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Abstract

Vascular endothelial growth factor (VEGF) is a secreted hepa-
rin-binding mitogen; its growth-promoting activity is limited to
vascular endothelial cells in vitro and VEGFalso stimulates
angiogenesis in vivo. To identify target cells for VEGFand
investigate the potential physiological role of this factor, iodin-
ated recombinant human VEGF('"I-rhVEGF) was used for in
vitro ligand autoradiography on tissue sections from adult rats.
"2'I-rhVEGF exhibited saturable, displaceable binding to a sin-
gle class of sites with high affinity and low capacity in all tis-
sues and organs examined. Colocalization of 25I-rhVEGF bind-
ing with Factor VIII-like immunoreactivity demonstrated bind-
ing sites associated with vascular endothelial cells of both
fenestrated and nonfenestrated microvessels and the endothe-
lium of large vessels, while no displaceable binding was evident
on nonendothelial cells. Specific binding was associated with
quiescent as well as proliferating vessels. These findings sup-
port the hypothesis that VEGFplays a specific role in both the
maintenance and in the induction of growth of vascular endothe-
lial cells. (J. Clin. Invest. 1992. 89:244-253.) Key words: an-
giogenesis * growth factors * vascular permeability factor * endo-
thelium * Factor VIII-like immunoreactivity

Introduction

Angiogenesis, the growth of new blood vessels, is required for
the normal development and differentiation of the vascular
tree as well as for organ repair after injury. However, if not
properly controlled, angiogenesis can also represent a signifi-
cant pathogenic component of tumor growth and metastasis,
rheumatoid arthritis, or retinopathies (1, 2). Several growth
factors, including epidermal growth factor (EGF),' transform-
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1. Abbreviations used in this paper: a and bFGF, acidic and basis fibro-
blast growth factor; EGF, epidermal growth factor; PD-ECGF, platelet-
derived-endothelial cell growth factor; PDGF, platelet-derived growth
factor; rhVEGF, recombinant human vascular endothelial growth fac-
tor; TGF, transforming growth factor, TNF, tumor necrosis factor;
VEGF, vascular endothelial growth factor.

ing growth factors (TGFs) a and (3, tumor necrosis factor a
(TNFa), and angiogenin, can stimulate angiogenesis in vivo.
Until recently, however, only the acidic and basic fibroblast
growth factors (aFGF and bFGF) and platelet-derived endothe-
lial cell growth factor (PD-ECGF) had been shown to act di-
rectly on endothelial cells to induce their proliferation (3-5).
Nevertheless, the role of these three factors in the maintenance
of the endothelium is not clear. The fibroblast growth factors
are widely distributed and potently stimulate the proliferation
of endothelial cells and other cell types. However, both FGFs
and PD-ECGFlack a signal sequence and may be available to
the endothelium only after trauma or cell death (6, 7).

Vascular endothelial growth factor (VEGF) is a dimeric
heparin-binding protein with a molecular weight of - 45,000
that was isolated and purified from media conditioned by bo-
vine pituitary folliculostellate cells (8). VEGF-like factors have
also been identified from media conditioned by various normal
and transformed cell types (i.e., 9-12). The amino acid se-
quence of VEGF is highly conserved across species and has
homology with the A and B chains of platelet-derived growth
factor (PDGF).

Several lines of evidence indicate that VEGFmight have a
specific role in the development and maintenance of blood
vessels. VEGFexerts a potent mitogenic effect on vascular en-
dothelial cells derived from both small and large vessels, while
no proliferative effects are seen on a variety of other cell types
in vitro (8). Also, VEGFcan be secreted by intact cells, because
its NH2terminus is preceded by a typical signal sequence ( 13).
Further evidence of a physiological role for VEGFhas been
suggested by in situ hybridization studies that have shown that
the VEGFmRNAis widely distributed in vascularized organs
and expressed at high levels in areas of active vascular prolifera-
tion. In the ovary, for example, a temporal relationship exists
between VEGFmRNAexpression and growth of capillary ves-
sels in the corpora lutea (14, 15).

Recent studies have shown that 125I-VEGF can bind rever-
sibly and with high affinity to sites on a variety of cultured
endothelial cells (16-18) and also to sites on several trans-
formed cell types that are not stimulated to proliferate by
VEGF(19). However, cells in culture may exhibit different
binding characteristics than in vivo, as many phenotypic and
functional characteristics can be modified by conditions within
the surrounding cellular environment (20). Therefore, to deter-
mine the distribution of cells that might respond to VEGF
within the context of intact tissues, binding to tissue sections
from adult rats was performed with biologically active, iodin-
ated recombinant human VEGF('25I-rhVEGF). Quantitative
autoradiography was used to examine the binding kinetics and
simultaneously localize binding sites at both macroscopic and
microscopic levels (21).
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Methods

Iodination of VEGF. Recombinant human VEGF (rhVEGF; 165
amino acid species) was purified (8) from media conditioned by trans-
fected Chinese hamster ovary cells (13) and radiodinated by an indirect
iodogen method (22). A volume of 20 M// 1.5 MK2HPO4was added to a

borosilicate tube coated with iodogen reagent (Pierce Chemical Co.,
Rockford, IL) and incubated with 1 mCi of 125I Na (DuPont Co., Wil-
mington, DE) for 10 min at 4VC. The mixture was transferred to a

silated tube containing 10 Mg rhVEGF for 10 min before the reaction
was quenched with 10 Al n-acetyl tyrosine (50 mMin PBS) and 10 M1 KI
(IM in dH2O) and diluted in 200 Al PBS. The labeled protein was

purified by reverse-phase HPLC (Syncropac model C4; SynChrom.
Inc., Lafayette, IN), and the concentration was approximated indepen-
dently of biological activity by TCAprecipitation. Nonprecipitable 125I
accounted for < 5% of the final preparation.

The radioligand was tested for its ability to promote growth of adre-
nal cortex capillary endothelial cells (23). Cells were plated at a density
of 600/well in microtiter plates in the presence of various concentra-
tions of rhVEGF or '251-rhVEGF. After 5 or 6 d cell densities were

determined by a colorimetric acid phosphatase reaction (24).
Binding studies. Individual tissues were obtained from 10 adult

male rats (Sprague-Dawley; 200-240 g; an additional 3 female rats
were used for descriptive analysis of binding in ovary). After the rats
were asphyxiated in C02, fresh tissues were frozen in isopentane at
-15°C and were stored for up to 2 moat -70°C. Frozen sections were

cut at 12 Am, thaw mounted onto gelatin-coated slides, and stored in
air-tight boxes at -70°C for no more than 4 mo. Fresh-frozen whole-
body sections were prepared from 3 additional male rats as previously
described (25). Sagittal sections of 25 Mm(LKB PMV2250 Cryomicro-
tome; LKB Instruments, Inc., Gaithersburg, MD) were collected from
6-10 levels, mounted onto precooled cellophane tape and stored in
airtight plastic bags at -70°C for up to 2 mo.

After thawing, whole-body or tissue sections were preincubated for
3 h in DMEsupplemented with 10% FCS (Gibco Laboratories, Grand
Island, NY), 25 mMHepes, 0.5 mMMgCl2, 4 Ag/ml leupeptin, and 5
nM PMSF(reagents from Sigma Chemical Co., St. Louis, MO; all
incubations were done at 22°C). The preincubation buffer was then
removed and the sections were covered by a droplet of the same buffer
containing 10-420 pM '251-rhVEGF. Adjacent sections were incubated
in the same concentration of 1251-rhVEGF with the addition of 2-2.5
nMrhVEGF to define nonspecific binding. Competition of binding in
the presence of 1 pM-500 nM rhVEGF, 20 pM-100 nMPDGF, EGF
or bFGF, or 100 pM-100 MMheparin was also examined (PDGF,

EGF, and bFGF from Amgen Biologicals, Thousand Oaks, CA; hepa-
rin sodium salt from Sigma: 180 USP/mg). After a 34-h incubation in
a humidified chamber, all slides and sections were rinsed for 2 s in PBS
containing 200 mMNaCl and 0.5 mMMgCI2, and then washed twice
in the same buffer (10 min each). Slide-mounted sections were fixed for
10 min in 2%paraformaldehyde and 2%glutaraldehyde in 0.1 Mphos-
phate buffer (pH 7.4), rinsed for 2-5 s in dH2O, and dried quickly with
a stream of room-temperature air.

Binding characteristics were evaluated by quantitative autoradiogra-
phy on kidney, brain, pancreas, or heart sections from 4-6 rats. Ki-
netics were determined using equilibrium saturation analysis (kidney
and brain), association and dissociation kinetics (kidney), and compe-
tition analysis (kidney and brain) (26). Specificity competition studies
were performed on sections from all four regions. For analysis, the
dried sections and 1251 standards (Amersham Corp., Arlington Heights,
IL) were apposed to x-ray film (3H-Hyperfilm; Amersham) at 220C for
3-12 d. The films were developed in Kodak D-19 (Eastman Kodak
Co., Rochester, NY) and then analyzed with an RAS 3000 system
(Amersham) by scaling measured optical density values to known stan-
dard activities using established methods (27, 28). Estimates of EC50
and ICm values for binding were determined by iterative nonlinear
regression analysis using a four-parameter fit (29). Scatchard analysis
was performed using a modification of the computerized analysis pro-
gram LIGAND (30).

Immunocytochemical staining and microscopy. After binding of
'251I-rhVEGF and fixation for 30 min in 4%paraformaldehyde, slide-
mounted sections not used in quantitative analysis were stained with a
polyclonal antiserum raised against human Factor VIII-related anti-
gen to identify vascular endothelial cells (31, 32). The sections were
washed for 10 min in PBScontaining 500 mMNaCl (high salt buffer)
and then for 30 min in 0.03% H202. After preincubation for 1 h in 3%
normal goat serum (Vector Laboratories, Inc., Burlingame, CA) sec-
tions were incubated in rabbit anti-human Factor VIII-related antigen
(BioGenex Laboratories, San Ramon, CA; 1:50) for 15 h at 40C. The
primary antibody was detected using the avidin-biotin peroxidase sys-
tem (ABC; Vector Labs) with diaminobenzidine as the chromogen
(33). The specificity of staining was confirmed by positive anatomical
localization and by the lack of staining when either the primary or
secondary antibodies were replaced by normal serum. After exposure
to films or immunocytochemical staining, the glass slides were dipped
for 3 s in Kodak NTB2 liquid emulsion (International Biotech, New
Haven, CT; 1:1 with dH2O). The slides were dried overnight and
stored, with desiccant, at 4VC for 2-5 wk. The slides were developed
with Kodak D-19 and counterstained with hematoxylin and eosin.
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Figure 1. Quantitative analysis of binding to tissue sections. (A) Satu-
ration binding curves of 125I-rhVEGF to the kidney cortex in a single
experiment (n = 6). To define total binding, tissue sections were in-
cubated for 3 h in binding buffer containing 10-420 pM '25I-rhVEGF.
Nonspecific binding was determined on adjacent sections incubated
in an identical concentration of '251I-rhVEGF with the addition of 2
nM rhVEGF. Values represent means±SEM. Similar curves were
obtained with other regions of kidney as well as brain and pancreas
sections. (B) Scatchard analysis of binding data for the cortex region
from a single kidney included in A. The binding data were fit by a
model for a single class of binding sites. Similar individual and aver-
age values for Kd and B.,. were observed in regions from kidney and
brain sections (Table I) and in repeat experiments on these two organs
using a different preparation of radioligand. Across all organs and
experiments, the individual error estimates for k,, (-slope = l/Kd)
and B.na ranged from 18-46% and 8-34%, respectively.

Vascular Endothelial Growth Factor Binding Sites 245



Results

Characteristics of binding. lodination of rhVEGF by the indi-
rect iodogen method resulted in a range of specific activity of
1250-1660 Ci/mmol and retention of 73±6% of the maximal
stimulation, or efficacy, of rhVEGF (mean±SEM for four inde-
pendent assays). The half maximal concentration (potency) re-
quired for endothelial cell growth did not differ between the
indirect iodogen prepared 1251-rhVEGF and rhVEGF (EC50
= 27±7 and 29±4 pM, respectively) indicating that the 1251-rh-
VEGFprepared by this method was biologically active.

Maximal binding of '25I-rhVEGF to tissue sections was es-
tablished after incubation for 3 h with 75-100 pM '25I-rh-
VEGF. This binding was effectively blocked by the addition of
2 nM rhVEGF to the incubation medium. The displaceable
binding was saturable and accounted for 75-95% of the total
binding over a range from 10-420 pM125I-rhVEGF (Fig. 1 A).
Scatchard analysis of saturation isotherms in several regions
from kidney and brain tissues revealed a single class of sites
with high affinity (Kd = 27-35 pM) and low capacity (2.1-7.2
fmol/mg protein) (Table I; Fig. 1 B). The Kd was also estimated
by kinetic analysis of association and dissociation rates in kid-
ney sections (kL,/k, = 1 1-21 pM; Fig. 2). Approximation of the
Kd was also confirmed by the displacement of 8 pM '251-rh-
VEGF(< Kd) in kidney and brain tissues with 1 pM to 2 nM
rhVEGF, revealing estimates of 14, 22, and 24 pM in kidney
cortex, papilla, and brain cortex, respectively.

Consistent with the biological activity of rhVEGF, no bind-
ing of '25I-rhVEGF was observed after pretreatment with 5 mM
dithiothreitol at 220C for 1 h or preincubation for 2 h with a
monoclonal antibody (34) that blocks the mitogenic activity of
rhVEGF. A control monoclonal antibody directed against an-
other recombinant human growth factor did not interfere with
the binding of 125I-rhVEGF.

Purified rhVEGF competed for binding with the radio-
ligand with equivalent potency (IC50 for 75 pM 1251-rhVEGF
= 58-70 pMrhVEGF in brain, kidney, and pancreas sections)

(Fig. 3 A). In contrast, the density of binding sites was not
affected by the addition of up to 100 nM of PDGF, EGF, or
bFGF. Likewise, no decrease in total or nonspecific binding
was observed in brain, pancreas, or heart sections when -100
pM-100 ,M heparin was added to the incubation medium
(Fig. 3 B).

Distribution of binding sites. Incubation of whole body sec-
tions in 70-80 pM '25I-rhVEGF revealed displaceable binding
in all organs, with the highest levels in brain and spinal cord,
adrenal cortex, glandular stomach, lung, spleen, and pancreas
(Fig. 4). In these organs, the binding was displaced by 70-90%
with the addition of 2.5 nM rhVEGF to the incubation me-
dium. Throughout the sections, specific binding was heteroge-
neously distributed in a manner consistent with the known
vascular pattern of most tissues (35, 36).

The distribution of 125I-rhVEGF binding sites was then ex-
amined with higher resolution by emulsion autoradiography of
slide-mounted sections. Binding and immunocytochemical
staining with antiserum to Factor VIII-related antigen were
performed on the same sections (Fig. 5-8).

In the central nervous system, 125I-rhVEGF binding sites
were associated with Factor VIII immunoreactivity in arteries,
veins, and microvessels (Fig. 5 A-D). The density of binding
was greatest in the gray matter of the brain and spinal cord (see
also Table I). In the cerebral cortex, the binding pattern fol-
lowed the distribution of penetrating vessels extending from
the outer meninges toward the deeper laminae. Displaceable
binding was also associated with the meninges and the large
vessels on the surface of the brain and spinal cord, and was seen
along vascular elements in the choroid plexus. No binding was
seen along the ependyma ofthe ventricles. Examination of pitu-
itary sections revealed binding in the pars distalis and pars ner-
vosa, while essentially no binding was seen in the poorly vascu-
larized pars intermedia.

Heart sections (Fig. 6) exhibited a diffuse pattern of displa-
ceable binding sites throughout the atrial and ventricular myo-
cardium. At higher magnification, this binding was colocalized

Table I. Affinity and Capacity of Binding of 25I-rh VEGFto Kidney Cortex, Outer Medulla, and Papilla (n = 6),
and Brain Cerebral Cortex and Corpus Callosum (n = 4)

Region Kd K,, S.E. B. S.E. k-, k, kL,/k, IC,0 Hil

pM XJO'0 finol/mg prot X1O-2 x1O-4 pM pM

Kidney
Cortex 29.4±4 3.7±0.5 1.2±0.3 5.7±2.5 1.0±0.2 1.3 2.7 21 14±1 0.73
Medulla 27.3±4 3.9±0.6 1.3±0.1 3.8±0.4 0.7±0.1 0.9 1.3 20
Papilla 29.4±4 3.6±0.4 1.3±0.1 7.2±0.3 1.4±0.3 1.4 1.6 1 1 22±2 0.71

Brain
Cortex 35.3±3 2.8±0.3 0.9±0.1 5.1±0.3 0.9±0.1 - 24±16 0.54
Corpus callosum 32.3±6 3.4±0.6 1.4±0.2 2.1±0.1 0.3±0.1

Saturation kinetics revealed a single class of binding sites in all tissues, with Kd values ranging from 27 to 36 pM, and B,, values ranging from 2.1
to 7.2 fmol/mg protein (ex. Fig. 1). K,1 = -slope from scatchard (l/Kd). S.E. represents the average and SEMof estimates of errors for
individual determinations in each region. Values represent mean±SEMfor sections from (n) animals in a single experiment. Although results
of a single experiment are shown for each tissue, all experiments were performed two times with different preparations of '231-rhVEGF, and
similar results were obtained. kL, (association constant) and k, (dissociation constant) were used in determination of Kd by kinetic constants in
kidney sections (n = 3). The association of displaceable binding of 100 pM '25I-rhVEGF to kidney cortex, medulla, and inner medulla increased
up to 3 h; no additional binding was seen at 6 h (Fig. 2). The dissociation of "2'I-rhVEGF from these regions was determined by washing
sections, after equilibrium had been reached, in a larger volume (4 slides/15 ml) of 2 nM rhVEGF for 0.1-38 hours. Kd estimated by IC"0 values
as determined in kidney cortex and brain cortex by the competition of 8 pM '25I-rhVEGF with 1 pM to 2 nM rhVEGF.
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with Factor VIII immunoreactive cells lining microvessels and
larger coronary vessels. The most striking region was the in-
tense binding distributed along the endothelial lining of the
heart valves and the aorta, and pulmonary artery and vein.
Binding was also associated with the vessels within the tunica
adventitia supplying the aortic wall (vasa vasorum). In con-
trast, displaceable binding to smooth muscle cells in the media
was not evident (Fig. 6, E and F).

Lung tissue sections (not shown) exhibited very high bind-
ing density and intense staining with Factor VIII antiserum.
Displaceable binding sites were found on the luminal surface of
large vessels and also in association with the distal bronchiole
tree and alveoli, where capillaries involved in gas exchanges are

Figure 2. Association (A) and dissoci-
ation (B) curves for binding of 100
pM 1251I-rhVEGF to cortex region of
sections from rat kidney. Values rep-
resent means±SEMfor binding to
three kidney sections in a single ex-
periment. K-1 and K, were deter-

4 0 mined by a linear fit using means at
each time point, and are reported for
three regions of kidney in Table I.

localized. In contrast, binding and Factor VIII-like staining
were both distinctly absent along the epithelial lining of the
bronchi.

In the liver and pancreas, binding and Factor VIII immuno-
reactivity were colocalized along the lining of larger vessels,
including the hepatic vein, hepatic artery, and portal branches
(Fig. 5, E and F), and the large arteries and veins in the pan-
creas. Intense binding was also evident throughout the small
vessels of both organs, although Factor VIII immunoreactivity
was very light in these smaller vessels.

In the kidney cortex, binding and Factor VIII-like immuno-
reactivity were most intense in the glomeruli, and the staining
pattern reflected the distribution of fenestrated capillaries
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within these structures (Fig. 7). Other binding in the cortex
exhibited a sinusoidal distribution that also corresponded with
Factor VIII immunoreactivity in the cortical labyrinth. In the
medulla, binding was concentrated within the vascular rays.
The most intense binding in the kidney was found within the
highly vascularized papilla. In the adrenal gland, high levels of
binding sites were evident in association with sinusoids in the
cortex. Binding within the medulla was associated with large
vessels and bundles that stained positively with the Factor VIII
antiserum. .n .nas)~~
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,'?:,

A_1W

In contrast with most organs and tissues in adult animals,
where the endothelium is quiescent, follicular development in
the ovary is accompanied by an active cycle of angiogenesis
during luteal development and vascular degeneration during
its regression (37). The binding patterns observed in ovary sec-

tions from normally cycling rats reflected this dynamic vascu-

lar environment (Fig. 8). In the central medulla region, displa-
ceable binding was found in association with numerous blood
vessels. In secondary and mature follicles, binding was absent
within the granulosa cell region. Binding was evident in the

Total

iv

b

Non specif ic

b

..s g> ....

Figure 4. '251-rhVEGF binding in whole body sections. Total binding (top) was determined after incubation in 88 pM '23I-rhVEGF. Nonspecific
binding (bottom) was defined in an adjacent section in the presence of 2.5 nM rhVEGF. b, Brain; sg, submaxillary gland; d, dorsal fat gland; t,

thymus; h, heart; lu, lung; Iv, liver;f fundus of stomach; s, spleen; a, adrenal gland; p, pancreas; g, glandular stomach; i, intestine; bi, bladder;

sv, seminal vesicle;fe, fecal remains.
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neys. Binding is high in the cortex (c), inner medulla (im) and papilla (p) (scale bar = 20 mm). (B) Factor-VIII immunostaining in cortex and
medulla shows intense immunoreactivity corresponding to the pattern of fenestrated endothelial cells of the glomeruli (arrowheads) and medul-
lary rays (double arrowheads). Likewise, binding exhibits a similar pattern in dark-field photomicrographs of the cortex (C) and medulla (D)
(scale bar in B-D = 400 Mm).

lining of vessels surrounding the theca and throughout the ma-
ture corpus luteum. Finally, in degenerating corpora lutea,
binding of '25I-rhVEGF was limited to the periphery and no
binding sites were found within the central region of lutein cell
degeneration.

Discussion

The identification of binding sites for growth factors is a crucial
step in understanding the biological response of cells and tis-
sues to these factors. These studies reveal both the kinetic char-
acteristics and distribution of binding sites, and also suggest a
physiological role for VEGF. '25I-rhVEGF binding sites are dis-
tributed throughout all the tissues of the adult rat in a pattern
that reflects the distinct vascularization of each organ. Quanti-
tative autoradiographic analysis demonstrates that 12511

rhVEGF binds to these mature tissues with an affinity in the
10-50-pM range, consistent with the specificity and potency of
VEGFboth in vivo and in vitro (8-13). This binding is revers-
ible and can be displaced by rhVEGF, but not by other growth
factors. Finally, treatments that interfere with biological activ-
ity also prevent 125I-rhVEGF binding completely. Together,
these characteristics indicate that the majority of the high affin-
ity binding sites in tissue sections represent biologically rele-
vant receptors for this growth factor.

Several well-characterized angiogenic growth factors such
as aFGF, bFGF, and TGFJ3 are pleotrophic in nature. These
factors have stimulatory or inhibitory effects on a variety of cell
types in vitro and probably contribute in many ways to the
complex interactions within tissues during development or
wound healing (1, 3, 4). In contrast, VEGFexhibits mitogenic
activity in vitro that is specific for vascular endothelial cells. In

hearts of three rats. (C) Bright-field photo of Factor VIII-like immunoreactivity in the microvessels of the myocardium. A few vessels are visible
in longitudinal (single arrowhead) or cross section (double arrowhead). (D) Dark-field photo of an adjacent section of the myocardium. (E)
Bright-field photo of a section through the pulmonary artery (pa) and aorta (ao) stained with hematoxylin and eosin. (F) Dense binding is asso-
ciated with the lining of both vessels (arrowheads) and with vasa vasorum (*). In contrast, few silver grains overlie the smooth muscle cells (sm)
in the media (scale bar for B-E = 200 Mm).
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Figure 8. Total binding of '"I-rhVEGF to the dynamic vasculature of the ovary. (A) Bright-field photo of hematoxylin-stained rat ovary section,
showing the developing follicles (foil) with granulosa cells (gc), and a mature corpus leuteum (ci). The heavily vascularized theca externa (th)
surrounds the developing follicles. (B) Dark-field photo of the same section shows intense binding in the capillaries of the corpus leuteum and
theca, and the absence of binding in the granulosa cells (scale bars = 200 Jtm).

the present study, the ubiquitous binding of '25I-rhVEGF to
both capillaries and larger vessels, but not to nonendothelial
cell types, provides the first evidence that this target-cell speci-
ficity can be extended to endothelial cells in tissues as well.
Although we cannot exclude the possibility that cell types that
were not in these sections, such as circulating blood cells, may
also bind to VEGFin vivo or that VEGFmay bind to nonen-
dothelial cells in nonphysiological conditions (38), the avail-
able evidence indicates that VEGFactivity and binding are
specific for endothelial cells.

Because VEGF165 is a heparin-binding protein, it was of
interest to determine if some of the binding observed in these
sections was to heparin proteoglycans or basement membranes
rather than to VEGFreceptors. In these conditions, excess hep-
arin did not reduce either the specific (rhVEGF-displaceable)
or nonspecific binding of the radioligand to sites in tissue sec-
tions from brain, pancreas, or heart. Furthermore, there was no
displacement by excess concentrations of bFGF or PDGF,
both of which bind to heparin. These data indicate that binding
to heparin sites is probably insignificant with very low concen-
trations (< 100 pM) of labeled ligand and long (> 20 min) post-
wash times. However, the contribution of VEGFbinding to
low affinity heparin sites in physiological conditions is un-
known.

Target-cell specificity is likely to be an important character-
istic of a factor that contributes to the maintenance ofthe endo-
thelium or blood vessel growth in normal conditions. Perhaps
not surprisingly, VEGFbinding sites are found on the growing
vessels within the ovary. However, VEGFbinding sites are also
tonically expressed in vessels that are not actively involved in
angiogenesis. The uniform presence of VEGFbinding sites also
parallels the continual expression of VEGFmRNAin most
adult tissues as detected by in situ hybridization studies. Pre-
vious studies have shown that the mature VEGFprotein can be
secreted and would thus be available to the surrounding endo-
thelial cells in physiological conditions. Therefore, in addition
to initiating new vessel growth, VEGFappears to be available
for maintaining the vascular endothelium.

An especially high density of binding sites is found in associ-
ation with the endothelial lining of the heart valves. These
highly dynamic structures are constantly subjected to the shear
forces of blood flow under high pressures. Furthermore, the
integrity of the endothelial lining is essential to prevent such
conditions as thrombosis or endocarditis (39, 40). The pres-
ence of high affinity binding sites in these regions emphasizes
that VEGFmay be important for continual repair and mainte-
nance in regions that are susceptible to endothelial erosion.

VEGFis now known to belong to a family of polypeptides
with different molecular and biological characteristics. By al-
ternative splicing of mRNA, human VEGFcan exist in four
molecular forms having 121, 165, 189, or 206 amino acids, of
which the 165 amino acid is the most abundant (13, 41). The
biological significance of these different forms is not yet under-
stood. The 165 and 121 amino acid species are both efficiently
secreted by cells, as assessed by immunoprecipitation studies
and bioactivity in the conditioned medium of transfected cells
(41). Therefore, these forms of VEGFare most likely to be
available in physiological conditions.

In contrast to VEGF121 and VEGF165, the two longer forms
of VEGFappear to be mostly cell associated, despite the pres-
ence of an identical signal sequence. The information required
to remain cell associated appears to be encoded within an inser-
tion of 24 amino acids. This region is highly enriched in basic
residues, and is homologous to exon 6 of PDGF-A (42). The
sequence of VEGF189 is the same as that reported for human
vascular permeability factor (VPF), a protein identified from
tumor cell lines on the basis of its ability to induce vascular
leakage and protein extravasation (43, 44). Those findings sug-
gested that the expression of VPFby tumors could be responsi-
ble for the abnormal permeability properties of tumor vessels
and the accumulation of ascites fluid. Recent observations indi-
cate that all four molecular species of VEGFcan promote dye
extravasation when applied in a guinea pig skin permeability
assay (41). However, the present findings show that in physio-
logical conditions, the more abundant form of VEGF
(VEGF165) is probably not responsible for regulating permeabil-
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ity and protein extravasation directly. '251-rhVEGF binding
sites are found in permeable capillaries (i.e., kidney glomeruli)
as well as in capillaries with tight junctions (i.e., brain). Like-
wise, VEGFmRNAis also consistently detected around both
types of microvessels. Future studies, comparing the binding
characteristics and the biological activities of these proteins
may help to determine if the four molecular species can act at
the same, or related, receptors in normal or transformed cells
and tissues.
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