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ABSTRACT

Vascular endothelial cells cultured in the presence of fibroblast growth factor
(FGF) adopt at confluence a morphological appearance similar to that of the
vascular endothelium in vivo. Similarly, their apical cell surface is, as in vivo,
nonthrombogenic. In contrast, when the cultures are maintained in the absence of
FGF, the cells undergo within two to three passages structural and functional
alterations that are incompatible with their in vivo morphological appearance and
physiological function. Cultures maintained in the absence of FGF no longer
adopt, upon reaching confluence, the configuration of a monolayer composed of
small, closely apposed and nonoverlapping, cuboidal cells. Instead, confluent
cultures deprived of FGF consist of large, overlapping cells which have lost the
polarity of cell surfaces characteristic of the vascular endothelium. The apical cell
surface becomes thrombogenic, as reflected by its ability to bind platelets, whereas
fibronectin, which at confluence is normally associated only with the basal cell
surface, can be found both on top of and underneath the cell layer. Among other
changes, both sparse and confluent cultures maintained in the absence of FGF
showed a greatly increased production of fibronectin. CSP-60, a cell surface
protein whose appearance is correlative with the adoption of a cell monolayer
configuration, can no longer be detected in cultures maintained in the absence of
FGF. Overlapping endothelial cells maintained in the absence of FGF can also
no longer function as a protective barrier against the uptake of ligands such as low
density lipoprotein. Exposure of the culture to FGF induces a restoration of the
normal endothelial characteristics concomitant with the adoption of a flattened
cell monolayer morphology. These results demonstrate that, in addition to being
a mitogen, FGF is involved in controlling the differentiation and phenotypic
expression of the vascular endothelium. This is reflected by its effect on the
morphological appearance, polarity of ceil surfaces, platelet binding capacity, and
barrier function of the vascular endothelium.
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The use of fibroblast growth factor (FGF) has
allowed the establishment of clonal endothelial
cell populations derived from vascular territories
as different in origin and age as the adult and fetal
aortic arches, the fetal heart, and the umbilical
vein (9, 14, 15). Low density cultures maintained
in the presence of FGF proliferate actively and
upon reaching confluence exhibit both the mor-
phology and function characteristic of the vascular
endothelium in vivo. These include: (a) formation
of a cell monolayer composed of highly flattened
and closely apposed cells which no longer prolif-
erate; (b) secretion of a fibrillar basement mem-
brane composed mostly of fibronectin, proteogly-
cans, and collagen type IV; (c) a nonthrombogenic
apical cell surface; (d) an active production of
prostacyclins (PGI.); and (e) formation of an effi-
cient barrier against a receptor-mediated uptake
of low density lipoprotein (LDL) (1, 6, 9, 14, 15,
27). In addition, it was observed that the formation
of a highly confluent cell monolayer is associated
with (a) an appearance on the cell surface of a
60K molecular weight component (CSP-60) not
present in actively growing cells or in a disorga-
nized cell monolayer (29); (b) a disappearance of
fibronectin from the apical cell surface and (1, 9,
14, 15); (c) a restriction of the lateral mobility of
various cell surface receptor sites (28). In the pres-
ent study, vascular endothelial cells were cultured
in the absence of FGF to study whether the adop-
tion of differentiated properties at confluence is
dependent upon the presence of FGF during the
phase of active cell growth. The results of these
experiments have demonstrated that FGF, in ad-
dition to its potent mitogenic effect on endothelial
cells, is involved in the adoption at confluence of
a cell surface polarity and differentiated properties
that are exhibited by the vascular endothelium in
vivo.

MATERIALS AND METHODS

Materials

FGF was purified, as previously described, from bo-
vine pituitary glands (7) and bovine brains (8). Both
pituitary and brain FGF yielded single bands on poly-
acrylamide disk gel electrophoresis at pH 4.5. No bands
were observed at pH 8.5. FGF was solubilized in medium
containing 0.5% crystalline bovine serum albumin
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(Schwarz/Mann Div., Becton, Dickinson & Co., Orange-
burg, N. Y.).

Dulbecco’s modified Eagle’s tissue culture medium
(DMEM, H-16) was obtained from Grand Island Bio-
logical Co., (GIBCO) Grand Island, N. Y., and calf
serum from Irvine Scientific. Tissue culture dishes were
obtained from Falcon Labware, Div. Becton, Dickinson
& Co., Oxnard, Calif. Fungizone and Glutamine from
GIBCO, and Gentamycin from Schering. **'Iodine (so-
dium salt), [**S]methionine, and ["*C]serotonin were ob-
tained from Amersham Corp., Arlington Heights, IlL.,
lactoperoxidase from Calbiochem-Behring Corp., Amer-
ican Hoechst Corp., San Diego, Calif,, and glucose oxi-
dase from Sigma Chemical Co., St. Louis, Mo.

Cell Culture

Clonal populations of bovine vascular endothelial
cells derived from the adult and fetal aortic arches and
from the fetal heart were obtained as previously de-
scribed (12, 13). Cells were routinely cultured in DMEM
(H-16) supplemented with 10% bovine calf serum and
maintained at 37°C in 10% CO,-humidified incubators.
A fibronectin-free serum, rather than regular calf serum,
was used in those experiments designed to detect the
fibronectin associated with the cell surface. For this
purpose, the fibronectin present in serum was first re-
moved by subjecting the serum to affinity chromatogra-
phy on a gelatin-Sepharose column as described (5). No
fibronectin was detected in this serum by immunodiffu-
sion in agarose against a specific rabbit anti-bovine
plasma fibronectin (11). Cell stocks were passaged
weekly at a split ratio of 1:64, and FGF (100 ng/ml) was
added every other day. Confluent cultures were kept
without a further addition of FGF. Similar results were
obtained with confluent cultures that were continuously
maintained with FGF (added every other day). The
presence of Factor VIII antigen and the formation at
confluence of a highly organized monolayer composed
of flattened and closely apposed cells have been constant
features of all subcultures of the vascular endothelial
cells. Endothelial cells that were maintained without
FGF were passaged every 7-10 d at a split ratio of 1:6 in
the absence of FGF and could not be passaged beyond
30 generations because of precocious senescence. These
cells lost, within two passages, their unique morpholog-
ical organization at confluence, became considerably
larger, and grew in a multiple layer. Cultures were used
when sparse, subconfluent, or 7-10 d after reaching
confluence. Cell density at confluence was I.1 X 10°
cells/35-mm dish (260 pg protein/10° cells) and 0.385 X
10° cells/35-mm dish (1,462 pg protein/10° cells) for
cultures maintained with or without FGF, respectively.
For growth-rate determinations, cells were seeded at an
initial density of 1 X 10* cells/35-mm dish in DMEM
(H-16) containing 10% calf serum. The cultures were
then maintained in the absence or presence of FGF (100
ng/ml, added every other day) and the medium was
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replaced every 4 d. Triplicate plates were trypsinized
every other day and the cell number was determined
with a Coulter counter.

Indirect Immunofluorescence Staining

Cells maintained with or without FGF were grown on
12-mm glass coverslips in DMEM supplemented with
10% calf serum first depleted of its fibronectin content.
At various times in culture, the coverslips were washed
with DMEM containing 0.5% bovine serum albumin,
fixed for 10 min with 3.7% formaldehyde in phosphate-
buffered saline (PBS), and washed extensively with PBS.
They were then incubated for 30 min with a 1:40 dilution
in the same medium of rabbit anti-bovine plasma fibro-
nectin antiserum, generously provided by Dr. C. R.
Birdwell (Scripps Research Clinic, La Jolla, Calif.). This
antiserum gave by immuno-electrophoresis one precipi-
tin line against whole bovine plasma or serum and cross-
reacted with fibronectin from several species (11). After
three 15-min washes in PBS, the coverslips were incu-
bated for 30 min at room temperature with a 1:20
dilution of fluorescein isothiocyanate (FITC) conjugated
goat anti-rabbit IgG (Meloy Co., Va.) in the same me-
dium. Cultures were rinsed six times in PBS and once in
distilled water and mounted for microscopy in buffered
glycerol. Fluorescence was observed with a Leitz Ortho-
plan microscope under epi-illumination and photo-
graphed on Kodak Tri-X film with a Leitz Orthomat
automatic exposure camera. In all cases where positive
fluorescence was observed, the specificity of the staining
was determined by control coverslips in which nonim-
mune rabbit serum was used in place of the anti-bovine
plasma fibronectin antiserum. Under these conditions,
little or no fluorescence could be observed. Cultures were
also extracted with 0.5% Triton X-100 in PBS (5§ min at
room temperature with gentle shaking) to remove the
cell monolayer and expose the extracellular matrix re-
maining on the coverslip. The coverslips were then sub-
jected to indirect immunofluorescence as described
above.

Metabolic Labeling and Immunoprecipitation
of Fibronectin

Sparse and confluent cultures maintained with or
without FGF were labeled with [**S]methionine (20 h,
65 pCi/ml) in DMEM containing 0.5% calf serum and
10 M r-methionine. The tissue culture medium was
then collected, the cell layer was washed, and both were
analyzed by SDS-polyacrylamide slab gel electrophoresis
(PAGE) before or after immunoprecipitation with anti-
fibronectin antiserum. For this purpose, cells were ex-
tracted with Tris-buffered saline (pH 8.0) containing
0.1% SDS, 0.5% Trition X-100, and 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF). Insoluble material was re-
moved by centrifugation of the medium and cell extracts
at 15,000 X g for 15 min at 4°C. Ten pl of rabbit anti-
bovine plasma fibronectin antiserum or of nonimmune
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rabbit serum were added to 0.25 ml of cell extract or to
1 ml of growth medium and, after incubation for 2 h at
37°C, the antigen-antibody complexes were precipitated
by adding 10 ul of a 35% ammonium sulfate cut of goat
anti-rabbit IgG antiserums (1 h at 37°C followed by 16
h at 4°C). The immunoprecipitates were washed and
collected by centrifugation as described (23), dissolved
in a sample buffer, and analyzed by SDS-PAGE either
before or after reduction with dithiothreitol (DTT).

Cells were also pulsed, labeled with [**S)methionine
(30 min, 450 uCi/ml), and the newly synthesized proteins
were analyzed by a two-dimensional gel electrophoresis
(isoelectric focusing followed by SDS slab gel electro-
phoresis) as described (24).

lodination of Cell Surface Proteins

Lactoperoxidase-glucose oxidase-catalyzed radioiodi-
nation of the cell monolayers was carried out in PBS in
the presence of '*'INa, lactoperoxidase, and glucose ox-
idase as described by Teng and Chen (25). lodinated
cells were washed five times with Ca?*, Mgz*-free PBS
and lysed in buffer containing 15% glycerol, 2% SDS, 75
mM Tris-HCl (pH 6.8), and 2 mM PMSF and 2 mM
EDTA to inhibit proteolysis. One mM N-ethylmaleimide
and 1 mM iodoacetic acid were added to block free
sulthydryl groups (18). The cell lysates were then boiled
for 2 min to denature nucleic acids and proteins. To
reduce disulfide bonds, DTT was added to a concentra-
tion of 0.1 M before the boiling step (18).

Polyacrylamide Gel Electrophoresis

Samples containing 10,000-50,000 protein bound cpm
were applied to exponential gradient (5-16%) polyacryl-
amide slab gels with a 3% stacking gel as described (20).
Two-dimensional electrophoresis was performed as de-
scribed (24) (nonequilibrium, pH gradient 3.5-10 elec-
trophoresis followed by SDS gel electrophoresis on a 10-
16% gradient polyacrylamide slab gel). After electropho-
resis, the slab gel was fixed in 7% acetic acid, dried, and
subjected to autoradiography on Kodak NS-2T X-ray
film for 8-72 h.

Binding of Platelets to Cultured Endothelial
Cells

Platelets were prepared from 60-120 ml of human
whole blood according to the procedure described by
Tollefsen et al. (26). To observe platelet binding, 2 X 10°
platelets were added to confluent endothelial cell cultures
in 35-mm dishes containing 1 ml of DMEM supple-
mented with 0.25% bovine serum albumin. After 30-min
incubation at 37°C in a humidified CO: incubator, the
cultures were washed ten times with the same medium
and viewed by phase contrast microscopy. For quantifi-
cation of platelet binding and serotonin release from
platelet granules, the platelets were pre-incubated for 30
min with *C-serotonin (0.4 uCi/ml). After incubation of
the labeled platelets with the cells, the culture medium
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was removed and the platelets were collected by centrif-
ugation. The platelets were then solubilized in 0.2 M
NaOH, as were the cells with bound platelets remaining
on the culture dish. The three fractions (platelets, cells,
and platelet-free supernate) were then counted separately
in Bray’s solution with a Beckman LS 8000 Scintillation
counter (Beckman Instruments, Inc., Palo Alto, Calif.).

Karyotyping

Endothelial cultures maintained with and without
FGF were karyotyped as described by Hsu (17). 30-50
Giemsa-band metaphase cells were counted and photo-
graphed with a Nikon Biophot equipped with an auto-
matic camera and X100 oil immersion objective.

RESULTS

Morphological Appearance and Growth
Properties

Vascular endothelial cells maintained in the
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FGF on the growth-rate of vascular endothelial cells.
Bovine aortic endothelial cells maintained in the absence
of FGF for 1 (), 3 (M), 5 (A), and 6 (&) cell passages
(each passage representing 3-5 cell doublings and 6-8 d
in culture) were seeded into 35-mm dishes (8 X 10° cells/
dish) in DMEM supplemented with 10% bovine calf
serum. The medium was replaced every 4 d, and dupli-
cate dishes were counted every other day. Control cul-
tures (@) which were not subjected to FGF withdrawal
were similarly seeded and counted, except that FGF was
added every other day. These cells adopted at confluence
a perfect monolayer configuration, whereas cells that
were cultured (three or more passages) in the absence of
FGF grew on top of each other and formed an unorga-
nized cell layer.
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presence of FGF divide rapidly (doubling time =
18 h) when seeded at either a high (up to 1:1,000)
or low split ratio (Figs. 1 and 2). Upon reaching
confluence, the cells adopt a morphological con-
figuration similar to that of the confluent culture
from which they originated. The cells are closely
apposed, cuboidal in shape, and form a highly
flattened cell monolayer in which no cell overlap-
ping could be observed (Fig. 3 D). A similar
growth-rate and a similar morphological appear-
ance at confluence were observed even when the
cells were seeded at a clonal density (1-10 cells/
cm®) provided FGF was added every other day to
the culture. In contrast, seeding of the same cells
in the absence of FGF resulted, even at a low (1:
6) split ratio, in a much longer doubling time (60—
78 h) (Figs. 1 and 2) and in a strikingly different
morphology (Fig. 3 A and B). When seeded at a
high split ratio (1:128) and in the absence of FGF,
the cells proliferated poorly and became highly
vacuolated and senescent (Fig. 2). The alterations
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FiGUure 2 Effect of split ratio on cell proliferation in
the presence and absence of FGF. Confluent endothelial
cell cultures maintained with (16 passages) (A) or without
(four passages) (@) FGF were split at various ratios and
cultured in DMEM containing 10% calf serum in the
presence and absence of FGF (added every other day),
respectively. The medium was replaced after 5 d, and
triplicate dishes were counted every other day. The
number of cells after 9 d in culture is plotted as a function
of the split ratio. The seeding level at a split ratio of 1:2
was 1.65 X 10° and 1.4 X 10° cells per 35-mm dish for
cells maintained with and without FGF, respectively.
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FIGURE 3 Morphological appearance of sparse and confluent vascular endothelial cultures maintained
with and without FGF (phase contrast, X 150). (4) Sparse endothelial cells maintained in the absence of
FGF. The cells are four- to six-fold larger and spread farther apart than sparse cells (C) seeded and
maintained in the presence of FGF. (B) Confluent endothelial cells after four passages (12 generations) in
the absence of FGF. The cells grow on top of each other and in various directions. (D) A confluent
endothelial monolayer formed by cells (100 generations) maintained in the presence of FGF. The cells are
highly flattened, closely apposed, and nonoverlapping.

in growth behavior and morphological appearance
were best demonstrated after 3-4 passages (15-20
generations) in the absence of FGF (Fig. 1). The
cells, by then four- to six-fold larger in size, failed
to adopt a nonoverlapping monolayer configura-
tion even after being split at a 1:4 ratio. Instead, at
sparse density they were flattened, enlarged, and
spread out (Fig. 3 4), and at confluence they grew
on top of each other, leaving intercellular spaces
(Fig. 3 B). These cells exhibited a short lifespan,
as reflected by vacuolization and cell degeneration
after 30 generations in the absence of FGF.

Localization and Synthesis of Fibronectin

IMMUNOFLUORESCENCE STUDIES: The distribu-
tion pattern of fibronectin in endothelial cultures
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maintained with or without FGF was studied by
indirect immunofluorescence using a specific rab-
bit anti-bovine plasma fibronectin antiserum and
fluorescein-conjugated goat anti-rabbit gamma
globulin. To avoid detection of the fibronectin
present in the tissue culture medium, bovine serum
was subjected to affinity chromatography on a
gelatin-Sepharose column to remove the fibronec-
tin before being added to the tissue culture me-
dium. In the presence of FGF, marked changes in
the surface distribution of fibronectin were ob-
served as cells that were not yet in contact pro-
ceeded to form an unorganized subconfluent cul-
ture and, later, a tightly packed monolayer of cells.
Single cells not yet in contact did not stain for
fibronectin (Fig. 4 B). In sparse cultures, fibronec-

THE JOURNAL OF CELL B10LOGY - VOLUME 83, 1979



tin was found on the apical cell surfaces, but, as
the cell density increased, it was preferably con-
centrated in the areas of contacts between cells
(Fig. 4 D), thus reflecting a possible involvement
in cell-cell interactions. Fibronectin was slightly or
no longer detectable late at confluence (Fig. 4 F),
thus confirming previous results (9, 14, 15) on the
acquisition of a cell surface polarity associated
with the formation of a confluent vascular (1) or
corneal (11) endothelial cell monolayer. In con-
trast, cells that were cultured in the absence of
FGF showed a fibrillar distribution of fibronectin
over the entire apical cell surface, both at low cell
density before the formation of cell-cell contacts
(Fig. 4 A) and late at confluence (Fig. 4 E).

Fibronectin was shown to be a major compo-
nent of the fibrillar matrix that underlies a con-
fluent endothelial cell monolayer (1, 19, 22). Im-
munofluorescence staining of the extracellular ma-
terial left after removing the confluent cell layer
with Triton X-100 revealed a massive accumula-
tion of fibronectin either with (Fig. 4 H) or without
(Fig. 4 G) a prior addition of FGF. Endothelial
cells that were cultured in the absence of FGF
therefore resembled fibroblasts (16) or smooth
muscle cells (3) in having fibronectin associated
with both their upper and lower cell surfaces. The
expression of fibronectin only underneath the con-
fluent cell layer might therefore be considered to
be a unique property of endothelial cells that are
maintained in the presence of FGF and that adopt
at confluence the characteristic morphological ap-
pearance of the vascular endothelium in vivo,
which is that of a monolayer composed of closely
apposed and nonoverlapping cells.

METABOLIC LABELING: Sparse and confluent
endothelial cultures maintained with or without
FGF were exposed (20 h) to [**S]methionine, and
both the cell layer and tissue culture medium were
analyzed for the presence of **S-labeled fibronec-
tin before and after immunoprecipitation with an-
tifibronectin antiserum (Figs. 5 and 6, Table I).
The higher production of fibronectin by cells that
were maintained in the absence of FGF was best
demonstrated by subjecting the tissue culture me-
dium collected from either sparse or confluent
cultures to immunoprecipitation with antifibro-
nectin. These cells showed, on the basis of cell
protein, little or no difference in the total amount
of *S-labeled TCA-precipitable material secreted
into the medium. When calculated per cell, this
value was higher in the absence than in the pres-
ence of FGF for both sparse (three-fold) and
confluent (eight-fold) cultures (Table I). As shown
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in Table 1, antifibronectin precipitated 1.7-3.2% of
the total TCA-precipitable **S-labeled proteins se-
creted into the medium of cells that were cultured
with FGF, as compared to 18-25% of the total **S-
labeled proteins precipitated from the culture me-
dium of cells that were maintained in the absence
of FGF. When analyzed on SDS polyacrylamide
gels (Fig. 5 4 and F), more than 90% of the
immunoprecipitated radioactivity comigrated with
fibronectin. On the basis of the immunoprecipi-
tation values, it can be calculated that sparse and
confluent cultures maintained in the absence of
FGF secreted into the medium 30- and 50-fold
more fibronectin per cell than sparse and confluent
cells cultured in the presence of FGF, respectively
(Table I). The increased production of fibronectin
by both sparse and confluent endothelial cells
maintained in the absence (Fig. 5 D and E, I and
J), rather than in the presence (Fig. S Band C, G
and H) of FGF, was directly demonstrated by
subjecting aliquots of the **S-labeled medium to
SDS-PAGE. Fibronectin was found to be the ma-
jor *S-labeled protein present in the medium.
Under nonreduced conditions (Fig. 5 A-E), it
existed predominantly as dimers (460K), although
higher disulfide-bonded complexes were also pres-
ent. The fibronectin secreted into the medium was
further identified by an immunoprecipitation with
antifibronectin (Fig. 5 4 and F).

A higher production of fibronectin by sparse
and confluent cultures maintained in the absence
rather than in the presence of FGF was also
observed when cell extracts, rather than the tissue
culture medium, were analyzed for the presence of
%S-labeled fibronectin (Fig. 5 K-N). The cellular,
newly synthesized fibronectin was further identi-
fied by double immunoprecipitation with antifi-
bronectin antiserum (Fig. 6) and was, in fact,
hardly or not detected either before or after pre-
cipitation, in a total extract of cells that were
maintained with FGF (Fig. 6 4 and B, E and F).
Because insoluble material was first removed by
centrifugation, only a partial recovery of the cell
extract was obtained by extraction in the immu-
noprecipitation medium (0.5% Triton X-100, 0.1%
SDS) (Fig. 6) as compared with a solubilization in
2% SDS (Fig. 5, lanes K-N).

To detect differences other than in fibronectin
production and in particular in the range of lower
molecular weight proteins, sparse and confluent
cultures maintained with and without FGF were
pulsed with [*S]methionine (400 nCi/ml, 30 min),
and the newly synthesized proteins were analyzed
by a two-dimensional gel electrophoresis (isoelec-
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tric focusing in the first dimension and SDS poly-
acrylamide gradient (10-16%) gel electrophoresis
in the second dimension). The most prominent
differences thus detected are marked in Fig. 7. A
number of differences in labeling intensities of
various proteins can be noted between cultures
maintained with (Fig. 7 4 and C) or without (Fig.
7 B and D) FGF. Some proteins were observed to
be made to a greater extent in the absence than in
the presence of FGF, and vice-versa. The relation
of these differences to the mitogenic effect of FGF
and to changes in growth behavior and mode of
interaction among cells is currently being studied.
It can be seen, however, that the overall protein
pattern is similar under all conditions, except when
a highly organized endothelial cell monolayer is
formed. This suggests that the major differences
in labeling represent a difference between growing
and resting cultures rather than changes induced
by the FGF alone. Although cells in a resting
endothelial monolayer produced fewer proteins
(in terms of types and total incorporation of
[*°S]methionine) than growing cells, the amount of
one protein in particular (double arrowhead) was
considerably larger in resting (Fig. 7 C) than in
growing cells maintained with (Fig. 7 4) or without
(Fig. 7 B and D) FGF. Preliminary studies dem-
onstrate that this protein migrates in a manner
similar to the 58,000 mol wt intermediate (10-nm)
filaments. Experiments which will allow a quan-
titative analysis and a more specific identification
of this protein are now in progress. The wide
occurrence of intermediate filaments in confluent

endothelial cell cultures might reflect a role in
maintaining the flattened and closely apposed
morphology of the endothelial cells as well as in
the restriction of surface receptor lateral mobility
observed when the cells adopt a monolayer con-
figuration (28).

Cell Surface Proteins Detected by
Radioiodination

FIBRONECTIN: Sparse and confluent cultures of
endothelial cells maintained with or without FGF
were subjected to the lactoperoxidase-catalyzed
iodination to study further the changes in quantity
and surface localization of fibronectin, particularly
in relation to other cell surface proteins. As dem-
onstrated in Fig. 8, little or no fibronectin was
detected in sparse cultures maintained in the pres-
ence of FGF (lanes 4 and G), whereas sparse
cultures grown in its absence already showed,
before the formation of cell-cell contacts (lanes D
and J), more fibronectin than that found in con-
fluent cultures grown in the presence of FGF
(lanes B and H). In fact, in cultures maintained
without FGF, fibronectin was the major compo-
nent susceptible to iodination both when the cells
were sparse and in cultures that were kept at
confluence for prolonged periods of time (7-12 d)
(lanes E and KX). These results together with the
immunofluorescence and **S-labeling experiments
indicate that the production and distribution of
fibronectin are sensitive to changes in cell organi-
zation and growth behavior induced by FGF. The

FIGURE 4 Indirect immunofluorescence localization of fibronectin in endothelial cultures maintained
with or without FGF. Vascular aortic endothelial cells maintained with or without (three passages) FGF
were stained with rabbit anti-bovine plasma fibronectin and FITC goat anti-rabbit IgG as described in
Materials and Methods. Fluorescent fields were photographed with a Leitz Orthomat automatic exposure
camera. Exposure times ranged from 15 s to a maximum of 2 min. Exposure times greater than 2 min
were stopped manually at 2.5 min (Fig. 4 B and F). All negatives were printed at the same contrast. (4
and B) Sparse cultures before the formation of cell-cell contacts. Fibronectin is detected on top of cells
that are maintained in the absence (4) but not in the presence (B) of FGF. (C and D) Sparse and
subconfluent cultures. Fibronectin is detected on top of cells that are maintained with (D) or without (C)
FGF. This location is particularly evident in the absence of FGF, whereas in its presence the fibronectin
tends to concentrate in the areas of cell-cell contact. (E and F) Confluent cultures. Fibronectin is sightly
or not detectable on top of cells that were maintained with FGF and have adopted the configuration of
a highly organized monolayer (F). In contrast, fibronectin is present in large quantities on top of cells that
were cultured in the absence of FGF (E). (G and H) Extracellular matrix left after removing the confluent
cell layer with Triton X-100 (0.5%, 5 min at 37°C). Fibronectin associated with the extracellular matrix is
present in cultures maintained with (H) or without (G) FGF. Differences in organization can be
observed—the fibronectin produced in the absence of FGF is deposited in thinner fibers and is distributed

in various directions rather than in a concentric manner.
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FIGURE 5 Electrophoresis of [**SJmethionine-labeled proteins present in cell extracts and tissue culture
medium of sparse and confluent endothelial cultures maintained with or without FGF. Sparse (actively
growing) and confluent (10 d after reaching confluence) endothelial cultures maintained with or without
(three passages) FGF were exposed to [**S]methionine (65 uCi/ml, 20 h) in DMEM containing 10 uM
methionine and 0.5% bovine serum. The medium was collected and 0.1-ml aliquots were diluted with an
equal volume of 2X sample buffer. 10- to 30-ul aliquots containing 18,695, 28,695, 45,000, and 49,835
protein-bound (TCA-precipitable) cpm were applied to lanes (B and G), (C and H), (D and ), and (£ and
J), respectively. The cell layer was washed six times, solubilized in sample buffer, and 50,000 TCA-
precipitable cpm were applied to each lane (lanes K-N). Samples were run before (lanes A-E) and after
(lanes F-N) reduction with 0.1 M DTT on a gradient (5-16%) polyacrylamide slab gel. (4 and F)
Immunoprecipitation pattern (antifibronectin followed by anti-IgG) of growth medium taken from sparse
endothelial cells cultured in the absence of FGF. (B and G) Proteins secreted into the medium by sparse
cells maintained in the presence of FGF. (C and H) Proteins secreted by confluent cells cultured in the
presence of FGF. (D and I) *S-labeled proteins secreted into the medium by sparse cells that were
maintained in the absence of FGF. (E and J) Medium of confluent cells cultured in the absence of FGF.
(K-N) Cell extracts of sparse (K and M) and confluent (L and N) endothelial cultures maintained with
(K and L) or without (M and N) FGF. Arrows mark the positions of fibronectin dimers (460K, nonreduced
samples) and monomers (230K, reduced samples).

radioiodination experiments also demonstrated
that fibronectin in cells maintained with or without
FGF is disulfide- or otherwise (transglutamin-
ase-) bonded to form dimers, trimers, and higher
complexes which hardly entered the running gel.
Most of these aggregates were precipitated by
antifibronectin antiserum and gave rise to a 230K
component (fibronectin monomer) after reducing
the samples with DTT (Fig. 8 H, J, and K). The
presence in nonreduced samples of residual
amounts of monomeric fibronectin might have
been due to a proteolytic cleavage of dimeric and
polymeric fibronectin (2). Both the dimers and
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higher complexes of fibronectin were highly sen-
sitive to proteolysis and were largely removed from
the cell surface by pretreating the cultures with
trypsin (0.2 pg/ml, 1 h, 37°C) (Fig. 8 C, F, I, and
L), thus confirming the results of others (18, 25,
30) regarding the trypsin sensitivity of fibronectin.

csp-60: In a previous study (29), we identified
a 60K mol wt cell surface protein (CSP-60) ex-
posed to iodination by lactoperoxidase only in
endothelial cells that have adopted a cell mono-
layer configuration. The appearance of CSP-60 in
confluent cell monolayers has been demonstrated
in all the vascular endothelial lines tested thus far,
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FIGURE 6 Metabolic labeling pattern [®S)methionine of sparse and confluent endothelial cultures
maintained with or without FGF. Sparse and confluent endothelial cultures maintained with or without
FGF were exposed to [**S]methionine as described in the legend to Fig. 5. The cell layer was washed,
extracted in immunoprecipitation medium, and samples were subjected to double immunoprecipitation
with either antifibronectin (lanes (E-H) or nonimmune rabbit serum (lanes /-L) as described in Materials
and Methods. The immunoprecipitates as well as the original samples (lanes A-D) were analyzed on
gradient (5-15%) polyacrylamide gels after reduction with 0.1 M DTT. (4, E, and I) Sparse cultures
maintained with FGF. (B, F, and J) Confluent cells cultured in the presence of FGF. (C, G, and K)
Sparse cultures maintained without FGF. (D, H, and L) Confluent cells that were not exposed to FGF.
#S-labeled fibronectin is detected only or mostly in the absence of FGF and after immunoprecipitation

with antifibronectin (lanes G and H).

regardless of their origins and ages. It was not
detected either in actively growing or in unorga-
nized endothelial cell cultures. Likewise, cell types
such as vascular smooth muscle cells that grow in
multiple layers did not contain CSP-60. The ap-
pearance of CSP-60 on the surface of either grow-
ing or resting endothelial cells maintained in the
presence or absence of FGF was studied by sub-
jecting the cultures to the lactoperoxidase-cata-
lyzed iodination. As demonstrated in Fig. 8, CSP-
60 was not detected in sparse cultures maintained
with (lanes 4 and G) or without (lanes D and J)
FGF. In contrast, it was present as a major cell-
surface component in confluent cultures that were
maintained in the presence of FGF and had
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adopted a cell monolayer configuration (Fig. 8 B
and H). The same iodination pattern was obtained
whether or not FGF was added repeatedly after
the cells had adopted this configuration. In con-
trast to these results, little or no CSP-60 was
detected, even late at confluence, in endothelial
cells that were cultured in the absence of FGF and
therefore grew on top of each other (Fig. 8 E and
K). In some experiments, these cultures showed
very small residual amounts of CSP-60, which
could have been present in areas still showing a
monolayer-like configuration. As demonstrated by
the electrophoresis pattern before and after reduc-
ing the samples with DTT and by a two-dimen-
sional SDS gel electrophoresis (29), CSP-60 exists
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TABLE 1
Secretion of Fibronectin into the Growth Medium of Endothelial Cells Maintained with or

without FGF
*$-Labeled material
Total ¥S-labeled  precipitated with an- % Fibronectin in
proteins* cpm X tifibronecting cpm X total ¥S-labeled
Cells 107%/10° cells 107%/10° cells proteins
(+) FGF Sparse 11.6 0.195 1.7
cultures Confluent 3.8 0.120 32
(-) FGF Sparse 26.9 6.45 244
cultures Confluent 326 5.76 17.7

Sparse and confluent endothelial cultures were maintained with or without FGF as described
in the legend to Fig. 5 and exposed to {**S}methionine (65 xCi/ml, 20 h) in DMEM containing
10 uM methionine and 0.5% bovine serum as described in the legend to Fig. 5. 10-ul aliquots
of the growth medium were taken for precipitation with 10% boiling TCA, and the entire 1 ml
of medium was subjected to double immunoprecipitation with 10 ul of rabbit anti-bovine
fibronectin antiserum followed by 10 ul of goat anti-rabbit IgG antiserum as described under
Materials and Methods. The same amounts of fibronectin were precipitated by using either 5
pl or 50 pl of each of these antisera preparations.

* Sparse and confluent endothelial cells maintained in the presence of FGF contained 320 and
260 pg protein per 10° cells, whereas sparse and confluent cells maintained in the absence of
FGF contained 1,810 and 1,462 ug protein per 10° cells, respectively.

1 Nonspecific precipitation with nonimmune rabbit serum was carried out under each condition,
and the values were subtracted from those obtained with antifibronectin. Nonspecific precip-
itation did not exceed 1% of the total **S-labeled proteins secreted into the medium.

on the cell surface as disulfide-bonded dimers
which, after reduction, give rise to a 30K mol wt
component. Its presence on the cell surface was
not affected by a mild trypsinization before iodi-
nation (Fig. 8, lanes C and /) which did not disrupt
the cell layer but did largely or completely remove
the fibronectin from the cell surface. It is therefore
unlikely that CSP-60 could not have been detected
in cells maintained without FGF because of its
masking by a meshwork of fibronectin which,
under these conditions, was found to be present
on top of the cells.

Karyotype

Previous results (9, 14, 15) had demonstrated
that, provided FGF is included in the tissue culture
medium, no detectable changes in the normal
karyotype and no loss of differentiated properties
could be observed in endothelial cells maintained
in culture for as long as 200 cell generations. As
demonstrated in Fig. 9, vascular endothelial cells
that were cultured (seven passages) in the absence
of FGF still exhibited a normal karyotype, indi-
cating that the observed changes in morphological
appearance, growth behavior, and cell surface
properties are not due to chromosomal aberrations
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insofar as chromosome number and shape are
concerned.

Interaction with Platelets

Sparse and confluent endothelial cells main-
tained with FGF had a nonthrombogenic apical
surface to which platelets cannot adhere. Thus, no
platelets or <1 platelet/cell were found on top of
cells that were incubated (30 min, 37°C) with
human platelets (2 X 10° platelets/ml) and washed
extensively (Fig. 11 F). In contrast, endothelial
cells maintained without FGF exhibited under the
same conditions a high platelet-binding capacity
(20-50 platelets/cell) both at a sparse and con-
fluent (Fig. 11 C) cell density. As shown in Fig. 11
C, the platelets were bound singly to the apical
surface of these cells and no aggregation of the
attached platelets took place. To determine
whether this interaction is associated with a release
reaction, confluent cultures maintained with or
without FGF were incubated with platelets that
were prelabeled with '*C-serotonin. The reaction
medium containing unattached platelets and any
serotonin that might have been released during
binding was then removed, the platelets were col-
lected by centrifugation, and the cell layer was
extensively washed and solubilized in 0.1 N

THE JOURNAL OF CELL BIoLoGY - VOLUME 83, 1979



FIGURE 7 Two-dimensional electrophoresis pattern of proteins synthesized by sparse and confluent
vascular endothelial cells maintained with or without FGF. Endothelial cultures maintained with or
without FGF were exposed to [*Sjmethionine (450 uCi/ml, 30 min, 37°C), washed, and lysed with
isoelectric focusing sample buffer (9.5 M urea, 2% NP-40, 20% ampholytes, pH 3.5-10, 5%-8-mercapto-
ethanol). 500,000 protein-bound cpm were then subjected to two-dimensional gel electrophoresis according
to the procedure of O'Farrel et al. (24). (4) Sparse, actively growing endothelial cells seeded in the
presence of FGF. (B) Sparse endothelial cultures maintained (four passages) without FGF. (C) Confluent,
highly organized and resting monolayer of endothelial cells that were cultured (22 passages) in the
presence of FGF. (D) Confluent, overlapping and slowly dividing endothelial cells maintained (four
passages) without FGF. Arrows mark the main differences between the four autoradiograms (exposure

time was 3 d).

NaOH. The cells, platelets, and platelet-free su-
pernate were counted separately to determine the
distribution of [**C]serotonin. As shown in Table
II, the interaction between platelets and endothe-
lial cells maintained with or without FGF was not
associated with any serotonin release beyond that

VLODAVSKY ET AL.

Vascular Endothelial Cells Structural and Functional Alterations

spontancously released during incubation (30 min,
37°C) of platelets in the absence of cells. The lack
of serotonin release was not due to defects in the
release reaction, since exposure to thrombin (1
1U/mi) induced the platelets to secrete 80-90% of
their [**Clserotonin content (Table II). When the
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FIGURE 8 SDS-PAGE oflactoperoxidase iodinated sparse and confluent endothelial cultures maintained
with or without FGF. Endothelial cultures (maintained with or without FGF in a medium containing a
fibronectin-depleted serum), were iodinated before or after exposure to trypsin with ''iodine and
lactoperoxidase, lysed, and analyzed by a gradient (5-15%) polyacrylamide slab gel electrophoresis either
before (lanes A-F) or after (lanes G-L) reduction with 0.1 M DTT. (4 and G) Sparse cultures maintained
in the presence of FGF—almost no contacts among the cells. Fibronectin and CSP-60 are slightly or not
detected. (B and H) A confluent monolayer of cells cultured in the presence of FGF. Both CSP-60 and
fibronectin become susceptible to iodination, CSP-60 appears as a major band. (C and /) Confluent
cultures exposed to a mild trypsinization (0.2 ug/ml, 45 min, 37°C) and then iodinated. Fibronectin is
largely removed, whereas CSP-60 is affected little or not at all. (D and J) Sparse cultures before the
formation of cell-cell contacts and maintained in the absence of FGF. Fibronectin is highly susceptible to
iodination. (E and K) Confluent endothelial cultures maintained in the absence of FGF. Fibronectin
appears as the major component, whereas CSP-60 is slightly or not detectable. (F and L) Confluent

cultures iodinated after a mild trypsinization. Fibronectin is largely removed.

radioactivity associated with the cell layer was
measured, it was found, as already observed (Fig.
11 C and F), that endothelial cells maintained
without FGF bind platelets to an extent that is 9-
and 30-fold higher, when calculated per plate and
per cell, respectively, than cells that were cultured
in the presence of FGF. Trypsinization (0.5 ug/
ml, 2 h, 37°C), which caused no release or round-
ing up of cells but removed the fibronectin from
the upper surface of cells that were cultured in the
absence of FGF (as detected by the lactoperoxi-
dase-catalyzed iodination) (Fig. 8 F and L), de-
creased the adherence of platelets by no more than
40%.
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Readdition of FGF to Endothelial Cells
Maintained in its Absence

Endothelial cells maintained for three passages
in the absence of FGF were exposed to FGF to
study whether or not and under what conditions
the cells can revert in terms of growth behavior,
morphological appearance, and cell surface prop-
erties. As demonstrated in Fig. 10, cells that were
seeded at a low density (split ratio 1:16) showed a
normal proliferative response to readdition of
FGF, as indicated by a four-fold decrease in dou-
bling time (18 h) and increase in cell density at
confluence (900 cells/mm?). In terms of morpho-
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FiGure 9 Karyotype of bovine vascular endothelial cells cultured in the presence and absence of FGF.
(A4) Bovine aortic endothelial cells maintained continuously (160 generations) in the presence of FGF. (B)
The same cells as in 4 after seven passages (28 generations in the absence of FGF). In both cases, 30-50
Giemsa-band metaphase cells were counted and consisted of 58 normal acrocentric or telocentric
chromosomes, one normal, large, submetacentric X chromosome, and one small, submetacentric Y

chromosome. X 100.

logical appearance, the cells became smaller (Fig.
11 D) and formed at confluence a highly organized
monolayer in which little or no cell overlapping
was observed (Fig. 11 F). When the confluent
cultures were tested for surface iodination pattern
(Fig. 12 D and 1), CSP-60 appeared as a major
protein, whereas fibronectin was detected in a
much smaller amount, as in a confluent monolayer
of endothelial cells that were continuously main-
tained with FGF (Fig. 12 4 and F). The cells that
reverted also showed the normal low rate of fibro-
nectin synthesis and secretion as well as a non-
thrombogenic apical surface to which platelets
cannot adhere (Fig. 11 F). Similar results were
obtained when the FGF was first added 2-4 d
after seeding the cells rather than on the day of
seeding. Endothelial cells that were maintained for
over 40 generations (seven passages) in the absence
of FGF underwent cell senescence and hence no
longer responded to FGF.

For study of whether an active cell proliferation
is required to induce a reversion by FGF, cells
were reexposed to FGF when subconfluent or late
at confluence. It was found that as the cell density
and degree of overlapping increased, the cells
became less able to regain their normal differen-
tiated properties. Thus, endothelial cultures that
formed at confluence a multiple cell layer showed
a very limited degree of reversion, as measured by
changes in morphological appearance, surface io-
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dination pattern, and platelet binding capacity. In
contrast, readdition of FGF at a sparse or subcon-
fluent density led, within 5-7 d, to the adoption
by most of the cultures of both a monolayer con-
figuration (Fig. 11 E) and a nonthrombogenic
apical surface (not shown), and this was associated
with only 1-2 divisions of the entire cell popula-
tion. This reversion was, however, incomplete, in
that 10-20% of the culture area showed an unor-
ganized morphology even after being maintained
for 10 d at confluence (Fig. 11 E). When tested
for surface iodination pattern (Fig. 12 C and H),
CSP-60 reappeared in the reverted culture as a
major cell-surface protein, whereas fibronectin
was detected in reduced but still large amounts,
when compared to confluent cultures continuously
maintained with FGF. Indirect immunofluores-
cence had also demonstrated that a considerable
proportion of the fibronectin remained on the
apical cell surface (Fig. 11 H), despite the addition
of FGF and the associated decrease in fibronectin
synthesis and secretion. These results also indicate
that endothelial cells can be induced to adopt a
monolayer configuration and nonthrombogenic
properties despite the presence (albeit in reduced
amounts) of fibronectin on their apical cell surface.

DISCUSSION

FGF is a potent mitogen for vascular endothelial
cells and is an essential factor in developing clonal
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TaBLE 11

Binding of Platelets to Vascular Endothelial Cells
Maintained with or without FGF

Cell-bound platelets Released
Cells ("C-serotonin) 4C-serotonin

cpm/dish  cpm/1 o cells cpm/dish

+FGF cultures 1,192 1,748 5,930

—FGF cultures 9,504 50,553 6,097

—FGF cultures pre- 5,227 27,803 5,944
treated with tryp-

sin*
No cells — — 6,311
No cells + throm- — — 87,653

bin (1 U/ml)

2 X 10° platelets prelabeled with “*C-serotonin were
incubated (30 min at 37°C in DMEM containing 0.25%
BSA) with confluent endothelial cultures that were
maintained with (during the active phase of growth) or
without (three passages) FGF. Platelet binding and
serotonin release were determined as described in Ma-
terials and Methods. The amount of serotonin release
was in all cases equivalent to that spontaneously re-
leased by platelets during a 30-min incubation without
cells. Treatment of 2 X 10° platelets with thrombin (1
U/ml) induced a 90% release of the “C-serotonin that
was introduced into the platelets.

* Worthington X2 crystallized trypsin (0.5 pyg/ml, 2 h
37° in DMEM).

populations of endothelial cells that exhibit most
if not all of the characteristics of the vascular
endothelium in vivo (9, 14, 15). The experimental
approach taken in the present study was to com-
pare endothelial cells maintained with and without
FGF to study whether changes other than those
related to cell proliferation can be induced by the
presence of FGF. Of particular interest in this
regard is the adoption at confluence of a highly
flattened, nonoverlapping and closely apposed cell
organization as well as of a cell surface polarity.
This polarity reflects an advanced stage of differ-
entiation in which the upper cell surface is non-
thrombogenic and no longer covered with fibro-
nectin, whereas the basal cell surface is closely
associated with a highly thrombogenic fibrillar
matrix composed mostly of fibronectin and colla-
gen. It is important to study how endothelial cells
can gain and lose such characteristics to elucidate
the factors that allow the endothelium of the large
vessels to form a nonthrombogenic surface, to
resist high pressure and sheer forces, and to func-
tion as a selective barrier against plasma compo-
nents and, in particular, lipoproteins.
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The present results have demonstrated that cells
maintained in the absence of FGF for more than
three passages exhibit, in addition to a much
slower growth rate, morphological as well as struc-
tural and functional alterations that are incompat-
ible with their appearance and behavior in vivo.
These include: (@) a failure to adopt at confluence
the configuration of a cell monolayer composed of
flattened, closely apposed, and nonoverlapping
cells; (b) the loss of a cell surface polarity, as
demonstrated by the presence late at confluence
of fibronectin associated with both the apical and
basal cell surfaces, and by thrombogenicity (plate-
let binding capacity) of the apical cell surfaces; (c)
an increased production and secretion of fibronec-
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FiGURE 10 Growth rate of vascular endothelial cells in
the presence and absence of FGF. Vascular endothelial
cells derived from the adult aortic arch (32 passages; 160
generations) were plated into 35-mm dishes (2 x 10*
cells/dish) in DMEM supplemented with 10% calf se-
rum. Duplicate cultures were counted every other day
and the medium was replaced every 4 d. (&), Cells after
three passages in the absence of FGF. No FGF was
added. (A), Cells after three passages in the absence of
FGF. FGF was added on the third day after seeding and
every other day thereafter. These cells adopted at conflu-
ence a perfect monolayer configuration indistinguishable
from that of cells that were never subjected to FGF
withdrawal. (O), Cells derived from endothelial cultures
that were continuously maintained with FGF. FGF was
added every other day.
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FiGURe 11 Morphological appearance, fibronectin distribution, and platelet binding capacity of over-
lapping endothelial cells before and after reexposing the cultures to FGF. Endothelial cells maintained for
three passages in the absence of FGF were seeded at a split ratio of 1:8. Control cultures (not exposed to
FGF) and reorganized cultures (exposed to FGF on day 2 or day 7 after seeding and every other day
thereafter) were tested for morphological appearance (4-F), platelet binding capacity (C and F), and
fibronectin distribution (G-I) as described under Materials and Methods. (4) Sparse cells, 3 d after
seeding, with no addition of FGF. (B and G) Confluent culture of overlapping cells maintained (14 d)
without FGF. The cells grow on top of each other and in various directions (B) and are covered by an
extensive meshwork of fibronectin (G). (C) Confluent (—FGF) endothelial culture incubated (30 min,
37°C) with human platelets (2 X 10° platelets/ml) and washed extensively. The cell surface is covered
with platelets that are attached singly and do not form aggregates. (D) Sparse cells as in 4, 3 d after
exposure to FGF (6 d in culture). The cells start to divide faster, become smaller and less spread. (E and
H) The same endothelial cells as in 4 exposed to FGF (added every other day) at a subconfluent density
(8 d after seeding) and observed 8 d later. Most of the culture adopts the configuration of a cell monolayer
composed of small, closely apposed and nonoverlapping cells (E). The amounts of fibronectin detected on
the apical cell surfaces are largely reduced (H). Some areas (20-30% of the entire culture) fail to organize
and show both cell overlapping (E) and the presence of fibronectin on top of the cells (H). (F and /) The
same cells as in 4 exposed to FGF starting on day 3 after seeding and tested for platelet binding capacity
(F) and fibronectin distribution (/) 2 wk later, when the entire culture adopted the cell monolayer
configuration characteristic of vascular endothelial cells that are continuously maintained with FGF. (F)
Very few or no platelets can be seen to be attached on top of the cells, as in confluent endothelial cultures
that were not subjected to a withdrawal of FGF. (/) Very small amounts or no fibronectin can be detected
on top of the cells.

tin by both sparse and confluent cells; and (d) a addition, as previously shown (6, 27), endothelial
lack of CSP-60 (detected by the lactoperoxidase- cells maintained in the absence of FGF failed to
catalyzed iodination technique), a cell surface pro- form an effective barrier against low density lipo-
tein susceptible to iodination only in endothelial protein, which is the primary cholesterol carrier
cells that adopt a monolayer configuration. In present in blood. The physiological significance of
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FIGURE 12 Cell-surface iodination pattern of overlap-
ping and reorganized endothelial cells before and after
being reexposed to FGF. Endothelial cells maintained
for three passages in the absence of FGF were seeded at
a split ratio of 1:8, and FGF was added (every other day)
starting on day 3 or day 7 after seeding. Control cultures
(not exposed to FGF) and reorganized cultures (reex-
posed to FGF) were iodinated at confluence (14 d after
seeding) and analyzed by gradient (5-15%) PAGE before
(lanes A-E) and after (lanes F-J) reduction with 0.1 M
DTT. (4 and F) A confluent monolayer of endothelial
cells that were continuously maintained in the presence
of FGF. CSP-60 appears as a major band. (B and G)
Confluent but unorganized endothelial culture main-
tained for four passages without FGF. Fibronectin ap-
pears as a major band; CSP-60 is missing. (C and H)
Same cells as in B and G exposed to FGF at a subcon-
fluent density (7 d after seeding) and labeled 7 d later.
Most of the culture adopts a monolayer configuration,
although some unorganized areas (~20% of the culture)
are still present. Both fibronectin and CSP-60 are ex-
posed for iodination. (D and I) The same cells as in B
and G exposed to FGF at a sparse density (3 d after
being split at a 1:8 ratio) and labeled 12 d afterwards,
when the cells were highly organized and closely ap-
posed. CSP-60 appears as a major band, whereas fibro-
nectin is detected in small amounts as in cells that are
maintained continuously with FGF. (E and J) (-FGF)
culture exposed when subconfluent to a medium condi-
tioned by a subconfluent monolayer of endothelial cells
and iodinated 7 d later.

the alterations listed above is in particular dem-
onstrated by the inability of the non-contact-in-
hibited (minus FGF) endothelial cells to protect
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the subendothelial layer against overaccumulation
of LDL cholesterol. This might initiate the accu-
mulation of foam cells and lead later on to the
formation of an atherosclerotic plaque. Further-
more, by having a thrombogenic surface exposed
to the medium, these cells can serve as a nucleus
for platelet adherence, blood clotting, and throm-
bus formation.

The notion of a factor simultaneously inducing
apparently contradictory effects such as cell pro-
liferation and differentiation might at first look
surprising. Whether or not FGF is directly in-
volved, via a mechanism distinct from its mito-
genic activity, in the adoption of the monolayer
configuration and cell surface polarity character-
istic of endothelial cells has yet to be studied. A
simple explanation might be that the presence of
FGF is required for the formation of a cell mono-
layer, while the other differentiated attributes are
controlled by secondary factors like the unique
cell-cell adhesive interactions established at con-
fluence. That this might not be the case is sug-
gested by the finding that some of the FGF-de-
pendent alterations (increased production of fibro-
nectin, platelet binding capacity) were already ob-
served at a sparse cell density and even before the
formation of cell-cell contacts, suggesting, in turn,
a direct relation to the actual withdrawal of FGF.
On the other hand, the appearance pf CSP-60 and
the removal of fibronectin from the apical cell
surface seem to depend more on a prior formation
of the appropriate cell-cell contacts. The expres-
sion of fibronectin on the apical surfaces of 3T3
cells was also found to be controlled by epidermal
growth factor (EGF) and in a manner dissociable
from its mitogenic activity (4). With these cells,
however, a stimulated production of fibronectin,
rather than an inhibitory effect, was induced, thus
leading to a differentiated state characteristic of a
fibroblastic cell type. It should also be emphasized
that each of the alterations observed in the absence
of FGF represents a phenotypic rather than a
permanent genetic modification, because the read-
dition of FGF was associated with a restoration of
the normal growth rate, morphological appear-
ance, and membrane properties. Endothelial cells
maintained in the absence of FGF also showed no
chromosomal aberrations insofar as chromosome
number and morphology are concerned. Vascular
endothelial cells maintained in the absence of
FGF acquire a gross morphology as well as some
cell-surface and metabolic properties similar to
those of vascular smooth muscle cells. The reversal
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of the observed changes by reexposing the cultures
to FGF indicates, however, that the effects of
withdrawing the FGF from cultured endothelial
cells are not due to an overproliferation of a
residual population of vascular smooth muscle
cells which might have taken place in the absence
of FGF.

Our results on the reversion induced by FGF
indicate that this can be achieved under well-de-
fined conditions and depends on the number of
passages in the absence of FGF as well as on the
cell density and organization at the time of reex-
posure to FGF. The reorganization of cells into a
closely apposed monolayer of cells required at
least one to two cell doublings and was always
associated with an appearance of CSP-60, inhibi-
tion of fibronectin production, and secretion into
the tissue culture medium, and the acquisition of
nonthrombogenic properties. On the other hand,
an actual removal of fibronectin already present
on the apical cell surfaces was only partially
achieved. The finding that only a limited rever-
sion, if any, was obtained when unorganized cul-
tures were reexposed to FGF late at confluence
suggests that the spatial organization might,
among the other factors, determine whether or not
and to what extent cells will respond to FGF. A
dependence on cell shape and spatial organization
was already found to be a major factor in deter-
mining the sensitivity of corneal epithelial cells to
EGF (10, 15). Preliminary results from this labo-
ratory (Fig. 12 E and J) indicate that a reversion
of highly overlapping endothelial cells can be
induced by a conditioned medium taken from
confluent endothelial cells that have adopted a
monolayer configuration. This medium is cur-
rently being analyzed for the presence of various
components of cellular origin which might be
responsible for the induced changes in cellular
morphology and growth characteristics (Green-
burg, Vlodavsky, and Gospodarowicz, manuscript
in preparation).

The present study presents new aspects of the
pleiotropic interaction between FGF and a given
cell type. This is best demonstrated by the obser-
vation that FGF can be involved in both the
proliferation and differentiation of vascular en-
dothelial cells. A similar observation has already
been made for the nerve growth factor (NGF),
which has been shown to control both the prolif-
eration and differentiation of neuronal cells (21).
However, in the case of NGF, because of the
specific nature of its target cells, which lose their
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proliferative capacity early in their lifespan, the
mitogenic and differentiating effects are observed
at different times in the cells’ lives. Qur recent
studies with rat pituitary cells have also demon-
strated an effect of EGF on gene expression and
differentiated functions (synthesis of prolactin and
growth hormone) which was not associated with
a mitogenic response (Johnson, Baxter, Vlodavsky,
and Gospodarowicz, manuscript in preparation).
In contrast, with vascular endothelial cells, which
retain their proliferative capacity throughout their
lifespan, FGF can simultaneously be both a pro-
liferative and differentiating agent. Its long-term
effects on the differentiation and physiological
function of the vascular endothelium should there-
fore not be overlooked by studying various im-
mediate and relatively short-term responses such
as changes in metabolic behavior and proliferation
index.
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