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ABSTRACT 

We have recently shown that vascular endothelial growth factor 
(VEGF) is produced by human malignant glioma cells and acts on tumor 
endothelial cells, which express VEGF receptors, suggesting that VEGF is 
a regulator of tumor angiogenesis. To investigate the feasibility of antian- 
giogenic brain tumor therapy, we developed an intracerebral {i.c.) rat 
glioma model. We used two transplantable rat glioma cells lines, C6 and 
GS-9L, to analyze VEGF regulation in vitro and expression of VEGF and 
its high affinity tyrosine kinase receptors, flt-I and i lk- l ,  in vivo. Glioma 
cells were transplanted i.c. or s.c. into syngeneic rats. C6 gliomas exhibit 
morphological characteristics of human glioblastoma multiforme such as 
necroses with palisading cells, lmmunocytochemistry with von Willebrand 
factor showed that C6 gliomas are highly vascularized and therefore show 
another prominent feature of human glioblastoma. GS-9L gliosareomas 
were less vascularized. In situ hybridization showed that VEGF is ex- 
pressed in vivo in rat glioma ceils which reside along necrotic areas and 
therefore closely mimicks the expression pattern of VEGF observed in 
human glioblastoma, f/t-1 and ilk-1 are specifically expressed in endothe- 
lial cells in the tumor and at the border between tumor and normal brain 
but are absent from endothelial cells in the normal brain proper. The 
action of VEGF may therefore be restricted to tumor endothelium. Up- 
regulation of VEGF, but not acid fibroblast growth factor, basic fibroblast 
growth factor, and platelet-derived growth factor B messenger RNA was 
observed in hypoxic C6 and GS-9L cells in vitro. These observations are 
consistent with a role for VEGF in tumor- and hypoxia-induced angio- 
genesis. Since the expression pattern of VEGF and its receptors in rat 
glioma appears to be indistinguishable from human glioblastoma multi- 
forme, this model provides an excellent tool to study anti-angiogenic 
therapy. 

INTRODUCTION 

The brain is vascutarized by sprouting of capillaries from preexist- 
ing vessels, a process termed angiogenesis (1). Although angiogenesis 
in the brain is confined to embryonic development and endothelial cell 
proliferation is low in the adult brain (2), angiogenesis can reoccur 
under pathological conditions such as cerebral infarction and brain 
tumor growth. Most brain tumors originate from astrocytes and are 
termed astrocytomas (grade II of the glioma grading system of the 
World Health Organization), if the tumor is mainly composed of 
differentiated astrocytoma cells and does not show evidence for ana- 
plasia (3). Many astrocytomas, however, progress to more malignant 
tumor grades (4). Anaplastic astrocytoma (WHO grade III) is an 
astrocytic tumor with signs of tissue anaplasia such as high tumor cell 
density and a high number of mitoses (3). Glioblastoma multiforme 
(WHO grade IV) is the most common and most malignant glial tumor. 
The histological hallmark of glioblastoma multiforme is the appear- 
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ance of necrotic areas with palisading cells surrounding the necrosis 
(3). In addition, angiogenesis, as judged by the presence of prolifer- 
ating endothelial cells, is a key feature of high grade glioma (3, 5) and 
represents an important diagnostic feature (3). Malignancy grades of 
astrocytic tumors have a major impact on patient survival. Astrocy- 
toma is headed under "low grade glioma" (WHO grade II; mean 
survival time several years), whereas anaplastic astrocytoma and gtio- 
blastoma multiforme represent "high grade glioma" (WHO grades III 
and IV) (3). The mean survival time for patients with high grade 
glioma approximates 1 year. At present, no successful treatment for 
patients with high grade glioma is available. 

The observation that proliferating endothelial cells are characteris- 
tic of high grade glioma but are not observed in low grade glioma 
strongly supports the hypothesis that the onset of angiogenesis is an 
important event during the progression of gliomas. The molecular 
events which underlie glioma progression have not been unraveled, 
but loss or mutation of the p53 tumor suppressor gene and amplifi- 
cation and overexpression of the epidermal growth factor receptor 
gene may be involved (4, 6, 7). 

The molecules which regulate tumor angiogenesis in vivo, i.e., 
which induce endothelial cells to proliferate and to invade the tumor, 
are ill defined. Candidate genes include FGFs 4 (8, 9, 10), PDGF 
(11, 12), and VEGF (13). VEGF is a dimeric glycoprotein with struc- 
tural homology to PDGF (14, 15). Four different human isoforms, 
VEGFt21, VEGFt65, VEGFI8,, and VEGFzo6, respectively, have been 
isolated from various sources (12, 16)and arise by alternative splicing 
of mRNA (17). VEGF121 and VEGFt65 are secreted forms, whereas 
VEGF,s,~ and VEGFeo6 remain mainly cell associated (15, 17, 18). In 
all human tissues except placenta, VEGFt65 is the most abundant 
isoform (19). There is considerable evidence that VEGF is an impor- 
tant regulator of embryonic angiogenesis (18, 19). Since (a) VEGF 
mRNA is produced by glioma cells in vivo (20, 21), (b) its high 
affinity receptor flt-I is present on tumor endothelial cells in vivo (20), 
and (c) VEGF protein is present in the vasculature of gliomas in vivo 
(20), VEGF may be the principle tumor angiogenesis factor in human 
gliomas. In order to systematically examine tumor angiogenesis and 
the prospects of antiangiogenic therapy in glial tumors, we made use 
of two transplantable rat glioma cell lines. We performed i.e. and s.c. 
grafting of C6 and GS-9L rat glioma cells and investigated the ex- 
pression of VEGF and two recently identified tyrosine kinase recep- 
tors which bind VEGF with high affinity, fit-1 (22) and ilk-1 (23, 24), 
by in situ hybridization. We show that VEGF is up-regulated in glioma 
cells which are in close proximity to necrotic areas. The VEGF ex- 
pression pattern in C6 and GS-9L tumors therefore closely resembles 
VEGF expression observed in human glioblastoma. We further ob- 
served that fit-1 and ilk-1 are up-regulated in endothelial cells inside 
and in close proximity to the tumor but are hardly detectable in 
endothelial cells in the normal brain tissue. 

4 The abbreviations used are: FGF, fibroblast growth factor; PDGF, platelet-derived 
growth factor; VEGF, vascular endothelial growth factor; i.e., intracerebrat; FCS, fetal 
calf serum; eDNA, complementary DNA; SS~, standard saline-citrate (1 x SSC = 0.15 .~ 
NaCI = 0.015 M .sodium citrate); PBS, phosphate-buffered saline; GFAP, glial fibrillary 
acidic protein; SDS, sodium dodecyl sulfate; aFGF, acidic FGF; bFGF, basic FGF; 
VEGFR, VEGF receptor; TGF, transforming growth factor. 
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M A T E R I A L S  A N D  M E T H O D S  

Cell Culture. C6 cells were obtained from the American Type Culture 
Collection; GS-9L cells were a gift from Tom Budd, St. Lawrence University. 
Cells were cultured in Dulbecco's modified Eagle's medium (high glucose) 
(Gibco), 10% FCS (Gibco), penicillin/streptomycin (C6 cells), or RPMI 1860 
medium (Gibco) supplemented with 10% FCS, and penicillin/streptomycin 
(GS-9L cells). 

Transplantation of C6 and GS-9L Cells. For in vivo experiments, synge- 
neic rats (Sprague-Dawley for C6 and Fischer F344 for GS-9L) were used. 
Female rats, 120-150 g, were purchased from the Zentralinstitut fiir Versuch- 
stierzucht, Hannover, Germany. Both cell lines were injected i.c. or s.c. 

For s.c. transplantation, animals were briefly anesthetized with chloroform. 
Glioma cells (106), suspended in 0.5 ml medium, were slowly injected into the 
necks of four animals (two each for C6 and GS-9L). Animals were monitored 
daily for tumor growth. Animals were killed 16 days (one each for C6 and 
GS-9L) and 28 days (one each for C6 and GS-9L) after inoculation of tumor 
cells. Tumors were removed immediately after sacrifice and their size was 
measured. Tumors were then embedded in Tissue Tek (Miles) and frozen in 
liquid nitrogen. Ten-/xm-thick cryosections were cut and sections were dried on 
silane-coated slides. Sections were fixed in 4% paraformaldehyde, dehydrated 
through ethanols, and stored at -70~ until further use. 

For i.c. transplantation, animals were anesthetized by a i.p. injection of 
Ketanest (100 mg/kg body weight) and Rompun (10 mg/kg body weight). 
Animals were fixed in a stereotaxic apparatus, the skin was cleaned, and a 
median skin incision was made. A burr hole was made 2 mm frontal and 2 mm 
lateral of the bregma with a dental screwer. Five X 104 glioma cells (in a 
volume of 20/~1 medium) were slowly injected into the caudoputamen using 
a Hamilton syringe. The skin wound was sutured and animals were moni- 
tored daily for signs of intracranial tumor growth. After 10-16 days, all ani- 
mals showed signs of raised intracranial pressure and were sacrificed. The 
brain was removed, cut on sagittal or frontal planes, embedded in Tissue Tek, 
and frozen in liquid nitrogen. Further processing was as described for s.c. 
tumors. 

In Situ Hybridization. Single stranded RNA probes were generated by in 
vitro transcription of cDNA clones of murine VEGF (18), fit-15 and flk-1 (ref. 
24) using 100 /xCi [35S]UTP and T3 or T7 RNA polymerases (Stratagene). 
Sections were incubated in 2x  SSC at 70~ digested with Pronase (40 
mg/ml), fixed in 4% paraformaldehyde, and acetylated with acetic anhydride 
diluted 1:400 with 0.1 M triethanolamine. Hybridization was performed in 
buffer containing 50% formamide, 10% dextran sulfate, 10 mM Tris-HCl (pH 
7.5), 10 mM sodium phosphate (pH 6.8), 2X SSC, 5 mM EDTA, 150 /zg/ml 
yeast tRNA, 0.1 mM UTP, 1 mu ADP/3S, 1 mM ADP'yS, 10 mM dithiothreitol, 
10 mM 2-mercaptoethanol, and 5 x 104 cpm//.d aSS-labeled RNA probe over- 
night at 45~ Slides were washed in 2X SSC-50% formamide at 45~ 
digested with RNase (20 t~g/ml), and washed again with 2x  SSC-50% for- 
mamide. The sections were coated with Kodak NTB-2 emulsion and exposed 
for 7-10 days. Slides were developed and stained with Giemsa. 

Immunohistochemistry. Frozen sections were dried on gelatin-coated 
slides, fixed in acetone at -20~ for 7 min and air dried. Slides were washed 
in PBS, endogenous peroxidase activity was quenched by incubation in 0.1% 
H202 in methanol for 15 min. Sections were incubated for 20 min in 20% 
normal goat serum (Dianova). Sections were then incubated with a primary 
antibody for 1 h at room temperature, washed in PBS, incubated for 1 h with 
a biotinylated goat anti-rabbit IgG (diluted 1:200 in PBS, purchased from 
Dianova) or a biotinylated goat-anti mouse IgG (1:200, Dianova), and finally 
incubated with a streptavidin complex (Vector) according to the vendor's 
description. Immunoreactivity was visualized with 3,3-aminobenzidine 
(Sigma) dissolved in 0.05 M Tris/HC1 (pH 7.4) and 0.03% H202. Slides were 
counterstained in Mayer's hemalum, dehydrated through ethanols, cleared in 
xylene, and mounted in Entellan (Merck). Primary antibodies used were a 
polyclonal antibody for von Willebrand factor (1:500; Behring), a monoclonal 
antibody for GFAP (1:100; Boehringer), and a polyclonal antibody for S-100 
protein (1:200). 

ltypoxia Assay. C6 and GS-9L cells were seeded in 100-ram Petri dishes 
and grown in medium containing 10% FCS. At confluency, medium was 
removed, cells were washed and fresh medium containing 5% FCS was added. 

5 G. Breier et al., manuscript in preparation. 

Cells were then grown (a) at 37~ CO2 with atmospheric air (normoxic 
conditions) or (b) at 37~ in an anaerobic gas chamber (according to the 
vendor's description; Becton Dickinson) with catalyst-induced anoxia (anoxic 
conditions) for 16 h. 

Conditioned Media and Western Analysis. Conditioned media were re- 
moved after 16 h and filtered through a 0.45 /zm filter (Millipore). Aliquots 
(2 ml) were 5-fold concentrated by filtration through a Centricon 10 membrane 
(Amicon) in a SS-34 rotor (Sorvall) at 5000 X g for approximately 1 h (until 
the final volume of the retained material reached 400/xl). Thirty-/zl aliquots 
were separated on a 12.5% polyacrylamid-SDS gel and transferred to a nylon 
membrane. The membrane was incubated with a polyclonal anti-peptide anti- 
body, directed against the amino-terminal 20 amino acids of murine VEGF164 
(18). After washing, filters were incubated with a peroxidase-conjugated goat 
anti-rabbit IgG (Dianova) and developed using chloronaphthol as chromogene. 
For control purposes, undiluted medium from COS cells, which were tran- 
siently transfected with a cDNA for VEGF164 (18), was used. 

RNA Extraction and Northern Analysis. Normoxic and anoxic C6 and 
GS-9L cells were washed twice with PBS. RNA was extracted according to the 
guanidinium thiocyanate method (25). Total RNA from five 100-mm dishes 
was pooled. Aliquots (20 ~g) were electrophoresed in a 0.9% agarose gel 
containing 3.7% formaldehyde, 1x 3-(N-morpholino)propanesulfonic acid, 
and 1 mM EDTA in a buffer containing 3.7% formaldehyde and 1x 3-(N- 
morpholino)propanesulfonic acid, and subsequently transferred to a nylon 
membrane (Hybond N; Amersham) in 20X SSC. Filters were cross-linked with 
UV light (0.4 J/cm 2) and hybridized overnight at 42~ in 50% formamide, 5X 
SSC, 1% SDS, 5X Denhardt's and [32p]dCTP-labeled cDNA probe (random 
primed labeling kit; Boehringer). The following DNA templates were used for 
random priming: a 583-base pair cDNA encoding murine VEGF164 (18), a 
350-base pair BamHI fragment of murine aFGF cDNA (26), a 350-base pair 
EcoRI/BamHI fragment of murine bFGF cDNA (26) and a 932-base pair XbaI 
fragment (spanning the 3' end of the first exon to the sixth exon) of the murine 
PDGF-B chain (gift of L. T. Williams, University of California at San Fran- 
cisco). Filters were washed in 2X SSC at room temperature, in 2X SSC with 
1% SDS at 42~ and in 0.1X SSC at room temperature and exposed to Kodak 
XAR-5 films with intensifying screens at -70~ 

R E S U L T S  

Growth Behavior and Phenotype of C6 and GS-9L Cells in Vivo 

C6 Cells.  After  i.c. inoculat ion of  C6 cells, tumors  fo rmed  in 5 of  

5 rats. Twelve  to 16 days after graft ing,  all animals  showed  signs o f  

raised intracranial pressure and were  sacrificed. Histological  analysis  

revealed poor ly  differentiated,  un i fo rm tumor  cells which  expressed 

S-100 protein,  but  not  GFAP. C6 gl iomas  resembled  his topathological  

key features o f  human  gl ioblastoma:  (a)  necrot ic  areas fo rmed  

th roughout  the tumors;  (b) at the per iphery  of  necroses,  pal isading 

cells l ined up; (c) immunos t a in ing  for von  Wil lebrand factor  showed  

numerous  b lood vessels  in the tumor.  After  s.c. injection,  a t umor  2 x 

3 cm in d iameter  fo rmed  at the inject ion site 18 days after inoculat ion.  

His to logy showed  a large necrot ic  area in the t umor  center, sur- 

rounded  by a r im of  viable t umor  cells at the periphery.  

G S - 9 L  Cells .  In 3 of  3 rats tumors  fo rmed  9-11  days after i.c. 

graft ing.  T u m o r  cells showed  a sp indle-shaped m o r p h o l o g y  in hema-  

toxylin and eosin-s ta ined histological  sections.  GS-9L gl iomas  are 

therefore classified as g l iosarcoma,  and it is a s sumed  that these 

sp indle-shaped cells may  originate f rom endothel ia l  cells. I m m u n o -  

cy tochemis t ry  for von  Wil lebrand factor  showed  only a few vessels  in 

the tumor.  However ,  no necroses  were  found in intracranial tumors .  

Af ter  s.c. inoculat ion,  a tumor  2 x 3 cm in d iameter  was  fo rmed  at the 

inocula t ion site 18 days after grafting. In another  animal  t umor  size 

was 4 x 5 cm 28 days after graft ing.  In s.c. tumors  large necrot ic  areas 

fo rmed  in the central  parts of  the tumor,  sugges t ing  that in GS-9L  

tumors  the deve lopmen t  of  necrosis  is dependent  in tumor  size. 
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Expression of VEGF mRNA in Normal Rat Brain and C6 and 
GS-9L Gliomas in Situ 

Expression of VEGF, aFGF, bFGF, and PDGF-B in Hypoxic 
Tumor Cells 

VEGF was expressed in some neuroectodermal cells throughout the 
normal adult rat brain, including the brain stem. In tumors, VEGF was 
abundantly expressed in tumor cells which were in close proximity to 
necrotic areas, irrespective of tumor type (C6 or GS-9L) or inocula- 
tion site (i.c. or s.c.) (Fig. 1). The up-regulation of VEGF was par- 
ticularly strong in s.c. tumors in which large necroses formed. In 
contrast, VEGF expression was low in glioma cells located at the 
tumor periphery, e.g., close to the normal tissue. Thus, the major 
determinant of VEGF expression was tumor necrosis and not histo- 
logical subtype. 

Expression offl t . l  mRNA in Normal Rat Brain and C6 and 
GS-9L Gliomas in Situ 

No expression of fit-1 was observed in normal brain. In tumors, fit-1 
was strongly upregulated in endothelial cells inside the tumor (Fig. 
2a), whereas vessels outside the tumor, even if they were located in 
close proximity to the tumor border, did not express flt-1. This finding 
was irrespective of tumor type (C6 or GS-9L) or inoculation site. 

Expression of ilk-1 mRNA in Normal Rat Brain and C6 and 
GS-9L Gliomas in Situ 

The expression pattern of ilk-1 was very similar to that observed for 
fit-1 (Fig. 2b). ilk-1 was not expressed in normal brain vasculature 
(Fig. 3). In tumors, however, a dramatic up-regulation occurred in 
vascular ceils, which appeared to be stronger than that observed for 
fit-1. As in the case of fit-l,  expression of flk-1 was specific for 
endothelial cells inside the tumor. No significant differences between 
ilk-1 expression in C6 and GS-9L gliomas or dependence on inocu- 
lation site were observed. 

RNA extracted from C6 cells grown under normoxic conditions 
revealed a faint 4.0-kilobase band of VEGF mRNA. A dramatic in- 
crease of VEGF mRNA was observed in C6 cells grown under anoxia 
for 16 h (Fig. 4a). This increase was accompanied by an increase in 
VEGF protein in the conditioned medium of anoxic C6 cells (Fig. 4b). 
Hybridization of bFGF mRNA revealed two 4.3- and 3.7-kilobase 
bands of equal intensity in normoxic and anoxic C6 cells. Hybridiza- 
tion of PDGF-B chain mRNA showed a 4.0-kilobase band with equal 
intensity in normoxic and anoxic cells, aFGF mRNA was not detected 
in normoxic and anoxic C6 cells. GS-9L cells showed a similar 
expression pattern. 

DISCUSSION 

Tumor angiogenesis is believed to be mediated by soluble factors 
released from tumor cells which then act on endothelial cells in a 
paracrine manner (27). We have recently shown that VEGF fulfills all 
criteria to be an in vivo tumor angiogenesis factor in human gliomas, 
since (a) VEGF is expressed in glioma cells and (b)flt-1, a receptor 
for VEGF, is expressed in endothelial cells in the same gliomas (20). 
In human glioma biopsies, the spatial relationship of tumor cells to 
vascular cells is difficult to assess, since only minute amounts of 
normal tissue are present. However, investigation of host-tumor in- 
teraction is particularly important in tumor angiogenesis, since host- 
derived, previously quiescent endothelial ceils become induced to 
proliferate and to invade the tumor tissue. We have therefore chosen 
two transplantable rat glioma cell lines, C6 and GS-9L, to investigate 
the expression of VEGF and its two recently identified high affinity 
receptors, fit-1 and flk-1, during tumor angiogenesis in vivo. These 
glioma cell lines allow the investigation of VEGF regulation in vitro 
and, since they form rapidly growing tumors in syngeneic rats, pro- 
vide an ideal tool to investigate tumor angiogenesis in vivo. 

Fig. 1. VEGF is expressed in a subset of rat glioma cells which reside along necrotic areas. In situ hybridization for VEGF, counterstained with Giemsa. (a) Low power micrograph 
of a glioma 14 days after i.c. grafting of 10 t' C6 cells. Large arrowheads, border between tumor and adjacent normal brain; small arrowheads, surface of the brain. (b) Dark field 
illumination of a. VEGF is expressed in large amounts in tumor cells which are located around necrotic areas. Cells at the tumor periphery, e.g., close to normal brain, express little 
VEGF. (c) High power micrograph of the interface between necrotic tumor (N, left side) and viable tumor cells (right side). Glioma cells at the periphery of necroses up-regulate VEGE 
a, b, x 100, c, x 400. 
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Fig. 2. VEGFR-! and VEGFR-2 are up-regulated in tumor vascular endothelial cells. In situ hybridization for VEGFR-1 (a) and VEGFR-2 (b) showing the same vessel on serial 
sections within a C6 glioma. Tumor cells do not express VEGFR-1 or VEGFR-2. Dark field illumination, • 200. 

In all tumor transplants VEGF was highly up-regulated in gl ioma 
cells that were present near sites of  necrosis (Fig. 1). Particularly high 
amounts of  VEGF m R N A  was present around large necroses, e.g., in 
all s.c. grafted gliomas. GS-9L cells for example, grew to a maximal 
diameter of  5 mm when grafted i.c. (tumors cannot expand due to 
restrictions set by the cranial vault and animals die at this stage due to 

intracranial pressure) and no necroses developed. In i.c. grafted GS-9L 
tumors VEGF expression was low. That no necroses developed in 
small tumors is probably due to sufficient diffusion of  oxygen and 
nutrients from vessels, which are located in the neighboring normal 
tissue, or due to the lack of compressive forces, which may lead to 
closure of vessels in tumors larger than 1 cm 3 (28). When GS-9L cells 

r 

Fig. 3. VEGFR-2 and VEGFR-I are specifically expressed in tumor vascular endothelial cells, but not in endothelial cells in normal brain. In situ hybridization for VEGFR-2. (a) 
Low power micrograph of the interface between C6 glioma (lower half) and normal brain (upper hall'). Large arrowheads, blood vessels in normal brain; small arrowheads, a vessel 
at the immediate tumor/brain interface. This vessel expresses VEGFR-2 as shown in b, as do vessels in the tumor proper (arrowheads in b). Blood vessels outside the tumor do not 
express VEGFR-2. (b) Dark field illumination of a. (c, d). High power magnification of a blood vessel with growth direction toward the tumor. The tumor is at the left. Arrowheads, 
a blood vessel in the immediate vicinity of the tumor expressing VEGFR-2. Blood vessels in further distance from the tumor do not express VEGFR-2. In situ hybridization for VEGFR-I 
shows a similar expression pattern (not shown), a, b, • 100; c, d, • 2(~J. a and c, bright field illumination; b and d, dark field illumination. 
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Fig. 4. VEGF, but not aFGF, bFGF, and PDGF-B, are up-regulated in hypoxic C6 cells 

in vitro. (a) Northern analysis of 20 p,g total RNA derived from C6 cells grown under 
normoxic (Lane N) or anoxic (Lane A) conditions for 16 h. VEGF is dramatically 
up-regulated in response to hypoxia. In contrast, bFGF mRNA and PDGF-B mRNA levels 
are similar in hypoxic and anoxic cells, aFGF mRNA was not detectable in normoxic and 
anoxic C6 cells. (b) Western analysis of medium conditioned by normoxic (Lane 3) or 
anoxic (Lane 4) C6 cells. Lane 1, conditioned medium from COS cells, transfected with 
mouse VEGF164 cDNA; Lane 2, unconditioned medium. 

were grafted s.c., large tumors (up to 5 x 4 cm) formed and large 
necroses developed. In GS-9L cells in close proximity to necroses, 
VEGF expression was high, suggesting that VEGF up-regulation is 
dependent on tissue hypoxia but not on tumor type. 

It has been shown recently that VEGF is hypoxia inducible in C6 
and L8 cells in vitro (21). Hypoxia-initiated angiogenesis occurs under 
several pathological conditions such as cerebral and myocardial in- 
farction and in proliferative retinopathies. We show here that VEGF is 
strongly up-regulated in C6 and GS-9L cells in vitro. We also inves- 
tigated the hypoxia inducibility of other angiogenic factors, namely 
aFGF, bFGF, and PDGF-B, in the same cell lines (Fig. 4). Since only 
VEGF was up-regulated in response to hypoxia, VEGF may be a 
central mediator of hypoxia-initiated angiogenesis. It will therefore be 
interesting to investigate whether VEGF is up-regulated in ischemic 
myocardium or ischemic brain. 

Two tyrosine kinase receptors which bind VEGF with high affinity, 
VEGFR-1 (fit-l) (22) and VEGFR-2 (KDR, i lk-l)  (23, 24, 29), have 
been described. We have recently shown that VEGFR-2 is a major 
regulator of mouse embryonic angiogenesis (24). In situ hybridization 
revealed that VEGFR-2 is specifically expressed in endothelial cells 
during embryonic development but is down-regulated in the adult, 
when angiogenesis ceases. Thus, in the developing mouse brain, 
VEGFR-2 is expressed in endothelial cells which invade the neuro- 
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ectoderm from the primitive perineural plexus which covers the brain. 
VEGFR-2 was significantly down-regulated in endothelial cells in 
adult mouse brain. We have observed a similar expression pattern for 
VEGFR-1 in the developing and adult mouse brain. 5 These observa- 
tions are consistent with our findings in the rat glioma model, since 
VEGFR-1 and VEGFR-2 were up-regulated in vascular cells within 
the tumor (Fig. 2) but were absent from vascular cells in the surround- 
ing normal tissue. However, both VEGF receptors were expressed in 
endothelial cells just outside the tumor, in the border zone between 
normal brain and tumor (Fig. 3, a, b). Some of these vessels appeare d 
to grow toward the tumor (Fig. 3, c, d), suggesting that they directly 
respond to VEGF secreted by tumor cells. This finding suggests that 
VEGF receptors are induced in endothelial cells during tumor angio- 
genesis. It is uncertain how this induction is achieved. Our observation 
that VEGF receptors are exclusively expressed in vascular cells inside 
the tumor and at the tumor border but are absent from endothelial cells 
only some cell layers distant from the tumor border may be explained 
by a soluble factor secreted by tumor cells. Induction of a receptor 
tyrosine kinase by cytokines has, for example, been shown in fibro- 
blasts, where TGF-/3 is able to induce PDGF receptor ot (30). Glioma 
cells express a variety of cytokines such as PDGF-A (31, 32) and -B 
(31, 32), aFGF (33), bFGF (34), insulin-like growth factor 1 (35), 
insulin-like growth factor 2 (35), TGF-ot (31, 34), and TGF-/3 (34). It 
remains to be established whether any of these cytokines induces 
VEGF receptors in endothelial cells during in vivo tumor angiogen- 
esis. 

The induction of VEGF receptors in tumor endothelial cells bears 
fascinating prospects for a tumor-specific antiangiogenic therapy. In 
1971, Folkman (36) proposed an antiangiogenic tumor therapy for 
well vascularized, treatment-resistant tumors. The rationale behind 
this idea is that tumors are angiogenesis dependent, e.g., that tumor 
cells require constant delivery of oxygen and nutrients by a tumor 
vascular system for further expansion (37). Since malignant gliomas 
are (a) very well vascularized (it has been suggested on the basis of 
morphometrical analysis that glioblastoma multiforme is among the 
best vascularized tumors in humans) (38) and (b) not curable by 
conventional therapy such as tumor resection, radiotherapy, and che- 
motherapy, they appear to be very well suited for experimental thera- 
peutic strategies such as antiangiogenesis. 

In summary, our finding of up-regulation of VEGF in transplanted 
glioma cells in a pattern comparable to VEGF expression in human 
glioblastoma and of a paracrine action of VEGF on tumor endothelial 
cells, which express VEGF receptors, suggests C6 and GS-9L gliomas 
as ideal models for investigating glioma angiogenesis. Since 
VEGFR-1 and VEGFR-2 are exclusively expressed in vascular cells 
inside the tumor and in close proximity to the tumor border, but not in 
vascular cells in normal brain, it will be tempting to investigate 
whether inhibiting VEGF-VEGF receptor interaction will result in 
tumor-specific antiangiogenesis. 
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