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Thrombospondin exerts an antiangiogenic effect on cord formation
by endothelial cells in vitro

(extraceliular matrix/angiogenesis)

M. LuISA IRUELA-ARISPE*, PAUL BORNSTEINt, AND HELENE SAGE*t

Departments of *Biological Structure and tBiochemistry, University of Washington, Seattle, WA 98195

Communicated by Judah Folkman, March 13, 1991 (received for review September 28, 1990)

ABSTRACT The response of endothelial cells to angio-
genic stimuli has been shown to be influenced by the extracel-
lular microenvironment. We tested whether thrombospondin,
an extraceilular matrix protein, modulated the spontaneous
formation of cords by endothelial cells in vitro. Despite con-
tinued proliferation, a decrease in secreted thrombospondin
was detected in cord-containing, as compared with subconflu-
ent, cultures of both aortic and microvascular endothelial cells.
Consistent with this trend, mRNA levels of thrombospondin
decreased by factors of 16 in aortic and 60 in microvascular
cultures that contained endothelial cords. Since thrombospon-
din was immunolocalized to fibrillar arrays that appeared to be
associated with endothelial cords, we added anti-thrombospon-
din IgG to cord-forming cultures to limit the availability of the
protein during this process. In the presence of anti-
thrombospondin antibodies, there was a 33-50% increase in
cord formation. These results suggest that thrombospondin is
an inhibitor of angiogenesis in vitro and are consistent with its
proposed roles as a destabilizer of endothelial cell focal contacts
and as an inhibitor of endothelial cell proliferation.

Endothelial cells from both large vessels and capillaries
demonstrate a tendency to form branching tubular networks,
a process that has been termed "angiogenesis in vitro" (1).
The factors that influence tube formation by endothelial cells
in culture are complex and include the availability and
activity of mitogens such as basic fibroblast growth factor
and the synthesis and interaction of endothelial cells with
components of the extracellular matrix (ECM) (2, 3). Ingber
and Folkman (4, 5) have stressed the importance of an
appropriate degree of adhesion of endothelial cells to com-
ponents of the ECM in the formation of cords and tubes and
have related this adhesivity to the transduction ofmechanical
forces between cells and their extracellular environment. At
a molecular level, the interactions that are important in this
process include the recognition of ECM macromolecules by
integrins and other cell-surface receptors and the ability of
such complexes to affect cytoskeletal organization and to
generate intracellular chemical signals.
A conclusion that emerges from studies of angiogenesis in

vitro is that cells involved in the last stages of tube formation
are no longer actively proliferating (6-8). However, the
incorporation of an endothelial cell into a tubular structure
would appear to require the continued ability of the cell to
reduce the adhesive forces that tend to keep cells spread on
a substratum (5). Furthermore, the formation of capillary
structures involves only a fraction of the total cellular pop-
ulation both in vivo and in vitro. Thus, capillary formation is
likely to be a complex process resulting from an interplay of
both positively and negatively acting factors.

Although the antiangiogenic effects of angiostatic steroids,
heparin, and inhibitors of collagen synthesis have been
explored (9, 10), little is known of the physiological factors
that limit the incorporation of endothelial cells into tube-like
structures in vitro or that control neovascularization in vivo
(11). We have recently studied the synthesis ofECM proteins
by different subpopulations of cells in a system undergoing
angiogenesis in vitro (8). In this study it was noted that
synthesis of the protein thrombospondin (TSP) was particu-
larly high in cells adjacent to developing cords and tubes.
TSP, a modular glycoprotein present in a granules of plate-
lets, is synthesized by a variety ofcells (12-14). TSP has been
reported to support the attachment and spreading of a num-
ber of cells, including endothelial cells (15), but it has also
been shown to reduce focal adhesions in endothelial cells
(16). Although TSP supports the growth of smooth muscle
cells (17, 18), it inhibits the mitogenic response of capillary
endothelial cells to fetal calf serum (FCS) (15). In this paper
we provide evidence for the ability of TSP to act as an
inhibitor of angiogenesis in vitro. We suggest that, in the
vicinity of developing tube-like structures, proliferating en-
dothelial cells utilize TSP, perhaps in the process ofmigration
(15), but that at the site of a developing cord or tube, the
protein acts to limit the association of additional endothelial
cells and, possibly, their proliferation.

MATERIALS AND METHODS

Cell Culture. Bovine aortic and rat vascular resistance
endothelial cells (BAEC and RVEC, respectively; a gift from
C. Diglio, Wayne State University, Detroit) were isolated as
described (19, 20). We selected clones from BAEC express-
ing a sprouting phenotype (21) and RVEC clones that orga-
nized into endothelial cords (44). Both cell types were
cultured at 37°C in Dulbecco's modified Eagle's medium
(GIBCO) containing 10%o (vol/vol) heat-inactivated FCS
(Flow Laboratories). Cells were used between passages 5 and
10 for BAEC and between 25 and 30 for RVEC. Spontaneous
formation of endothelial cords occurred 10-15 days after
confluence.
Immunocytochemistry. BAEC on Labtek chamber slides

were fixed, rendered permeable by treatment with cold
acetone, and incubated with anti-TSP IgG (12.8 ,ug/ml) (22).
Cultures were then exposed sequentially to biotinylated goat
anti-rabbit IgG (Vector Laboratories), avidin-biotin-
peroxidase complex, and 3-3'-diaminobenzidine tetrahydro-
chloride (8). Control incubations were performed with nor-
mal rabbit IgG and with secondary antibody alone.
Experiments were performed with an IgG fraction isolated

as an ammonium sulfate precipitate of anti-TSP antiserum

Abbreviations: BAEC, bovine aortic endothelial cells; FCS, fetal calf
serum; PBS, phosphate-buffered saline; RVEC, rat vascular resis-
tance endothelial cells; TSP, thrombospondin; TGF-,3, transforming
growth factor 9; ECM, extracellular matrix.
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(12.8 jg/ml represented a dilution of 1:250 of the soluble
IgG), and with an affinity-purified reagent prepared by ad-
sorption of the anti-TSP IgG on a column of immobilized,
purified TSP (6.4 ikg/ml represents a 1:100 dilution of this
preparation). At these dilutions there was no crossreactivity
displayed by ELISA against serum proteins, including fibro-
nectin, albumin, and fibrinogen, or against transforming
growth factor p (TGF-f3). By immunoblotting, there was no
reactivity detected against 40 gg of FCS, even after lengthy
exposure to x-ray film. The antibody preparations reacted
principally with unreduced TSP and displayed only a low
level of recognition of TSP chains. Both bovine (22) and rat
(23) proteins were recognized by the anti-human TSP IgG.

Metabolic Labeling and Immunoblot (Western) Analysis.
Metabolic labeling studies were performed with [2,3,4,5-
3H]proline (100 Ci/mol, Amersham; 1 Ci = 37 GBq) on both
subconfluent and cord-containing cultures of BAEC and
RVEC as described (19). The medium was dialyzed against
0.1 M acetic acid and lyophilized. Cell numbers were deter-
mined by hemocytometer. Lyophilized proteins were recon-
stituted in SDS/PAGE sample buffer containing 0.5 M urea,
and volumes equivalent to 250,000 cells were resolved by
SDS/PAGE on duplicate discontinuous polyacrylamide slab
gels (4% stacking, 8% separating).

Proteins from the second of duplicate gels were electro-
phoretically transferred to nitrocellulose and initially stained
with a 1% solution of amido black in 10%6 acetic acid/20%
methanol. The nitrocellulose was blocked in MT buffer
[phosphate-buffered saline (PBS) (pH 7.8) containing 1%
nonfat dry milk, 0.05% Tween-20] for 16 hr at 40C. The blot
was then incubated in anti-TSP IgG (6.4 ,ug/ml) for 1 hr at
20TC, rinsed several times in MT buffer, incubated in MT
buffer containing S 1uCi of "25I-labeled protein A (NEN), and
rinsed again.

Isolation of RNA and RNA Blot-Hybridization (Northern)
Analysis. RNA was extracted from subconfluent and cord-
containing BAEC and RVEC cultures as described (24). Total
RNA (7 ,ug) was denatured and resolved on a denaturing
agarose gel. RNA was transferred to nitrocellulose under
vacuum for 2 hr and crosslinked to the filter by UV irradia-
tion. Northern blots were prehybridized at 42°C for 16 hr in
50% (vol/vol) deionized formamide/30% (vol/vol) 20x SSC
(1x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH 6.8)/50
mM sodium phosphate/4% 5Ox Denhardt's solution (1%
Ficoll/1% polyvinylpyrrolidone/1.1% bovine serum albu-
min)/10 ,g of yeast total RNA per ml. Hybridization was
carried out under the same conditions by adding 106 cpm of
heat-denatured [32P]cDNA probe per ml. The TSP probe,
derived from a 1.3-kilobase (kb) fragment of human cDNA
(25), was labeled with [32P]dCTP (10 mCi/ml) by nick trans-
lation and purified on a Sephacryl S-400 minicolumn
(Promega). Blots were sequentially washed to a final strin-
gency of 0.1x SSC and 0.1% SDS at 65°C. To verify the
quality of RNA and to normalize loadings, the blots were
probed with a bovine cDNA probe to 28S rRNA.

Slot blots were performed to verify the linearity of signals
on the autoradiograms. RNA samples were denatured as
described above and applied directly to nitrocellulose filters
in amounts of 0.5, 5, and 10 ,ug. Several exposures of the
autoradiograms from individual Northern and slot blot anal-
yses were scanned with a spectrophotometer.
Treatment of Cultures with Anti-TSP IgG. BAEC plated on

12-well Costar plates (Corning) formed cords within 2 weeks.
One cord was defined as the length between two intersecting
(vertex) points (see Fig. 1A). To determine the number of
tubes, 10 microscope fields (using a x 10 objective and x 1
ocular lenses) were examined in a premarked plate. For each
experiment, five replicate cultures were counted (day 0). The
cultures were then washed three times with serum-free
medium and were incubated with the following reagents: for

experiment 1, anti-TSP IgG at 1 pug/ml in medium containing
1% heat-inactivated FCS [Purified normal rabbit IgG (Sigma)
was added at 1 Ag/ml to control dishes.]; for experiment 2,
anti-TSP IgG at 1 pug/ml in serum-free medium (IgG derived
from an ammonium sulfate precipitate ofnormal rabbit serum
was added at 1 ,ug/ml to control dishes.); for experiment 3,
anti-TSP IgG at 1 ,ug/ml in medium containing 1% heat-
inactivated FCS. (IgG, derived from an ammonium sulfate
precipitate of normal rabbit serum, was added at 1 ;Lg/ml to
control dishes.) Medium containing antibodies was added at
time 0, and fresh medium containing a second aliquot of
antibodies replaced the original medium after 24 hr. After 48
hr, the same areas of each dish were recounted.

Statistical Analysis of the Data. From each set of experi-
ments, the mean number of cords ± SEM was calculated at
day 0 and day 2. Values were also expressed as percentages
(± SEM), with the number of cords at day 0 in each culture
taken as 100%. The data were analyzed by a paired-sample t
test, and the differences were considered significant when P
c 0.025 (26). All calculations were performed with a
STATVIEW computer program (Brain Power, Macintosh).

RESULTS

Certain strains of cloned BAEC exhibit a propensity for
sprouting (undergrowth of an otherwise contact-inhibited
monolayer by elongated cells) and subsequent organization
into endothelial cords and patent tubes (8, 21, 27). Examples
of these structures are shown in Fig. LA. Isolated tubes that
were disaggregated with trypsin and replated as single-cell
suspensions gave rise to confluent monolayers prior to ini-
tiation of sprouting (8). This experiment, as well as the
expression of the endothelial protein von Willebrand factor
and endocytosis ofacetylated low density lipoprotein, further
demonstrates the endothelial origin of the tube-forming cells.
In our experience, formation of endothelial cords precedes
that of endothelial tubes. Although we (8) and others (28)
have documented by photomicroscopy -that the tubes contain
lumina, in this study we have not made a distinction between
solid cords and patent tubes and therefore have referred to
the structures in Fig. lA as "endothelial cords."
As part ofa related study on the secretion ofECM proteins

by BAEC at different stages of cord and/or tube formation,
we noted a fibrillar staining pattern surrounding these struc-
tures after immunocytochemistry was performed with anti-
TSP IgG (8). From subsequent experiments we concluded
that TSP was associated preferentially with mature endothe-
lial cords and was predominantly extracellular (Fig. 1B).
Although these data indicated a potential role for TSP in the
process of angiogenesis in vitro, we were unable to distin-
guish among several possibilities ranging from (i) TSP is
secreted by endothelial cells that participate in cord forma-
tion and facilitates the organization and progression of an
extensive tubular network to (ii) TSP is synthesized by cells
that are not involved in the assembly of cords, and its
presence on mature cords serves to inhibit further cord
formation.
To study the synthesis of TSP by distinct populations of

cells, we measured the levels of TSP mRNA and protein in
cultures of BAEC and RVEC undergoing angiogenesis in
vitro. The biosynthetic profile reflects an induction of type I
procollagen in tube-forming cultures ofBAEC (Fig. 2, lane 1)
and microvascular endothelial cells (not shown). The iden-
tities of type III procollagen (a major biosynthetic product of
BAEC) and fibronectin were confirmed by Western blotting
(data not shown). On reduced SDS/polyacrylamide gels, TSP
appeared to diminish in tube-forming cultures; however,
quantitation of this apparent decrease was not possible
because the TSP monomer comigrated in this system with the
pcal collagen chain. Therefore, we performed SDS/PAGE in
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FIG. 1. Cu.ltures of endothelial cords contain TSP in fibrillar
arrays. BAEC were cultured on glass slides until endothelial cords
were formed. Cultures were fixed, and TSP was immunolocalized by
an avidin-biotin-peroxidase technique. (A) Phase-contrast micro-
graph ofa !3AEC culture in which spontaneous organization of cords
has occurred. Arrows demarcate one cord. (B) Distribution of TSP
in tube-containing cultures. A fibrillar pattern (arrow) is associated
with the cords. (Bar = 100 JAm.)

the absence of a reducing agent and confirmed the identity of
TSP on an equivalent Western blot (Fig. 2, lanes 2-5). TSP
was clearly diminished in tube-containing cultures of BAEC
(compare lanes 2 and 3 of Fig. 2) and RVEC (compare lanes
4 and 5 of Fig. 2). Values averaged from three independent
experiments showed a decrease in TSP protein by a factor of
7.7 in BAEC and 15.6 in RVEC, when equal numbers of cells
in subconfluent and tube-forming cultures were compared.
mRNA levels ofTSP were measured by blot hybridization

of total cellular RNA and scanning densitometry (Fig. 3).
Consistent with the decrease in TSP protein' observed in
cord-containing versus subconfluent cultures (Fig. 2), there
was substantial diminution of TSP mRNA associated with
cultures undergoing cord formation (Fig. 3A). This trend was
confirmed over a total of eight independent experiments in
BAEC and four independent experiments in RVEC. From
quantitative scanning densitometry (Fig. 3B), we calculated
a decrease in TSP mRNA by a factor of 16 in BAEC cultures
and 60 in RVEC cultures. Slot blots were also performed,
which confirmed the linearity of the hybridization signals and
the data obtained from the Northern blots (data not shown).
To determine whether TSP functioned in angiogenesis in

vitro, we added anti-TSP IgG to cord-containing cultures of
BAEC and. measured the change in the number of cords 2
days later. A total of five independent experiments was

performed over a period of 6 months with different cultures
of BAEC (representing two clonally derived strains) and

43

27
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FIG. 2. TSP levels in BAEC and RVEC before and after the
organization of endothelial cords. BAEC (lanes 1, 2, and 3) and
RVEC (lanes 4 and 5) were metabolically labeled with [3H]proline at
subconfluence (lanes 2 and 4) and after the formation of endothelial
cords (lanes 1, 3, and 5). Medium was dialyzed against 0.1 M acetic
acid and lyophilized. Radiolabeled proteins from 250,000 cells were
subjected to electrophoresis on a nonreducing SDS/polyacrylamide
gel and were visualized by autoradiography (lane 1). An identical gel
was transferred to nitrocellulose and incubated with anti-TSP IgG
followed by 125I-labeled protein A (lanes 2-5). Immunolocalized TSP
was identified by autoradiography. Globular protein standards are

shown on the right in kDa. Types I and III procollagen (PC), TSP
(TS), fibronectin (FN), and processed chains of type I procollagen
(pNal, al) have been identified. df, Dye front.

different preparations of antibody. A statistically significant
increase in the number of endothelial cords was seen when
cord-containing cultures of BAEC were incubated for 2 days
with 1-5 jug of anti-TSP IgG per ml (Fig. 4 and Table 1). This
effect was dose dependent; antibody at 76 ng/ml produced no
change and at 1-5 ,ug/ml provided a maximal response.

Qualitatively similar results were obtained with the affinity-
purified anti-TSP reagent. In no case was there a significant
change in the number of cords in the three different control
cultures. Nonimmune rabbit IgG or anti-TSP IgG produced
no overt deleterious effects on BAEC morphology or change
in adhesive properties after 1 or 2 days in culture (data not
shown).
We have shown data from three independent experiments

with three different reagents as controls (Table 1 and Fig. 4)
in which the increase in cord number varied from 33% to 50%6.
In a fourth experiment, there was a 52% decrease in the
number of cords in control cells that were cultured in purified
normal rabbit IgG in the absence of FCS. In this case, the
increase in cord number in the presence of anti-TSP IgG (and
no FCS) was 80%o.

DISCUSSION

The experiments reported in this study show that cultures of
subconfluent endothelial cells synthesize substantial
amounts of TSP and contain high levels ofTSP mRNA prior
to the 'formation of cords and tubes. On the other hand,
cultures that form'capillary-like structures contain substan-
tially reduced levels of TSP mRNA and also synthesize less

A4
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68

Proc. Natl. Acad Sci. USA 88 (1991)



Proc. Natl. Acad. Sci. USA 88 (1991) 5029

A

4.5 kb -*-

1 2 3 4

so TSP
CJ

I-

0

_,

0

,-

C "

- C..
,

QJ
red
._

2.0 kb -*. w E
_ 28 S

B 4.0

35.

3.0

b 2.02

. 1.5-

1.0

0.5

T

0.0 1wT
1 2 3 4

FIG. 3. Levels of TSP mRNA are modulated during the organi-
zation of endothelial cords in culture. (A) Northern blots of total
RNA. RNAs were subjected to electrophoresis under denaturing
conditions, transferred to nitrocellulose, and hybridized to a TSP
probe. Lanes: 1, subconfluent BAEC cultures; 2, cord-containing
BAEC cultures; 3, subconfluent RVEC cultures; 4, cord-containing
RVEC cultures. A 28S RNA probe was used to normalize for
loadings and transfer. (B) Histogram showing levels of TSP mRNA.
Values were determined by scanning autoradiograms of Northern
blots, and the numbers were normalized for loadings by using the
signal from 28S RNA. Each bar represents the mean + SEM ofthree
independent experiments. Numbers 1, 2, 3, and 4 correspond to
those in A.

of the protein. Since endothelial cells that are incorporated
into tubes tend to be less active mitotically than the popu-

lation from which they are derived (6-8), these findings are

consistent with earlier data indicating an inverse relationship
between the rate of growth and TSP production by endothe-
lial cells in culture (29). The findings are also consistent with
the more recent studies of Canfield et al. (30), who reported
that the level of TSP synthesis by BAEC correlated more

precisely with cell shape than with rate of growth. In partic-
ular, these workers showed that BAEC cultured within

+ 4. FCNS

FIG. 4. Treatment with anti-TSP antibodies results in an in-
creased number of endothelial cords. The numbers of cords present
in BAEC cultures were measured at day 0 and day 2 after the addition
of antibodies. Results are expressed as the percent increase in the
number of cords after 2 days compared with the number of cords at
day 0 in each culture (± SEM). The number of cords at day 0 was

arbitrarily set at 100%o. Numbers 1, 2, and 3 correspond to indepen-
dent experiments. Presence (+) or absence (-) of serum (FCS) is
indicated. Bars represent additions of control (black) and anti-TSP
(hatched) IgG and are the mean values SEM from five cultures. In
experiments 2 and 3, the controls were an ammonium sulfate
precipitate from normal rabbit serum.

collagen gels, a condition that promoted an elongated mor-

phology similar to that displayed by sprouts, produced low
levels of TSP mRNA and protein, regardless of the prolifer-
ative state of the cells.

It was difficult to judge, based on the distribution of the
protein in tube-forming endothelial cells, whetherTSP played
a positive or a negative role in cord formation or whether the
protein was indeed functional in this process. Thus, on the
one hand, TSP might be produced by endothelial cells
participating in cord formation and facilitate the progression
of a tubular network; alternatively, the presence of TSP on

morphologically distinct structures could serve to inhibit
further cord formation.
The available information on the role of TSP in cellular

processes that could be relevant to capillary formation in
vitro and in vivo is conflicting. TSP has been reported to
support the adhesion of both lung capillary and aortic endo-
thelial cells (15, 31) and to reduce the attachment of endo-
thelial cells to a glass surface (32). In favor ofan antiadhesive
component to its mode ofaction are studies showing that TSP
reduces focal adhesions in BAEC (16) and that human

Table 1. Effect of anti-TSP IgG on the number of endothelial cords in cultures of BAEC

Number of cords

Exp. Condition Day 0 Day 2 % increase Significance*

1 Anti-TSP/1% FCS 19 ± 1.1 25.2 ± 1.4 33 P s 0.0005
NR IgG/1% FCS 19 ± 1.3 19.8 ± 1.9 0.1 <P s 0.37

2 Anti-TSP 6.8 ± 0.51 9.2 ± 0.73 35 0.0005 <P s 0.005
NR serum 6.2 ± 0.58 6 ± 0.8 0.1 <P s 0.37

3 Anti-TSP/1% FCS 6.4 ± 0.6 9.6 ± 1.5 50 0.01 <P < 0.025
NR serum/1% FCS 4.4 ± 0.51 5.2 ± 0.73 0.025 <P < 0.05

BAEC cultures containing cords were measured (day 0) as described. Cultures were incubated with
anti-TSP IgG (1 ,ug/ml), normal rabbit (NR) IgG (1 ,ug/ml), or NR serum (1 ,ug/ml). Experiments were
performed with and without 1% FCS as indicated. After 24 hr, the medium was replaced by new medium
supplemented with the corresponding antibodies. After a total of 2 days, the cords were recounted.
Numbers represent the mean of five values ± SEM.
*Paired t test was performed to evaluate significance. The differences were considered significant when
P s 0.025.
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umbilical vein and arterial cells attach but do not spread on
a TSP-coated surface (33). TSP has also been reported to
stimulate chemotaxis by endothelial cells (15) but it is far
from obvious how this property relates to the propensity of
a subpopulation of cells in culture to alter their shape and
associate into structures that eventually acquire a lumen.
A recent clue to the role of TSP in angiogenesis has come

from the work of Bouck and coworkers (34, 35). These
investigators have identified a truncated form of TSP in the
conditioned medium of hamster cells and hamster-human
cell hybrids that suppresses neovascularization, induced by
basic fibroblast growth factor, in the rat cornea. This inhib-
itory activity correlated with the presence of a tumor sup-
pressor gene in transformants, revertants, and segregating
hybrids of these cells (34). Support for the role of TSP as an
inhibitor of angiogenesis is also provided by the recent
finding that TSP mRNA levels are very low in MCF7 human
breast cancer cells but significantly higher in a normal
immortalized human mammary epithelial cell line and in
somatic cell hybrids between this line and mammary tumor
cells (36). Therefore, it is possible that the ability of some
tumor cells to grow is due, at least in part, to their failure to
produce sufficient amounts of TSP, which would ordinarily
function to limit capillary ingrowth into the vicinity of a
growing tumor.

In an attempt to address a direct role for TSP in the
angiogenic process in vitro, we initially added human platelet
TSP, purified by molecular sieve and heparin-Sepharose
chromatography, to cord-forming cultures of BAEC. Al-
though we observed a substantial reduction in cord formation
(unpublished observations), the interpretation of the exper-
iments was complicated by the subsequent finding that prep-
arations of platelet TSP were contaminated by small, but
significant, quantities of both active and inactive TGF-P
(unpublished observations). Therefore, we used highly ac-
tive, monospecific, polyclonal antibodies to human platelet
TSP, which are known to cross-react with both rat (23) and
bovine TSP (22). As a further control, a series of experiments
was conducted, in which TGF-,3 was added to cord-
containing cultures of BAEC at concentrations of 0.05, 0.5,
and 5.0 ng/ml. We found that TGF-f3 decreased to a very
slight extent the number of cords after 2 days of treatment
(data not shown). The results of these experiments provide
strong evidence for the conclusion that TSP plays an antian-
giogenic role in cord formation in vitro and that TGF-,f does
not participate directly in this process.
TSP has been reported to facilitate the growth of smooth

muscle cells (17) and fibroblasts (37), and monoclonal anti-
bodies to TSP inhibit smooth muscle cell growth (18). On the
other hand, TSP has also been shown to inhibit the growth of
several types of endothelial cells (38) and to inhibit the
mitogenic effects of serum and basic fibroblast growth factor
on murine lung capillary endothelial cells (15). The ability of
TSP to function as an inhibitor of angiogenesis could provide
an explanation for the known activity of heparin in potenti-
ating the angiogenic response of limiting amounts of angio-
genic factors (39, 40). Although the effects of heparin on cells
are complex and varied, heparin is known to inhibit the
adhesion of CHO cells to TSP (41) and to reduce the
association of TSP with the surface of smooth muscle cells
(23) and porcine aortic endothelial cells (42). Furthermore, at
least one form of association of TSP with the cell surface is
through an interaction with cell surface-associated heparin
sulfate proteoglycans (43). The ability ofheparin to potentiate
angiogenic stimuli could therefore derive, in part, from its
ability to inhibit the binding of TSP to cells.

We thank L. Fouser, R. Vernon, and T. Lane for their interest and
suggestions during the course of these experiments and K. Doehring
and B. Wood for their assistance with the manuscript. This work was
supported by National Institutes of Health Grants HL 18645, GM
40711, and DE 02600.
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