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Abstract

Wehave developed two different models of tumor angiogenesis
by human brain tumors: one being tube formation by bovine
aortic endothelial (BAE) cells cocultured with tumor cells in
vitro, and other being in vivo angiogenesis in mice when tumor
cells are transplanted into the dorsal sac. We investigated
whether tube formation could be induced in BAEcells in type I
collagen gel when these cells were cocultured with seven human
glioma cell lines. Four of the seven glioma cell lines, which had
high levels of basic fibroblast growth factor (bFGF) mRNA,
induced tube formation by BAEcells. The tube formation was
blocked by coadministration of anti-bFGF antibody. In in vivo
model system of tumor angiogenesis in mice, these four cell
lines were highly angiogenic. In contrast, with the other three
glioma cell lines, which had poor expression of bFGF, BAE
cells showed no apparent tube formation. These three cell lines
did not efficiently develop capillary networks in mice. The re-
sults demonstrated a correlative relationship in the tubulogene-
sis of BAEcells, bFGFmRNAlevels and angiogenesis in mice.
The present study with two model systems of tumor angiogene-
sis suggests that the angiogenesis of some human glioma cell
lines is mediated by bFGF, possibly via paracrine control. (J.
Clin. Invest. 1993.92:54-61.) Key words: tumor angiogenesis .
human glioma cells * tubular morphogenesis * basic fibroblast
growth factor * bovine aortic endothelial cells

Introduction

Specific angiogenic molecules released from tumors and macro-
phages induce angiogenesis ( 1, 2). The transition from limited
to rapid tumor growth is thought to occur along with the transi-
tion from the prevascular phase to the vascular phase (3). An-
giogenesis is important for tumor growth, but how tumor an-
giogenesis is controlled remains unclear. Malignantly trans-
formed cells produce various peptide growth factors such as
TGF-a, TGF-f3, EGF, and basic fibroblast growth factor
(bFGF)' which control the "autocrine" growth of the malig-
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1. Abbreviations used in this paper: BAE, bovine aortic endothelial;
bFGF, basic fibroblast growth factor; HOME,human omental micro-
vascular endothel; PA, plasminogen activator; t-PA, tissue-type PA;
u-PA, urokinase-type PA.

nantly transformed cells (4, 5). Both EGFand TGF-a have
been shown to be angiogenic factors (6, 7). In human omental
microvascular endothelial cells in culture, EGFor TGF-a has
been identified as the most potent growth factor in stimulating
cell migration, synthesis of tissue type plasminogen activator
(PA), and tube formation in collagen-containing gels (8-13).
Other angiogenic factors are acidic FGFand bFGF, which have
a high affinity for heparin ( 14, 15). Proliferation, chemotaxis,
and protease production are induced by bFGFin cultured bo-
vine endothelial cells (16-20). In bovine aortic endothelial
(BAE) cells, PA synthesis, cell migration, and tube formation
are stimulated by bFGF (21 ), whereas TGF-,3 antagonizes the
effects of bFGF on PA activation and cell migration in these
cells (22, 23). A recent study by Kandel et al. (24) has pro-
posed that the expression of bFGF is associated with a switch to
the angiogenic phenotype during the development of dermal
fibrosarcoma in transgenic mice.

Wehave been interested in finding which growth factor
could be a significant mediator of angiogenesis in human tu-
mor cells. In our present study, we developed two model sys-
tems of tumor angiogenesis: first we examined tube formation
by BAE-derived endothelial cells cocultured with tumor cell
lines in collagen gel in vitro; and, second, we examined angio-
genesis in mice in vivo when tumor cells were transplanted into
a dorsal air sac. Weused seven tumor cell lines derived from
human gliomas as tumor cell lines. Wepropose that angiogene-
sis during the development of some human gliomas may be
controlled by bFGF.

Methods

BAEcell culture. BAEcells were isolated from bovine aortic artery and
cultured in DMEMsupplemented with 10%FBS, 100 U/ ml penicillin,
and 60 ,tg/ml kanamycin as reported previously (21 ).

Materials. TGF-a was obtained from Gibco BRL Life Technolo-
gies, Inc. (Gaithersburg, MD), TGF-,3 was from Collaborative Re-
search, Inc. (Lexington, MA), and human recombinant bFGF was
obtained from Oncogene Science Inc. (Uniondale, NY). Affinity-puri-
fied anti-bFGF antibody (21, 25) and human bFGFcDNA(26) were
kindly provided by D. B. Rifkin (New York University Medical
Center). Anti-TGF-a antibody was obtained from Oncogene Science
Inc. (Uniondale, NY). HumanTGF-a (27) and TGF-f (28) cDNAs
were donated by R. Derynck (Genentech, Inc., South San Francisco,
CA). Weobtained [a-32P] dCTP (3,000 Ci/mmol) from Amersham
Corp. (Arlington Heights, IL).

Tumor cell lines. Seven glioma cell lines, derived from patients with
glioma/astrocytoma, were used in this study: NHG1and NHG2were
obtained from R. Lipsky, (National Institutes of Health, Bethesda,
MD); IN157, IN301, and IN500 were from M. Noble (University of
London); U343 from B. Wetermark (Institute of Pathology, Uppsala,
Sweden); U251 from American Type Culture Collection, Rockville,
MD. These human glioma/astrocytoma cell lines were cultured in
DMEMsupplemented with 10% FBS, 100 U/ml penicillin, and 60
jig/ml kanamycin.
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Northern blot analysis. Northern blot analysis was performed as
described previously (9, 25, 29). Endothelial cells were incubated in
DMEMcontaining 10% FBS, and harvested cells were suspended in 4
Mguanidinum thiocyanate, 25 mMsodium citrate (pH 7.0), 0.5%
sarkosyl, and 0.1 Mf-mercaptoethanol. Weadded 2 Msodium acetate
(pH 4.0), water saturated phenol, and chloroform successively to the
sample. After being mixed vigorously, the sample was left on ice for 20
min and was centrifuged at 10,000 g for 20 min. The aqueous phase
was aliquoted, mixed with isopropanol, and kept at -20'C for 20 min.
The sample was then centrifuged at 10,000 g for 20 min to obtain the
RNApellet which was washed with 75%ethanol and dissolved in sterile
water. The resulting RNAwas fractionated on 1% agarose gel contain-
ing 2.2 M formaldehyde and transferred to a Nytran filter (Schleicher
& Schuell, Keene, NH). The filter was hybridized to 32P-labeled cDNA
probes in Hybrisol (Oncor Inc., Gaithersburg, MD) for 24 h at 40'C,
and was then washed at room temperature in 2x SSC and 0.1% SDS,
after which it was washed in 0.2X SSCand 0. 1%SDS. Autoradiography
was carried out with Kodak XAR film.

Tubeformation by BAEcells in type I collagen gels and quantitative
analysis. 8 vol of type I collagen solution (Nitta Gelatin, Osaka, Ja-
pan), I vol of lOX DMEM,and 1 vol of 0.05 N NaOH, 200 mM
Hepes, and 260 mMNaHCO3were mixed on ice, poured into 35-mm
plastic dishes (Corning Glass Works, Corning, NY), and allowed to
form gels at 370C. BAE cells were plated onto the surface of type I
collagen gel in DMEMcontaining 10% FBS (8). When the BAE cells
reached confluence, the medium was replaced with DMEMcontaining
1%FBS and various growth factors, and the cells were incubated for 3
d. The medium was changed on the second day. On the third day,
phase contrast microscopic pictures of each dish were recorded on a
still video camera recorder (R5000H; Fuji, Tokyo, Japan), and the
total length of tube structures per field was measured, using a cosmo-
zone IS image analyzer (Nikon, Tokyo, Japan), as described previ-
ously (1 1-13). Eight random fields per dish were measured and the
total length per field was calculated.

Assays of tube formation in the coculture system. Wehave estab-
lished an assay system to determine in tube formation in vessel endothe-
lial cells cocultured with tumor cells in type I collagen gels ( 1 1, 12). In
this study, we assayed tube formation by BAE cells cocultured with
tumor cells. Humantumor cells were cultured in an outer chamber in
six-well plate (each well, 38 x 7 mm; Corning Glass Works) in 2 ml
DMEMcontaining 10% FBS as shown in Fig. 1. At confluence, the
medium was exchanged for 2 ml DMEMcontaining 1%FBS. BAEcells
were seeded separately in 2 ml DMEMcontaining 10% FBS, on type I
collagen matrigel ( 1 ml) in culture plates with 0.4-jim filters (Millicell-
CM; Millipore Corp., Laboratory Products, Bedford, MA) in an inner
chamber (30 x 7 mm) (see Fig. 1). When endothelial cells reached
confluence, the serum content of the medium changed from 10% FBS
to 1% FBS and the inner chamber was transferred into the outer
chamber. In this system, one can expect tubulogenesis to occur in endo-
thelial cells in the collagen gel in the inner chamber when tumor cells
cocultured in the outer chamber secrete any angiogenic factor that will
pass through the filter of the inner chamber. After 3 d incubation, tube
formation in the endothelial cells was quantitated by recording on a
floppy video disk. The total tube formation length was analyzed using a
cosmozone program (NEC PC-9801; NEC, Tokyo, Japan).

Tumor angiogenesis assay in mice. A dorsal air sac was created in 5-
to 7-wk-old male mice according to the method published previously
(30-32). Each cell line was suspended in PBS at a concentration of 1
x 107 cells/ml, and 0.2 ml of this suspension was injected into a
chamber (Millipore Corp.) consisting of a ring (Millipore Corp.) and
filter (0.22-,um pore size; Millipore Corp.) on both sides of the ring.
This chamber containing BSA (10 mg/ml) or tumor cells was im-
planted into a dorsal air sac produced in the mouse by injecting 10-15
ml of air. Five mice in each group were killed and carefully skinned on
day 5. After the implanted chamber was removed from the subcutane-
ous air fascia, a ring without filters was placed on the same site and
photographed. The area of the air sac fascia with a dense capillary
network was quantitated with an image processor (Nexus Inc., Tokyo,
Japan) through the photograph.
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Figure 1. Assay system for tube formation under cocultured system.
In this assay system, each well is composed of two chambers: outer
chamber (0) (38 x 7 mm) and inner chamber (I) (30 X 7 mm) (A).
Tumor cells are grown in medium containing 10% serum in the outer
chamber, and at confluence, medium was changed with fresh me-
dium. Separately, HOMEcells were seeded on the type I collagen gel
(nonhatched area) in 2 ml 10% serum containing medium in the
inner chamber with 0.4-Mm filter (Millipore Corp.) on the bottom.
At confluence, the concentration of serum was decreased to 1% in
medium (M; hatched area) in both chambers, and the inner chamber
was transferred into the outer chamber. After incubation for 3 d under
the coculture system, the presence or absence of tubular formation
of HOMEcells in collagen gels was determined. In (B), part of the
system is magnified: (a) endothelial cells on collagen gel; (b) type I
collagen gel in the inner chamber; (c) filter (Millipore Corp.); (d)
tumor cells in the outer chamber.

Histological analysis of newly synthesized capillary networks was
performed. Dorsal skin of mice was fixed in 4% paraformaldehyde in
PBS for - 20 h. Tissue was then washed in PBS, dehydrated through a
series of alcohol, and embedded in paraffin. Tissue sections (5 MAm)
were melted onto 3-aminopropyltrietho-xysilane-coated slides and
stained with hematoxylin and eosin.

Results

Expression ofgrowthfactor mRNAin tumor cell lines. To exam-
ine whether any angiogenic growth factor was expressed in the
brain tumor cell lines, we carried out Northern blot analysis
with the cDNAs or oligonucleotides of various angiogenesis-re-
lated genes, including aFGF, bFGF, TGF-a, TGF-t3, and
PDGF-A and -B genes. TGF-f3 or bFGF gene was found to be
expressed in some of the seven glioma cell lines: NHG1,
NHG2, IN157, IN301, IN500, U251, and U343. IN301,
IN500, U25 1, and U343 cells expressed higher levels of bFGF
mRNAsthan NHG1, NHG2, and IN 157 cells; there was no
apparent expression of bFGFmRNAin IN 157 cells (Fig. 2 and
Table I). Two different sizes of bFGF transcripts, 7.0 kb and
3.7 kb, were mainly detected in glioma cell lines, and another
smaller sized transcript with 1.8 kb was also detected, consis-
tent with a previous report (25). There appeared to be expres-
sion of TGF-a mRNAin all the seven cell lines, but their levels
were very low except for U251 cells. The levels of TGF-13
mRNAwith 2.5-kb size were dissimilar in the seven cell lines,
and IN301, IN500, and U251 cells showed relatively higher
levels of TGF-f3 mRNAthan other cell lines (Fig. 2 and Table
I). Our previous study demonstrated that hepatocyte growth
factor stimulated cell proliferation and chemotaxis in human
microvascular endothelial cells (33); however there was no ap-
parent expression of hepatocyte growth factor mRNAin any of
the seven cell lines (unpublished data).

bFGF-induced tube formation in BAE cells. The four hu-
man glioma cell lines were found to show high levels of bFGF
mRNA,while TGF-a gene was actively expressed only in one
cell line, U25 1. Our previous study has demonstrated that tube
formation of human microvascular endothelial cells is effi-
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Figure 2. Comparison of cellular levels of bFGF, TGF-a, and TGF-0
mRNAin seven glioma cell lines. Total RNAswere extracted from
seven cell lines and hybridized with bFGF, TGF-a, and TGF-3
cDNA. Autoradiography was carried out with Kodak XARfilm after
3-d exposure. Each filter was loaded with 20 ,g RNAs. Ribosomal
RNAloaded on the gels are shown after staining with ethidium bro-
mide.

ciently observed in the presence of EGFor TGF-a (8, 11, 12).
By contrast, BAEcells are highly responsive to angiogenic stim-
uli by bFGF(21, 34). Wetherefore investigated whether bFGF
or cocultured glioma cells could induce formation of tube-like
structures in BAEcells. BAEcells were cultured on a three-di-
mensional type I collagen gel system and tube formation in
these cells was examined when bFGFwas present and absent.
BAEcells were cultured on the surface of the collagen gel, and
after reaching confluence, they had a cobblestone-like appear-
ance in the absence of any exogenous factor (data not shown).
In contrast, when the BAE cells were cultured with 10 ng/ml
bFGF, branching vessel-like structures appeared inside the gel
matrix after 3 d (data not shown). To quantitate the effects of
the growth factor on tube formation, the total length of the
tube-like structures was determined by image-computer analy-
sis (11, 12). In the absence of any growth factor, tube-like
structures were rarely observed in type I collagen gels when
BAE cells were assayed (Fig. 3). BAE cells formed numerous
tube-like structures in the gels after 3-d incubation with 1 or 10
ng/ml bFGF; these structures were also produced with 100
ng/ml TGF-a at a level comparable with 1 ng/ml bFGF.
These findings suggest that tube formation by BAE cells in
collagen gel is dependent on bFGFrather than TGF-a. TGF-f
has been reported to inhibit cell migration, an angiogenetic
activity, in BAEcells (35). Here we examined the effects of this
factor on tube formation in BAE cells (Fig. 3). Wefound that

Table I. Tubulogenesis in BAE Cells, Capillary Network
Development in Mice, and Cellular Levels of bFGF
and TGF-f3 mRNAin Glioma Cell Lines

Cellular mRNA
levelsi

Tubulogenesis Angiogenesis Doubling
Cell line in BAE* in micet bFGF TGF-f3 timell

h

NHG1 1.2 1.4 + + 34
NHG2 1.0 1.0 + + 30
IN157 1.0 1.3 _ + 44
IN301 3.4 2.7 ++ +++ 27
IN500 3.5 2.9 +++ ++ 28
U251 3.1 3.2 ++ ++ 14
U343 2.7 3.5 ++ + 47

* Tubulogenesis in BAE cells was determined in a coculture system.
Relative tubulogenetic activity is shown, i.e., tubulogenesis normal-
ized with respect to the total length of tube-like structures developed
with NHG2cells, as shown in Fig. 4. t Angiogenesis was determined
when capillary networks in the air fascia of mice were developed by
tumor cells in a chamber (Millipore Corp.). Each tumor cell line was
assayed in four to five mice, as shown in Fig. 6. Relative activity is
shown, i.e., the activity when normalized with respect to the networks
developed with NHG2. § Cellular levels of bFGFand TGF-f3 mRNA
were determined and were normalized with respect to those appearing
in NHG2cells (Fig. 1). Densitometric analysis was done on Northern
blot analysis of three independent experiments. 11 Cellular doubling
times were determined after following growth curves of tumor cell
lines in the presence of 10% serum at 37°C.

tube formation by these cells in the presence of bFGF was
inhibited by TGF-f of 0. 1 and I ng/ ml. This result agrees well
with the results of a previous study by Sato and Rifkin (35).

Figure 3. Quantitative
analysis of the forma-

4 - tion of tube-like struc-
tures by BAE cells with
bFGF,TGF-,B, and
TGF-a. When BAE

E cells plated onto the
3 _ collagen gel reached

near confluence, the
medium was replaced

x X with medium contain-

ing 1%serum and the
2 ... indicated doses (ng/ ml)

of bFGF, TGF-,B, and
* 2 TGF-a. After 3 d of in-

cubation, phase contrast
microscopic pictures

1 _.. were recorded with a

..... .... still video camera re-
corder, and the total

....... length of the tube-like
.... .... structures was deter-

0FGF 1 10 10 10... 0 mined with an image
TGF- 0 O 0 0.1 1 0 analyzer. Eight randomfields per dish were
TGF-d 0 0 0 0 L0 100 measured and the total

length per field was cal-
culated. Column, means of three dishes; bars, SD; significantly differ-
ent from the values for control in the absence of any growth factor, *P
<0.01.
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Model system for angiogenesis of endothelial cells cocul-
tured with tumor cells; effects of specific anti-bFGF antibody.
Weestablished a model system for tumor angiogenesis in endo-
thelial cells cocultured with tumor cells, and examined the tu-
mor cell lines to determine which was angiogenic ( 11). In this
assay system, human esophageal cancer cells which produced
high level of TGF-a were found to induce tube formation of
human microvascular endothelial in type I collagen gel ( 11).
By using this coculture assay system, we determined tube for-
mation by BAE cells when they were cocultured with tumor
cells. In this assay system, it was expected that tubulogenesis
would be induced in vascular endothelial cell on the surface of
the collagen gel in the inner chamber when human tumor cells
cultured in the outer chamber secreted any potent angiogenic
factor. Of the seven human glioma cell lines, we first character-
ized three glioma cell lines, NHG2, U25 1, and IN500.

Fig. 4 shows tubular formation by endothelial cells cocul-
tured with two glioma cell lines, U25 1 and IN500. BAE cells
showed branching vessel-like structures inside the gel after 3 d
coculture with U25 1 or IN500 cells. Cross-sections of the gel
demonstrated formation of tube-like structures with lumen in-
side and junction-like structures with individual cells (Fig. 4, C
and D). Quantitative analysis was done by image computer
analysis (Fig. 5). Of the three cocultured cell lines, NHG2
showed no significant tubulogenesis activity with BAE cells,
while U25 1 and IN500 highly induced tubular morphogenesis

,A l I . Ap,,

*
,;. ......... ,: . .., .

4:

A. ,$;t , ..... l

of BAE cells. About threefold more tube formation was ob-
served with U25 1 or IN500 than with NHG2(Fig. 5).

To examine which tumor cell growth factor was responsible
for tube formation in the endothelial cells, we tested whether
specific anti-bFGF or -TGF-a antibodies inhibited tube forma-
tion by BAE cells in the coculture system. Anti-bFGF anti-
body, but not anti-TGF-a antibody, was found to inhibit tube
formation by BAE cells cultured with U25 1 and IN500 cells
(Fig. 4). By contrast, anti-bFGF antibody only slightly inhib-
ited tube formation of BAE cells cocultured with NHG2cells,
while anti-TGF-a antibody did not inhibit this tube formation
(Fig. 4). NHG2-induced tube formation in BAEcells appeared
to be mediated, in part, by bFGF. Although TGF-a gene was
actively expressed in U25 1 cells (see Fig. 2), anti-TGF-a anti-
body did not inhibit tubulogenesis in BAEcells, suggesting that
TGF-a was not involved in U25 1-induced formation of tube-
like structures in BAE cells. These findings suggested that the
U25 1- and IN500-induced tube formation in BAE cells was
mediated by bFGF, possibly through paracrine pathway.

Another model system: angiogenesis of endothelial cells in
mice. Weused another model of tumor angiogenesis to further
examine whether tumor cells were angiogenic. This was an in
vivo model in which a ring cavity containing tumor cells was
transplanted into a mouse dorsal air sac. Fig. 6 shows photo-
graphs of air sac fascia in contact with a chamber containing
BSAor tumor cells on day 5 after tumor cell implantation into

Figure 4. Development of tube-like structures in BAE cells in type I collagen gel, when they were cocultured with glioma cell lines. Development
of tube-like structures by BAE cells was examined when BAE cells were cocultured with glioma cells. In this system, each well is composed of
two chambers: outer chamber and inner chamber. Humanglioma cells were cultured on the outer chamber in 2 ml of medium containing 10%
serum. Separately, BAEcells were seeded on the type I collagen gel in 2 ml of medium containing 10% serum in the inner chamber with a 0.4-Am
filter (Millipore Corp.) on the bottom. At confluence, the concentration of serum was decreased to 1% and the inner chamber was transferred
into the outer chamber. After 3-d incubation in the coculture, the presence or absence of tubular formation of BAE cells in collagen gels was
determined. U25 1 and IN500 cells were cultured in the outer chamber, and BAE cells were plated on type I collagen gel in the inner chamber.
On the third day of coculture, microscopic observations were made when BAE cells were cocultured with U25 1 (A) and IN500 (B) cells. Nu-
merous tube-like structures were observed. In (C) and (D), cross-sectional analysis of BAEcells in collagen gel in the coculture with U25 1 cells
showed formation of a lumen (*) inside the tube-like structures. Magnification, 100 (A and B), and 400 (C and D).
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Figure 5. Quantitative analysis of tube formation by BAE cells cocul-
tured with NHG2, U25 1, and IN500 cells in the absence and pres-
ence of anti-bFGF or -TGF-a antibodies. Tublogenesis in BAE cells
cocultured with NHG2, U25 1, and IN50 cells (A) as shown in Fig.
3, was examined. In (B) and (C), anti-bFGF and -TGF-a antibodies,
respectively, were present. On the third day of the coculture, quanti-
tative analysis was performed with a still video camera recorder and
image analysis as described in the legends to Figs. 3 and 4. Column,
means of three dishes; bars, SD; significantly different from the values
for cocultured NHG2cell, *P < 0.01.

mice. Of the three tumor cell lines tested, U251 and IN500
were found to induce the development of capillary networks at
much greater levels than NHG2. Histological analysis demon-
strated new development of capillary networks in the dorsal
skin in contact with a implanted chamber containing U25 1
cells, but not with control chamber containing BSA (Fig. 7).
Image-computer analysis of areas of capillary developed in the
ring also showed much higher levels of angiogenesis induced by
U25 1 and IN500 cells than by NHG2cells (Fig. 8). U25 1 and
IN500 were thus found to effectively induce tube formation of
BAE cells in the coculture assay and also to effectively induce
angiogenesis in mice in vivo.

Tubulogenesis in BAEcells and angiogenesis in mice pro-
duced with other glioma cell lines. Of the three glioma cell lines
(NHG2, IN500, and U25 1) used initially, U25 1 and IN500,
which had high levels of bFGFproduction, induced tubulogen-
esis in BAE cells in coculture and angiogenesis in mice. We
further examined four other glioma cell lines, NHG1, IN1 57,
IN30 1, and U343. These four cell lines were examined for their
ability to induce tubulogenesis in BAEcells in type I collagen
gel and for their ability to stimulate development of capillary
networks in dorsal air sac fascia in mice. Both of these biologi-
cal activities of NHG1, IN 157, IN30 1, IN500, U25 1, and U343
cell lines are listed in Table I when normalized with respect to
NHG2 cell activity. Cellular levels of TGF-f3 and bFGF
mRNA,determined by Northern blot analysis (see also Fig. 2)
and cell proliferation doubling times are also presented in Ta-
ble I. TGF-,3 mRNAswere expressed at various levels in all
seven cell lines. The four cell lines (IN301, IN500, U25 1, and
U341), which expressed higher levels of bFGF mRNA, in-
duced higher levels of tubulogenesis in BAEcells in the cocul-

* !. 1M;': " <.. '.BSA 1 1 N5HG-,- 2-

IN500 U251
Figure 6. Development of capillary networks in a mouse transplanted
with three human glioma cell lines, NHG2, IN500, and U25 1.
Glioma cells at 1 X 107, or bovine serum albumin (BSA; 2 mg) were
injected into a chamber (Millipore Corp.) with 0.22-Mm filters, and
the chamber was implanted into a dorsal air sac produced in a mouse
by injecting 10-15 ml of air. Mice were killed and carefully skinned
on day 5. After the implanted chamber was removed from the sub-
cutaneous air fascia, a ring without filters was placed on the same
site and photographed. The size of the chamber ring is 10 mmin di-
ameter.

ture system and higher levels of neovasculization in mice,
though U343 showed relatively lower tubulogenic activity of
BAE cells than the other three cell lines (Table I). NHG1,
NHG2, and IN157, which did express only a low levels of
bFGF, did not show high vasculization activity in either angio-
genesis model system.

Discussion

In this study, we developed two models of tumor angiogenesis.
In one, we determined tube formation in endothelial cells co-
cultured with tumor cells in type I collagen gel and in the other,
we determined angiogenesis in mice when tumor cells were
transplanted into the dorsal air sac. In the former system, we
have recently reported that a human esophageal cancer cell line
producing TGF-a induces tubulogenesis of endothelial cells
derived from human omentum microvessels ( 1). In this
study, we used endothelial cells derived from bovine aortic en-
dothelium and tumor cell lines derived from human glioma.
Sato and Rifkin (21 ) have previously reported that bFGFacti-
vates cell migration and PA production in BAE cells. In con-
trast, our previous studies have demonstrated that EGF or
TGF-a, in comparison with other growth factors, most effi-
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ciently enhanced cell migration, chemotaxis, PA production,
and tube formation in type I collagen gel in human microvascu-
lar endothelial cell derived from omental tissues (8, 9, 33). Of
the seven glioma cell lines, one cell line, U25 1, showed much
higher levels of TGF-a mRNA(Fig. 1). Humanomental mi-
crovascular endothel (HOME) cells could induce tube-like
structures in collagen gel when they were cocultured with U25 1
cells (unpublished data). In our present study, we found that
bFGF induced formation of tube-like structures in BAEcells in
type I collagen gel, but that TGF-a showed only weak tubulo-
genic activity in BAE cells. These findings suggest that tube
formation in BAE cells depends rather more closely on bFGF
than on TGF-a or EGF. The TGF-f family inhibits the growth
of a variety of normal cells, especially these of epithelial origin,
in vitro (36, 37). The effects of TGF-fl in bovine capillary
endothelial cells are the opposite of those of bFGF, i.e., TGF-fl,
unlike bFGF, does not enhance PA activation and cell migra-

Figure 7. Histological analysis of dorsal
skin of mice implanted with glioma cells.
Cross-section of the part of the dorsal skin
in contact with the implanted chamber
containing either BSA (control) (A) or

U251 cells (B). Newly capillary networks
are developed as indicated by arrows head
in (B), but not in (A). Magnification, 100.

tion in these cells (22, 35). Consistent with these findings,
TGF-f in this study inhibited tube formation in BAEcells in
the presence of bFGF (Fig. 3). All seven human glioma cell
lines tested expressed various levels of TGF-f mRNA(Table
I). TGF-f produced from glioma cells might be secreted as

inactive forms (35) and the inactive TGF-fls could not affect
neovasculization activity in the two angiogenesis model sys-

tems in this study.
One could argue why there is such a difference between

bovine endothelial cells and human microvascular endothelial
cells in terms of ability to form tubes in vitro in response to
growth factors. HOMEcells produce specifically tissue-type
PA (t-PA) rather than urokinase-type PA (u-PA) in response
to EGFor TGF-a (9, 10), and tubular morphogenesis ( 13) of
HOMEcells by EGFor TGF-a. Tubulogenesis of HOMEcells
in type I collagen gel by EGFor TGF-a is almost completely
blocked by anti-t-PA antibody ( 13 ) while the tubulogenesis of
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Figure 8. Quantitative
analysis of capillary net-
works developed in
mice after transplanta-
tion of three glioma cell
lines. The area of dense
capillary networks was
quantitated with an
image processor
through photographs as
shown in Fig. 5. The
results are presented as
the mean area (mm2)
of the capillary net-
works inside the ring of
the air fascia; each value
represents the results
obtained with four to
five mice. Column,
mean; bars, SD; signifi-
cantly different from
the value for NHG2
cells, *P < 0.01.

HOMEcells is not induced by exogenous addition of bFGF
(1 1, 12). Onthe other hand, IGF- 1 or hepatocyte growth factor
alone has no inducible effect on tube formation, but co-admin-
istration with t-PA can induce tubulogenesis of HOMEcells
(ref. 13 and unpublished data). IGF- 1 or hepatocyte growth
factor cannot induce expression of t-PA in HOMEcells ( 13,
33). In cbntrast, in bovine endothelial cells, cell migration, PA
synthesis and tube formation are enhanced in response to
bFGF ( 16-21 ), but not EGFor TGF-a (unpublished data).
These results suggest an indispensable role of PAs (t-PA and
u-PA) in growth factor-dependent tube formation by HOME
or BAEOells. However, BAEcells may specifically induce u-PA
in response to bFGF through their bFGF receptor whereas
HOMEcells may induce t-PA in response to TGF-a or EGF
through their EGFreceptor. The differential receptor signaling
to induce PAs by growth factors might be likely involved in a
difference in the ability to induce tubular structures as well as
cell migration between bovine endothelial cells and human vas-
cular endothelial cells. Further study is required to understand
such specific signaling to induce tubulaer morphogenesis of
endothelial cells at molecular levels.

Tubulogenesis appeared to be enhanced in BAEcells cocul-
tured in collagen gel with IN30 1, IN500, U25 1, and U343 cells,
but not when these cells were cocultured with NHG1, NHG2,
and IN1 57 cells. The four cell lines including U25 1 and IN500
expressed much higher levels of bFGF mRNAthan NHG1,
NHG2, and IN1 57. Coadministration of anti-bFGF antibody
blocked U25 1- and IN500-induced tubular network formation
in the coculture system, while the same antibody had negligible
inhibitory effect on NHG2-induced tubulogenesis. The cellular
action of bFGF is mediated through interaction with specific
cell surface receptors, and bFGF receptors have recently been

identified in many cell types (38). FGF, which is produced in
many cell types, including endothelial cells, are localized in
both the cytoplasm and the nucleus ( 19, 39, 40), but they lack
conventional signal sequence in the genes. Basic FGFs are re-
leased into culture medium from both mechanically wounded
and intact bovine endothelial cells (41). Wehave recently ob-
served that bFGF is released into culture medium from human
microvascular endothelial cells, and also that TNF-a enhances
the secretion of these factors (25). TNFinhibits cell migration
and tubulogenesis of human microvascular endothelial cells
(8, 9). These findings suggest that TNF-induced bFGF is not
involved in angiogenesis of human microvascular endothelial
cells. In contrast, Sato and Rifkin (21) have previously re-
ported that neutralizing antibodies against bFGFcan block the
migration of mouse cells and BAE cells, suggesting an auto-
crine bFGF loop in these cells. Human glioma/astrocytoma
cell lines often produce high levels ofbFGF (42-45). Neutraliz-
ing antibody against bFGF inhibits the growth of human
glioma cell lines in vitro as well as in vivo (46), suggesting
autocrine growth control of glioma cell lines by secretory
bFGF. However, the mechanism underlying angiogenesis in
human brain tumors is not understood. In our present study,
we found that anti-bFGF antibody inhibited tube formation in
BAEcells cocultured with U25 1 or IN500 cells (Fig. 5). These
glioma cell lines, U25 1 and IN500, may release bFGF, which
induces tube formation in BAE cells, possibly through para-
crine control.

Tumor angiogenesis assays with seven glioma cell lines dem-
onstrated a commonfactor involved in both in vivo angiogene-
sis in mice and tube formation by BAEcells in vitro (Table I).
NHG1, NHG2, and IN1 57 cells did not induce angiogenesis in
mice or tube formation by BAE cell, whereas IN157, IN301,
IN500, U25 1, and U343 cells can induce angiogenesis in both
systems (Table I). Experiments with these seven human
glioma cell lines demonstrated that cellular levels of bFGFap-
peared to be closely related both to the formation of capillary
networks in mice and to tubulogenesis in the coculture system
(Table I). These findings suggest that bFGF is positively in-
volved in both in vivo angiogenesis in mice and in tube forma-
tion in BAEcells cocultured with human glioma cell lines.

During the development of dermal fibrosarcoma in trans-
genic mice, fibrosarcoma acquires an angiogenic phenotype at
a late stage, due to the extracellular release of bFGF(24), sug-
gesting the involvement of bFGF in neovasculization in mice.
Tumor growth is dependent on angiogenesis, but this depen-
dence varies among tumor cell lines. The onset of angiogenesis
in tumor cells appearing at very different times during tumor
development in different tumor cell lines (47). Angiogenesis
depends upon a balance of angiogenic factors and angiogenic
inhibitors ( 1, 48, 49). Our present study suggests that the inter-
action of bFGFreleased from the glioma cells with the vascular
endothelial cells is sufficient to induce angiogenesis. These two
models of tumor angiogenesis should be useful for further stud-
ies of the process of tumor angiogenesis.

Acknowledgments
Wethank A. Kiue, A. Morimoto, Y. Sato, and R. Hamanaka in our
laboratory for fruitful discussion, and also I. Takemitsu and T. Umeda
for editorial help.

References
1. Folkman, J., and M. Klagsburn. 1987. Angiogenic factors. Science (Wash.

DC). 235:442-447.

60 Abe, Okamura, Ono, Kohno, Mori, Hori, and Kuwano

I T

...



2. Polverini, P. J., and S. J. Leibovich. 1984. Induction of neovascularization
in vivo and endothelial proliferation in vitro by tumor-associated macrophages.
Lab. Invest. 51:635-642.

3. Folkman, J., K. Watson, D. Ingber, and D. Hanahan. 1989. Induction of
angiogenesis during the transition from hyperplasia to neoplasia. Nature (Lond.).
339:58-61.

4. DeLarco, J. E., and G. J. Todaro. 1978. Growth factors from murine sar-
coma virus-transformed cells. Proc. Natl. Acad. Sci. USA. 75:4001-4005.

5. Roberts, A. B., M. A. Anzano, L. M. Wakefield, N. S. Roche, D. F. Stem,
and M. B. Sporn. 1985. Type beta transforming growth factor: a bifunctional
regulator of cellular growth. Proc. Natl. Acad. Sci. USA. 82:119-123.

6. Gospodarowicz, D., H. Bialecki, and T. K. Thakral. 1979. The angiogenic
activity of the fibroblast and epidermal growth factor. Exp. EyeRes. 28:501-514.

7. Schreiber, A. B., M. E. Winkler, and R. Derynck. 1986. Transforming
growth factor-a: a more potent angiogenic mediator than epidermal growth fac-
tor. Science (Wash. DC). 232:1250-1253.

8. Mawatari, M., K. Kohno, H. Mizoguchi, T. Matsuda, K. Asoh, J. Van
Damme, H. G. Welgus, and M. Kuwano. 1989. Effects of tumor necrosis factor
and epidermal growth factor on cell morphology, cell surface receptors, and the
production of tissue inhibitor of metalloproteinases and IL-6 in human microvas-
cular endothelial cells. J. Immunol. 143:1619-1627.

9. Mawatari, M., K. Okamura, T. Matsuda, R. Hamanaka, H. Mizoguchi, K.
Higashio, K. Kohno, and M. Kuwano. 1991. Tumor necrosis factor and epider-
mal growth factor modulate migration of human microvascular endothelial cells
and production of tissue-type plasminogen activator and its inhibitor. Exp. Cell
Res. 192:574-580.

10. Matsuda, T., K. Okamura, Y. Sato, A. Morimoto, M. Ono, K. Kohno,
and M. Kuwano. 1992. Decreased response to epidermal growth factor during
cellular senescence in cultured human microvascular endotherial cells. J. Cell.
Physiol. 150:510-516.

11. Okamura, K., A. Morimoto, R. Hamanaka, M. Ono, K. Kohno, Y.
Uchida, and M. Kuwano. 1992. A model system for tumor angiogenesis: involve-
ment of transforming growth factor-a in tube formation of human microvascular
endothelial cells induced by esophegeal cancer cells. Biochem. Biophys. Res.
Commun. 186:1471-1479.

12. Ono, M., K. Okamura, Y. Nakayama, M. Tomita, Y. Sato, Y. Komatsu,
and M. Kuwano. 1992. Induction of human microvascular endothelial tubular
mophogenesis by human keratinocytes: involvement of transforming growth fac-
tor-a. Biochem. Biophys. Res. Commun. 189:601-609.

13. Sato, Y., K. Okamura, A. Morimoto, R. Hamanaka, K. Hamaguchi, T.
Shimada, M. Ono, K. Kohno, T. Sakata, and M. Kuwano. 1993. Indispensable
role of tissue-type plasminogen activator in growth factor-dependent tube forma-
tion of human microvascular endothelial cells in vitro. Exp. Cell Res. 204:
223-229.

14. Gospodarowicz, D., G. Neufeld, and L. Schweigerer. 1986. Molecular and
biological characterization of fibroblast growth factor, an angiogenic factor which
also controls the proliferation and differentiation of mesoderm and neuroecto-
derm derived cells. Cell Differ. 19:1-17.

15. Montesano, R., J. D. Vassalli, A. Baird, R. Guillemin, and L. Orci. 1986.
Basic fibroblast growth factor induces angiogenesis in vitro. Proc. NatI. Acad. Sci.
USA. 83:7297-7301.

16. Presta, M., D. Moscatelli, S. J. Joseph, and D. B. Rifkin. 1986. Purifica-
tion from a human hepatoma cell line of a basic fibroblast growth factor-like
molecule that stimulates capillary endothelial cell plasminogen activator produc-
tion, DNAsynthesis, and migration. Mol. Cell. Biol. 6:4060-4066.

17. Moscatelli, D. 1987. High and low affinity binding sites for basic fibroblast
growth factor on cultured cells: absence of a role for low affinity binding in the
stimulation of plasminogen activator production by bovine capillary endothelial
cells. J. Cell Physiol. 131:123-130.

18. Gospodarowicz, D., S. Massoglia, J. Cheng, G. M. Lui, and P. Bohlen.
1985. Isolation of pituitary fibroblast growth factor by fast protein liquid chroma-
tography (FPLC): partial chemical and biological characterization. J. Cell. Phys-
iol. 122:323-332.

19. Gospodarowicz, D., G. Neufeld, and L. Schweigerer. 1987. Fibroblast
growth factor: structural and biological properties. J. Cell. Physiol. (Suppl.)5: 15-
26.

20. Maciag, T., T. Mehlman, R. Friesel, and A. B. Schreiber. 1984. Heparin
binds endothelial cell growth factor, the principal endothelial cell mitogen in
bovine brain. Science (Wash. DC). 225:932-935.

21. Sato, Y., and D. B. Rifkin. 1988. Autocrine activities of basic fibroblast
growth factor: regulation of endothelial cell movement, plasminogen activator
synthesis, and DNAsynthesis. J. Cell Biol. 107:1199-1205.

22. Saksela, O., D. Moscatelli, and D. B. Rifkin. 1987. The opposing effects of
basic fibroblast growth factor and transforming growth factor beta on the regula-
tion of plasminogen activator activity in capillary endothelial cells. J. Cell Biol.
105:957-963.

23. Pepper, M. S., D. Belin, R. Montesano, L. Orci, and J. D. Vassalli. 1990.
Transforming growth factor-beta I modulates basic fibroblast growth factor-in-
duced proteolytic and angiogenic properties of endothelial cells in vitro. J. Cell
Biol. 11 1:743-755.

24. Kandel, J., W. E. Bossy, F. Radvanyi, M. Klagsbrun, J. Folkman, and D.

Hanahan. 1991. Neovascularization is associated with a switch to the export of
bFGF in the multistep development of fibrosarcoma. Cell. 66:1095-1104.

25. Okamura, K., Y. Sato, T. Matsuda, R. Hamanaka, M. Ono, K. Kohno,
and M. Kuwano. 1991. Endogenous basic fioroblast growth factor-dependent
induction of collagenase and interleukin-6 in tumor necrosis factor-treated hu-
man microvascular endothelial cells. J. Biol. Chem. 266:19162-19165.

26. Sommer, A., M. T. Brewer, R. C. Thompson, D. Moscatelli, M. Presta,
and D. B. Rifkin. 1987. A form of human basic fibroblast growth factor with an
extended amino terminus. Biochem. Biophys. Res. Commun. 144:543-550.

27. Derynck, R. 1988. Transforming growth factor a. Cell. 54:593-595.
28. Derynck, R., J. A. Jarrett, E. Y. Chen, D. H. Eaton, J. R. Bell, R. K.

Assoian, A. B. Roberts, M. B. Sporn, and D. V. Goeddel. 1985. Human trans-
forming growth factor-,8 complementary DNAsequence and expression in nor-
mal and transformed cells. Nature (Lond.). 316:701-705.

29. Hamanaka, R., K. Kohno, T. Seguchi, K. Okamura, A. Morimoto, M.
Ono, J. Ogata, and M. Kuwano. 1992. Induction of lowdensity lipoprotein recep-
tor and a transcription factor SP- 1 by tumor necrosis factor in human microvascu-
lar endotherial cells. J. Biol. Chem. 267:13160-13165.

30. Sakamoto, N., N. G. Tanaka, A. Tohgo, and H. Ogawa. 1986. Heparin
plus cortisone acetate inhibit tumor growth by blocking endothelial cell prolifera-
tion. Cancer J. 1:55-58.

31. Schweigerer, L., G. Neufeld, J. Friedman, J. A. Abraham, J. C. Fiddes, and
D. Gospodarowicz. 1987. Capillary endothelial cells express basic fibroblast
growth factor, a mitogen that promotes their own growth. Nature (Lond.).
325:257-9.

32. Kiue, A., T. Abe, A. Morimoto, K. Okamura, M. Ono, K. Kohno, T.
Oikawa, T. Iwaguchi, M. Ishizuka, T. Takeuchi, and M. Kuwano. 1992. Anti-an-
giogenic effect of 15-deoxyspergualin in angiogenesis model system involving
human microvascular endothelial cells. Cancer J. 5:267-27 1.

33. Morimoto, A., K. Okamura, R. Hamanaka, Y. Sato, N. Shima, K. Higa-
shio, and M. Kuwano. 1991. Hepatocyte growth factor modulates migration and
proliferation of human microvascular endothelial cells in culture. Biochem.
Biophys. Res. Commun. 179:1042-1049.

34. Rifkin, D. B., and D. Moscatelli. 1989. Recent developments in the cell
biology of basic fibroblast growth factor. J. Cell Bio. 109:1-6.

35. Sato, Y., and D. B. Rifkin. 1989. Inhibition of endothelial cell movement
by pericytes and smooth muscle cells: activation of a latent transforming growth
factor-beta 1-like molecule by plasmin during co-culture. J. Cell Biol. 109:309-
315.

36. Massague, J. 1990. The transforming growth factor-beta family. Annu.
Rev. Cell Biol. 6:597-641.

37. Moses, H. L., E. Y. Yang, and J. A. Pietenpol. 1990. TGF-, stimulation
and inhibition of cell proliferation: new mechanistic insights. Cell. 63:245-247.

38. Lee, P. L., D. E. Jhonson, L. S. Cousens, V. A. Fried, and L. T. Williams.
1989. Purification and complementary DNAcloning of a receptor for basic fibro-
blast growth factor. Science (Wash. DC). 245:57-60.

39. Schweigerer, L., G. Neufeld, J. Friedman, J. A. Abraham, J. C. Fiddes, and
D. Gospodarowicz. 1987. Capillary endothelial cells express basic fibroblast
growth factor, a mitogen that promotes their own growth. Nature (Lond.).
325:257-259.

40. Neufeld, G., and D. Gospodarowicz. 1987. Protamine sulfate inhibits
mitogenic activities of the extracellular matrix and fibroblast growth factor, but
potentiates that of epidermal growth factor. J. Cell. Physiol. 132:287-294.

41. D'Amore, P. A. 1990. Modes of FGFrelease in vivo and in vitro. Cancer
Metastasis Rev. 9:227-238.

42. Murphy, P. R., R. Sato, Y. Sato, and H. G. Friesen. 1988. Fibroblast
growth factor messenger ribonucleic acid expression in a human astrocytoma cell
line: regulation by serum and cell density. Mol. Endocrinol. 2:591-598.

43. Zagzag, D., D. C. Miller, Y. Sato, D. B. Rifkin, and D. E. Burstein. 1990.
Immunohistochemical localization of basic fibroblast growth factor in astrocyto-
mas. Cancer Res. 50:7393-7398.

44. Takahashi, J. A., H. Mori, M. Fukumoto, K. Igarashi, M. Jaye, Y. Oda, H.
Kikuchi, and M. Hatanaka. 1990. Gene expression of fibroblast growth factors in
human gliomas and meningiomas: demonstration ofcellular source of basic fibro-
blast growth factor mRNAand peptide in tumor tissues. Proc. NatL Acad. Sci.
USA. 87:5710-5714.

45. Stefanik, D. F., L. R. Rizkalla, A. Soi, S. A. Goldblatt, and W. M. Rizkalla.
1991. Acidic and basic fibroblast growth factors are present in glioblastoma mul-
tiforme. Cancer Res. 51:5760-5765.

46. Takahashi, J. A., M. Fukumoto, Y. Kozai, N. Ito, Y. Oda, H. Kikuchi,
and M. Hatanaka. 1991. Inhibition of cell growth and tumorigenesis of human
glioblastoma cells by a neutralizing antibody against human basic fibroblast
growth factor. FEBS(Fed. Eur. Biochem. Soc.) Lett. 288:65-71.

47. Folkman, J. 1990. What is the evidence that tumors are angiogenesis
dependent? J. Natl. Cancer Inst. 82:4-6.

48. Crum, R., S. Szabo, and J. Folkman. 1985. A new class of steroids inhibits
angiogenesis in the presence of heparin or a heparin fragment. Science (Wash.
DC). 230:1375-1378.

49. Rastinejad, F., P. J. Polverini, and N. P. Bouck. 1989. Regulation of the
activity of a new inhibitor of angiogenesis by a cancer suppressor gene. Cell.
56:345-355.

Glioma Angiogenesis Model 61


