clones 2, 15, and 31, respectively; lanes
8, 9, and 10, VEGF;ge-overexpressing clones 10, 26, and 30, respec-
tively. For each sample, 30 ug of total cell lysate protein was used. The
numbers at the bottom are levels of VEGF secretion determined by
ELISA analysis in units of ng per 10° cells. CM was collected after the
cells were cultured for 48 hr. (¢c) VEGF Western blot analysis for
heparin-enriched VEGF protein from CM of VEGF¢s5- and VEGFg9-
overexpressing cells. CM was collected after the cells were cultured for
48 hr in the presence (+) or absence (—) of 100 ug/ml heparin.
Designator 1, CM of U87MG cells; designators 2, 3, and 4, CM of
VEGF 65-overexpressing clones 2, 15, and 31; designators 5, 6, and 7,
CM of VEGF;g9-overexpressing clones 10, 26, and 30. In b and c: 4,
glycosylated VEGFigo; ®, unglycosylated VEGF g9 or glycosylated
VEGF 6s; m, unglycosylated VEGF¢s or glycosylated VEGF2;; and
@, unglycosylated VEGF2:. Each of the assays was repeated inde-
pendently three to six times and with cells of various passage numbers,
with similar results.
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which showed VEGF,; and VEGF s proteins to be efficiently
secreted while VEGF;g9 protein was not, as it was mainly
bound to the extracellular matrix. Exposure of the cells to
heparin caused VEGF;g9 protein to be released into the CM
(Fig. 1c). The antibody used in the VEGF ELISA assay did not
react with VEGFg9 protein, thus precluding its measurement
in this way. The overexpression of each isoform of VEGF had
no obvious effect on cell growth in vitro, as the growth rates of
each of the clones described here were similar (data not
shown).

Secreted VEGF1,1, VEGF45, and VEGF;g9 Proteins Stimu-
late Migration of Endothelial Cells. We next sought to deter-
mine whether CM from the parental US7MG and VEGF-
overexpressing cells could stimulate the in vitro cell migration
of porcine aortic endothelial cells expressing human KDR
(PAE/KDR). To reduce the basal activity of the CM from the
parental US7MG cells, the volume of CM in each case was
adjusted to reflect the final cell numbers of each cell type and
then further diluted 100-fold. Table 1 summarizes data gen-
erated from the assay using the same set of CM (shown in Fig.
1b and c) from cells that were treated with heparin for 48 hr.
The stimulatory effects of the various CM on PAE/KDR cell
migration were directly correlated with their levels of secreted
VEGEF. In the case of VEGFsy, the promotion of cell migra-
tion was comparable to that of the other two VEGF isoform
proteins when the producing cells were treated with heparin
(Table 1). That VEGF was the element in the CM that
stimulates PAE/KDR migration was tested by including a
VEGF-neutralizing monoclonal antibody in the CM during the
migration assay (Table 1). This antibody blocked the stimula-
tion of cell migration elicited by relatively high concentrations
(10 ng/ml) of purified rhVEGFjss, by CM from the parental
U87MG cells, and by the CM from the VEGF;,- and
VEGFgs-overexpressing cells. This neutralizing anti-VEGF
antibody did not react with native VEGF,g9 protein, since it
failed to immunoprecipitate it while reacting effectively with
VEGF;2; and VEGFes proteins (S.-Y.C., H.-J.S.H., and
W.K.C., unpublished data) and so could not be used to test its
effects on cell migration in response to VEGF;g9. The speci-
ficity of the inhibition was demonstrated by the absence of

Table 1. Cells overexpressing VEGF have increased abilities to
elicit PAE/KDR cell migration

No. of migrated cells after addition
to the medium

VEGF-
neutralizing  Anti-mouse
Medium None Ab IgG2b.x Ab
Medium alone 1382 5.1 ND ND
rhVEGFss 638.7 £26.4 1440+49 6282 %155
CM
USTMG 2322 +53 218.6 = 0.7 236.0x7.0
VEGF121 561.0 =469 171.0 £6.5 542.7 =185
VEGF 165 5226 £27.7 193.1 =21  499.7 + 245
VEGFi3g9
Without heparin ~ 356.0 + 8.2 ND ND
With heparin 592.3 +£22.8 ND ND

In vitro migration of PAE/KDR cells in response to purified
recombinant human VEGF65 (thVEGFjss, 10 ng/ml; R & D Systems)
and to CM was measured in modified Boyden chambers. CM from the
parental US7MG or their derivatives was diluted 1:100 with 0.1%
BSA/Ham’s F-12 and tested in the absence or presence of either 1
pg/ml neutralizing anti-VEGF antibody or 1 ug/ml IgG2b.k isotype
control monoclonal antibody. Migrated cells were counted in 10
high-powered fields (X400 total magnification) per filter. All samples
were examined in triplicate and data are shown as the mean numbers
of migrated cells = SEM. The assay was performed in triplicate for
three independent sets of CM at least three times each with similar
results. ND, not done.
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similar effects on cell migration by an isotype-matched control
monoclonal antibody. The remaining PAE/KDR migration in
the CM from the U87MG cells or the CM containing the
neutralizing antibody is likely due to other stimulatory sub-
stances produced by the tumor cells (18). These data indicate
that VEGF was the component in the CM from the VEGF-
overexpressing cells that stimulated PAE/KDR migration and
that secreted VEGF;,1, VEGF6s and, likely the VEGF;g
proteins in the CM, have similar efficacy for a significant effect
of VEGF on endothelial cells in vitro.

Implantation of VEGF;2;- and VEGF;4s-Overexpressing
U87MG Cells into Mouse Brain Causes Intracerebral Hem-
orrhage. Enhanced in vivo angiogenicity and tumorigenicity
have been demonstrated for tumor cells overexpressing VEGF
(20, 21). To investigate whether overexpression of each of the
three VEGF splice variants in U87MG cells had similar
biological effects in vivo, we ectopically implanted the VEGF-
overexpressing cells into the brains of nude mice. Comparable
numbers of these cell types were implanted: the parental
U87MG cells; an equal admixture of cells from VEGF,;-
overexpressing clones 7, 12, and 19; an equal admixture of cells
from VEGF;es-overexpressing clones 2, 15, and 31; and an
equal admixture of cells from VEGFg-overexpressing clones
10, 26, and 30. Unexpectedly, only 60-90 hr after the implan-
tation, mice receiving VEGF,;- or VEGFgs-overexpressing
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FiG. 2. Overexpression of VEGFi2; and VEGF;es5 but not
VEGFg9 in US87MG cells causes brain hemorrhage. Brains were
implanted with the US7MG cells (a), with VEGF2i-overexpressing
cells (b), with VEGFss-overexpressing cells (¢), or with VEGFgo-
overexpressing cells (d). (Original magnification, X10.) The photo-
graphs were scanned into computer files and assembled using Adobe
Photoshop. Four to six nude mice in each group were implanted
intracerebrally, and the mice were sacrificed 60-90 hr later. The
experiments were repeated eight times with similar results.
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cells showed clear symptoms of central nervous system sup-
pression. In contrast, mice inoculated with either VEGF;so-
overexpressing or parental US7MG cells remained free of such
morbidity. Figs. 2 and 3 show examples of the brains of these
animals. Each mouse that received VEGF,1- and VEGFe5-
overexpressing cells had readily apparent intracerebral hem-
orrhage in its brain parenchyma (Fig. 2 b and c¢). Hematoxylin
and eosin staining of these tissues revealed clusters of red
blood cells around the tumor (Fig. 3 ¢, d, e, and f). In contrast,
there was no evidence of hemorrhage in the brains of mice
implanted with either US7MG parental cells or VEGFgo-
overexpressing cells, even after more extended growth periods.
Rather, the brains of the mice receiving US7MG cells had
small tumors, while brains of the mice receiving VEGFgo-
overexpressing cells contained larger tumors (Fig. 2 a and d
and Fig. 3 a, b, g, and h). To confirm this observation of
differential effects of these isoforms, the experiments were
repeated seven more times each with admixtures of the
VEGF21-, VEGF65-, and VEGF;g9-overexpressing cells; with
cells from each of the individual clones; and also with another
set of three each VEGFjs- and VEGF¢s-overexpressing
clones. In all cases, similar results were obtained (data not
shown). Thus, overexpression of the two VEGF splice variants
VEGF,; and VEGF¢;5 in US7MG cells caused intracranial
hemorrhage in mouse brains implanted with them.

7
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Development of Hemorrhage Requires Threshold Levels of
VEGF Secretion and a Constant Supply. We next tested
whether there was a correspondence between levels of VEGF
secretion and intracerebral hemorrhage or whether a threshold
level of secretion needed to be attained. The VEGF;¢s-
overexpressing clones 2, 15, and 31 were mixed with the
parental US7MG cells to form four groups that exhibited
VEGEF secretion into CM levels of 400, 300, 200, and 100 ng
per 10° cells per 48 hr, respectively. These admixtures were
implanted into mouse brains, and their abilities to elicit
physical symptoms unique to each of the groups of tested mice
were determined after 70 hr. Mice injected with the admixture
of cells that secreted VEGF at levels of 100 ng showed no
symptoms of morbidity. In contrast, mice implanted with the
cells that secreted VEGF at levels of 200 ng became lethargic.
Those in the third group, which received the cells that secreted
VEGEF at levels of 300 ng, exhibited a combination of lethargy
and myotonic jerking. Mice that were injected with the cells
that secreted VEGF at levels of 400 ng became profoundly
hemi- or paraparetic. When brains from these four groups of
mice were analyzed, punctate bleeding limited to the tumor
periphery was observed in the brains of the first group, a
coalescing peripheral band of hemorrhage was seen in the
brains of the second group, an even thicker peripheral distri-

F1G6. 3. Hematoxylin and eosin staining of mouse brains that received the parental US87MG or VEGF-overexpressing cells. (a and b) USTMG
cells. (¢ and d) VEGFz -overexpressing cells. (¢ and f) VEGFes-overexpressing cells. (g and &) VEGFigo-overexpressing cells. Original
magnifications: a, c, e, and g, X25; b, d, f, and h, X100. d, f, and h are the enlarged pictures of the rectangular areas in c, e, and g, respectively.
Arrows indicate tumor tissue and arrowheads indicate the blood cells. Experiments were carried out similarly to those shown in Fig. 2.
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bution of hemorrhage occurred in the brains of the third group,
and large hemorrhages obliterating the appearance of the
implanted tumor were apparent in the brains of the fourth
group (data not shown). In a separate group of mice, we
intracerebrally injected either 500 or 1,000 ng of purified
rhVEGF;es. These groups showed no morbid symptoms and
were sacrificed after 7 days. Notably, there was no change in
the vasculature or evidence of angiogenesis in the brains from
these groups (data not shown). These experiments suggest that
threshold levels of VEGF secretion from VEGF-overexpress-
ing cells and a constant supply of secreted VEGF are two
requisites for inducing intracerebral hemorrhage in this sys-
tem.

Overexpression of VEGF;,; or VEGF 45 by US7TMG Cells
Causes Eruption of Nascent Blood Vessels in Hemorrhagic
Mouse Brains. Immunohistochemical analysis using a poly-
clonal antibody showed substantial expression of VEGF pro-
tein in the expected diffuse pattern in the mouse brains
inoculated with VEGF]Z]-, VEGF]65-, and VEGF]gg-
overexpressing cells, but showed the expected weaker expres-
sion in the brains of animals that received the parental US7MG
cells. To analyze the growth and integrity of blood vessels in
these brains, we used a monoclonal antibody against the
endothelial cell surface protein marker, CD31. As demon-
strated in Fig. 4, numerous nascent blood vessels were stained
in the areas surrounding the VEGF;2;-, VEGF6s- and
VEGFso-overexpressing tumors (Fig. 4 ¢, d, e, f, g, and h),
indicating that overexpression of VEGF promoted blood

Fi1G. 4. Nascent blood vessels of intracerebral tumors or hemor-

rhages formed by parental US7MG cells (a and b), VEGFi2-
overexpressing cells (c and d), VEGF¢s-overexpressing cells (e and f),
and VEGFg9-overexpressing cells (g and /). Immunohistochemistry
was performed with a monoclonal anti-CD31 antibody (MEC13;
PharMingen) on cryostat mouse brain slices. Original magnifications:
a,c,eandg: X10; b, d, fand H: X200. The photographs were captured
into computer files and contrast-enhanced using Adobe Photoshop.
The experiments were carried out as described in the legend of Fig. 3.
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vessel growth, whereas there was minimal immunoreactivity
and vessel growth in the vicinity of the parental US7TMG
tumors (Fig. 4 a and b). More strikingly, eruption of the
nascent blood vessels was observed only in the hemorrhagic
brains that received the VEGF,- and VEGF¢s-overexpress-
ing cells (Fig. 2 b and ¢). This eruption was further verified by
hematoxylin and eosin staining (Fig. 3 ¢, d, e, and f) and by
immunostaining with an anti-von Willebrand factor antibody
that reacts with many components of blood (data not shown).

Overexpression of VEGF;g9 by US87MG Cells Increases
Their Angiogenicity and Tumorigenicity in Mouse Brain.
Having demonstrated that overexpression of VEGF;g9 in
U87MG cells did not cause brain hemorrhage, we next sought
to determine whether mice that received VEGF;go-
overexpressing cells were more tumorous than mice implanted
with parental US7MG cells. The results are illustrated in Fig.
5 and show that, whereas mice implanted with the parental
U87MG cells developed full-size tumors in 39 days, those mice
that received the VEGFgo-overexpressing cells grew similar-
sized tumors in only 26 days. To determine whether the
increased levels of VEGF secretion and tumorigenicity were
associated with an increase in the ability of the cells to induce
neovascularization, we determined the relative blood vessel
densities by immunostaining the tumor samples with a mono-
clonal antibody against CD31. Computerized quantitative
image analysis showed that blood vessel densities were 5-fold
higher in the tumors formed by the VEGF;go-overexpressing
cells (Fig. 5b) as compared with those in the tumors formed by
the parental US7MG cells (Fig. 5a).

DISCUSSION

In addition to being associated with the development of
glioblastoma multiforme, hemorrhages are also apparent in
infarctions in the brain that often develop from ischemic
strokes (22). Because brain ischemia induces increased VEGF
expression (23) and increased hemorrhage can occur within
2-3 days after an ischemic stroke, the two events may be
mechanistically related. Another instance supporting the as-
sociation of VEGF expression with hemorrhage comes from
von Hippel-Lindau patients, who often develop blindness
subsequent to their frequent development of retinal angiomas,
which are histologically identical to the hemangioblastomas
that occur in the cerebellum and spinal cord. Hemangioblas-
tomas produce a greater amount of VEGF than any other type
of tumor of the central nervous system (17) and it is reasonably
certain that the retinal angiomas produce VEGF to the same
degree. Thus, VEGF expression is correlated with a propensity
for hemorrhage in several circumstances.

Here, we show that overexpression of the smaller VEGF
isoforms, VEGF;,; and VEGF,ss, causes tumor-associated
intracranial hemorrhage in an experimental system. This is, to
our knowledge, the first demonstration that intracranial hem-
orrhage can be caused by eliciting expression of a single growth
factor. Immunohistochemical studies indicate that, during the
development of such hemorrhages, the brain vasculature ex-
periences rapid growth and breakdown, since numerous nas-
cent blood vessels and blood cells or substances were concen-
trated around the hemorrhagic tumors, indicating that the
vasculature responded vigorously to VEGF (Figs. 2-4). Our
results also show that the development of the intracerebral
hemorrhage requires threshold levels of VEGF secretion. This
is consistent with the emerging concept that the absolute levels
of VEGF are critical to its function in both physiological and
pathological conditions. Perhaps most striking in this regard is
that in heterozygous knock-out animals, the loss of a single
allele of the VEGF gene completely impaired vasculogenesis
(24, 25). Moreover, antisense experiments have shown that
decreases of VEGF secretion to 15-20% of those of parental
tumor cells caused suppression of their angiogenic and tumor-
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F1G.5. Overexpression of VEGF1g9 in US7MG cells enhances angiogenicity and tumorigenicity in mouse brain. (¢ and b) Immunohistochemical
staining with an anti-CD31 mAb. Intracerebral tumors were formed by the parental US7MG cells (a) or the VEGFgo-overexpressing cells (b).
Original magnification, X200. The experiments were repeated five times with similar results. Four to six nude mice in each group were implanted

intracerebrally and the times for sacrificing the mice are indicated.

igenic capacities in vivo (18, 26). Here, we show that an
elevation of VEGEF secretion by 4- to 10-fold caused an acute
development of tumor-associated hemorrhage. Thus regula-
tion of secreted VEGF levels to either lower or higher than
normal levels has serious physiological consequences.

There are similarities and differences between the spliced
VEGF variants, VEGF,1, VEGF 45, and VEGFg9, in terms of
their biological functions, interactions with extracellular ma-
trix components, and receptor binding (27, 28). Our present
studies of VEGFig9 overexpression in US87MG cells have
several implications for its biological function. First, the level
of VEGF;g overexpression was comparable to that of
VEGF;2; and VEGFjes, both within the cells (Fig. 1) and in
the CM (Fig. 1c), whereas the release of VEGF;g protein into
CM was enhanced by heparin. Second, the ability of VEGF;g9
to stimulate endothelial cell migration was also similar to that
of VEGF3; and VEGF¢s proteins in the CM (Table 1). Third,
the VEGFg9 protein was biologically functional, as indicated
by the increased blood vessel density in the vicinity of VEGFgo
tumors compared with the borders of the parental US7TMG
tumors (Fig. 4 a, b, g, and h), as well as by their enhanced
angiogenicity and tumorigenicity (Fig. 5). Fourth, we could not
analyze VEGFjg9 protein secretion by using the VEGF ELISA
(Fig. 1b) or neutralize VEGFgo protein stimulating activity for
endothelial cell migration with the neutralizing monoclonal
anti-VEGF antibody (data not shown). We found that several
other anti-VEGF antibodies also did not react with VEGF g9
protein. Finally, VEGF;,; and VEGF s are the predominant
forms of VEGF expressed in human glioblastomas and
VEGFgo is not highly expressed in brain tumors or the normal
brain (29, 30). Together, these data may indicate that the
VEGF g9 protein has a unique secondary conformation and
expression pattern in normal and tumor tissues, and might
imply a special biological function that has not yet been
uncovered.

In summary, by introducing VEGF-overexpressing tumor
cells into the brain, we have developed a model that appears
to recapitulate the brain tumor-associated hemorrhage phe-
nomenon and that may prove useful for determining its
molecular mechanisms. This may be especially so because we
can now dissect the rapid multistep process of hemorrhage in
the mouse brain by manipulating factors involved in angio-
genesis. The differences in function of the three VEGF
isoforms in the development of hemorrhage also raise the issue
of determining each of their common and divergent physio-
logical roles. Finally, approaches similar to this but that do not
employ tumor cells as the continuous source of relevant VEGF

isoforms may be useful in investigating intracerebral hemor-
rhage due to non-cancer-related conditions such as stroke or
congenital malformations.
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