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Macrovascular and Microvascular Endothelium ‘
During Long-Term Hypoxia: Alterations in Cell
Growth, Monolayer Permeability, and Cell
Surface Coagulant Properties

R. SHREENIWAS,* S. OGAWA, F. COZZOLINO, G. TORCIA, N. BRAUNSTEIN,
C. BUTURA, J. BRETT, H.B. LIEBERMAN, M.B. FURIE, }. JOSEPH-SILVERSTEIN,
ano D. STERN
Departments of Physiology (5.0., F.C., G.T., C.B., |.B., D.S.) and Medicine (R.S., N.B.) and
Center for Radiological Research (H.B.L.), College of Physicians and Surgeons, Columbia
University New York, New York 10032; Department of Pathology, School of Medicine,
State University of New York, Stony Brook, New York 11794 (M.B.F.); Department of

Biology, St. John’s University, Jamaica, New York 11439 (].].-5.)

In bovine aortic or capillary endothelial cells (ECs) incubated under hypoxic
conditions, cell growth was slowed in a dose-dependent manner at lower oxygen
concentrations, as progression into S phase from G, was inhibited, concomitant
with decreased thymidine kinase activity. Monolayers grown to conftuence in
ambient air, woundad, and then transferred to hypoxia showed decreased ability
to repair the wound, as a result of both decreased motility and cell division.
Hypoxic ECs demonstrated a =3-fold increase in the total number of high-affinity
fibroblast growth factor receptors, and levels of endogenous FGF were sup-
pressed. Consistent with the presence of functional FGF receptors, addition of
basic FGF overcame, at least in part, hypoxia-mediated suppression of EC growth,
and enhanced wound repair in hypoxia, stimulating both motility and cell
division. Despite slower growth in hypoxia, ECs could achieve confluence, and
the monolayers consisted of larger cells with altered assembly of the actin-based
cytoskeleton and small gaps between contiguous cells. The permeability of these
hypoxic EC monolayers to macromolecules and lower molecular weight solutes
was increased. Ceﬁ,,sur‘face coagulant properties were also perturbed: the
anticoagulant cofactor thrombomodulin was suppressed, and a novel Factor X
activator appeared on the EC surface. These.data indicate that micro- and
macrovascular ECs can grow and be maintained at low oxygen tensions, but
hypoxic-endothelium exhibits a range of altered functional properties which can

potentially contribute to the pathogenesis of vascular lesions.

Hypoxia often occurs during regeneration of endo-
thelium, such as takes piace after vascular injury, or
during angiogenesis in wound repair or neovascular-
ization of tumors. In each of these situations, endothe-
lial cell (EC) growth, and formation of a monolayer
regulating permeability and coagulation, must occur
for blood flow to be initiated and maintained. These
considerations led us to examine the effect of hypoxia
on the proliferation and functional properties of endo-
thelium.

Anoxia inhibits cell division in several types of
cultured cells (Bedford and Mitchell, 1974; Fanburg
and Lee, 1987; Peterson and Lindmo, 1983; Rice et al.,
1985). Since complete anoxia is not a common occur-
rence in vascular lesions, we examined the effect of low
concentrations of oxygen, i.e., concentrations which can
be achieved in the intravascular space in pathophysi-
ologic states (Hamer et al., 1981; Hultgren, 1978;
Fanburg and Lee, 1987; Roca et al., 1990), on growth
and other central homeostatic properties of EC during

© 1991 WILEY-LISS, INC.

long-term exposure of cultures to hypoxia. The results
indicate that hypoxia reversibly slows EC growth and
the response to Wounding, but this inhibition can be
overcome by basic fibroblast growth factor (bFGF).
Despite a decrease in the rate of cell division, a
monolayer eventually forms under hypoxic conditions,
but it is one with diminished barrier function and
altered ant properties. These studies provide
insights into EC-dependent mechanisms operative in
the vascular response to hypoxemia.

MATERIALS AND METHODS
Culture of ECs under hypoxic conditions

Bovine aortic ECs were grown from aortas of new-
born calves in minimal essential medium supple-
mented with penicillin-streptomycin (50 U/ml-5 pg/ml),
HEPES (pH 7.4; 10 mM, glutamine and fetal calf serum

Received April 11, 1990; accepted September 7, 1990.
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(10%; Hyclone, Logan, Utah), as described (Schwartz,
1978; Gerlach et al., 1989). Bovine adrenal capillary
cells were prepared and grown as described previously
(Furie et al., 1984). Cultures were characterized as
endothelial based on indirect immunofluorescence for
thrombomodulin and von Willebrand factor, and mor-
hologic criteria (Esmon, 1987; Jaffe et al., 1973;
gchwartz, 1978). Cells were subcultured using trypsin/
EDTA, and plated into tissue culture dishes (initial
density ~1.7 x 10* cells/cm?) which were placed imme-
diately into an incubator attached to the hypoxic
chamber (Coy Laboratory Products, Ann Arbor, MI)
(Ogawa et al.,, 1990). This apparatus established hy-
poxia by gurging the chamber with a mixture contain-
ing the desired concentration of oxygen, 5% carbon
dioxide, water vapor, and the balance as nitrogen. The
oxygen content was monitored continuously and regu-
lated using an oxygen analyzer which controlled an
automated valve system. Throughout experiments, the
concentration of oxygen dissolved in culture medium
bathing the célls was analyzed (Model ABL-2 from
Radiometer, Copenhagen, Denmark). Values shown in
the figures are the oxygen pressure in the medium.
Experiments were carried out in their entirety in the
hypoxia chamber. -
ell viability was determined by trypan blue exclu-
sion. Overall protein synthesis was assessed by mea-
suring incorporation ofyanH-leucine (60 Ci/mmole; New
England Nuclear) into trichloroacetic acidi&recipitable
material using the method described by Madri et al.
(1988). Radioactive leucine was added 12 hr before the
end of an experiment, and then cultures were harvested
at the indicated times. Wounding of the EC monolayer
was carried out using the narrow edge of a cell scraper
(Corning, Baxter Scientific, NJ) (Gerlach et al., 19§9e).
Migration of cells into the wound was determined as
described by Tsuboi et al. (1990).

Endothelial cell growth, flow ¢ tometry, and
thymid%ne ki_n’ase acn{'ity

EC growth was assessed by counting cell number,
using a Coulter counter (Model ZM; Coulter Electron-
ics, Luton, England). Incorporation of *H-thymidine by
growing cells was determined by incubating cultures

uring the last 7 hr of an experiment in the presence of
*H(methyl)thymidine (New England Nuclear, Boston,
MA; 50 Ci/mmol; 0.08 mCi/ml), washing cultures ten
times in Hanks’ balanced salt solution, lysing the cells
with 2% SDS, and then counting .the samples in a
B-counter (RackBeta, LKB, Rockville, MD).

Flow cytometry to assess DNA content was per-
formed as previously described by Dolbeare et al.
(1990), using murine monoclonal antibody to bromode-
oxyuridine (BrdUrd). Cultures were pulse-labeled with
BrdUrd for the final 1 hr of a 48 hr incubation, removed
from the growth surface with trypsin, and fixed in
ethanol. DNA was thermally denatured at low ionic
strength, and then incubated with the antibody to
BrdUrd (Amersham, Arlington, IL). Samples were next
incubated with fluorescein-conjugated goat anti-mouse
IgG, the cells were resuspended in a solution of propid-
ium iodide (10 pg/ml) in phosphate-buffered saline, and
cell cycle analysis was performed on a FACScan flow
cytometer (Becton Dickinson) usinﬁ a 488 nm single
laser system. A bivariate contour histogram of DNA

content (X-axis) versus log BrdUrd (Y-axis) was gen-
erated from which fitted values for percentages of cells
in G,, S, and G,+M were calculated. -

ymidine kinase activity was measured as previ-
ously described (Lieberman et al., 1988). In brie , cells
were suigendd in saline, pelleted, washed with hypo-
tonic buffer (10 mM Tris HCl pH 8.0, 10 mM K(l,
1 mM MgCl, 1 mM.. -mercaptoethanol, 50 mM Tdr),
repelleted, and stored at —80°C or resuspended in 0.2
ml of fresh lysis buffer. The resuspended cells were then
lysed by three rapid freeze/thaw cycles, and cell debris .
was pelleted by centrifugation at 16,000g. The super-
natant (30 pl) was added to 20 pl of reaction cocktail (60
mM Tris HCI pH 8.0, 15 mM MgCl,, 15 mM ATP,
*H-TdR, 50 Ci/mmol, .08 mCi/ml), incubated at 37°C for
30 min, and the reaction was stopped by the addition of
30 pl of 50 mM EDTA (tubes were then stored at 4°C).
The reaction mix was spotted on to DE8] filters (What.
man) and air-dried. Filters were then washed sequen-
tially 3 times over 15 min with 10 mM ammonium"
formate, water, and ethanol, air dried and placed into
scintillation vials containinlg 0.1 M HCl, 02 M KCI
(1 ml). After 30 min, 5 ml of aqueous scintillation
cocktail was added, and the vials were counted. Protein
content in the supernatant was determined by the
method of Lowry et al. (1951), and cell number was
assessed using the Coulter counter. Thymidine kinase
activity was calculated as 3H-dTMP (3H-thymidine
monophosphate) formed/hr/cell.

Binding and production of FGF by hypoxic
endothelial cells

Confluent monolayers of normoxic or hypoxic capil-
lary ECs were washed twice with phosphate-buffered
saline, equilibrated in serum-free Medium 199 contain-
ing gelatin (1.5 mg/ml) for 2 hr at 37°C, washed again,
and then incubated with 2’I-bFGF alone (total bind.

ing) or in the presence excess unlabeled bFGF (50-fold .

molar excess; nonspesific binding) for 2 hr at 4°C. At
the end of the incubation period, cultures were washed
with high salt buffer (2 M NaCl), and cell-bound
radioactivity was solubilized with Triton X-100 (1%).
This method has been previously described in detail by
Moscatelli (1987). Specific binding, total minus nonspe-
cific binding, was then fit to the equilibrium binding
equation of Klotz and Hunston (1984): B = nKA/
(1 + KA), where B is the amount of specifically bound
ligand, n is the number of binding sites per cell, A is the
concentration of free radioligand, and K is the associ-
ation constant. A nonlinear least-squares program was
used to obtain the best fit curve, to solve for n and K,
and to determine the standard error. Radioiodinated
bFGF was obtained from Amersham (specific radioac-
tivity 6 x 10* cpm/ng), and unlabeled bFGF (purified,
recombinant basic fibroblast growth factor) was gener-
ously provided by Farmitalia (Milan, Italy). FGF con-
tent of ECs was assessed by solubilizing EC monolayers
with Triton X-100 as described (Tsuboi et al., 1990),
preparing samples and running them on SDS-PAGE
(Laemmli, 1970), and performing Western blotting
(Towbin et al., 1979). r electrophoretic transfer of
proteins to the nitrocellulose memgrane, excess bind-
ing sites on the membrane were blocked (Johnson et al,,
1984) and blots were reacted sequentially with a mono-
specific rabbit anti-human bFGF antibody and 125]-



10 SHREENIWAS ET AL.

affinity-purified anti-rabbit IgG (1.2 X 10° cpm/ml).
Dried blots were subjected to autoradiography. This
protocol has been described in detail previously (Stern
et al., 1986). Standard proteins were run simulta-
neously for molecular weight determination: ovalbu-
min (Mr =46 kDa), carbonic anhydrase (Mr =30 kDa),
trypsin inhibitor (Mr =21.5 kDa), lysozyme (Mr =14.3
kDa), aprotonin (Mr =6.5 kDa), and insulin b-chain
(Mr =3.4 kDa). FGF activity of hypoxic and normoxic
endothelial cell supernatants was tested in the fibro-
blast growth assay using NIH 3T3 cells (Witte et al.,
1989). The antibodies used in this study were those
raised in rabbits and characterized as described in a
previous publication (Joseph-Silverstein et al., 1988).

Assay of EC monolayer permeability

Permeability studies were performed as described
previously (Albelda et al., 1988; Brett et al., 1989; Del
Vecchio et al., 1987; Shasby and Roberts, 1987), using
cultures grown on 6.5 mm diameter polycarbonate
membranes (pore size, 0.4 pm), mounted on polystyrene
inserts (Transwell plates, Costar, Cambridge, MA).
Five days after ECs achieved confluence (confluence
was defined at the time when cells were contignous and
the labeling index was <1%), permeability studies
were carried out by washing them with Hanks’ bal-
anced salt solution, and then adding minimal essential
medium containing fetal calf serum (8%) (all solutions
were equilibrated with the gas mixture being used for
that experiment and experimenis were carried out
completely in the hypoxia chamber). Medium was
added to both the inner and outer chambers so that the
oncotic and hydrostatic pressures in the two chambers
remained equal. A radiolabeled marker was then added
at trace concentrations, either 3H-inulin (3 pg/ml; 271
mCi/g; New England Nuclear), 3H-sorbitol (38 ng/ml;
24 Ci/mmole; New England Nuclear), or *5I-bovine
serum albumin (150 ng/ml; 5,000 cpm/ng) to the upper
chamber, as described previously (Brett et al., 1989).
Radioiodinated albumin was prepared by the lactoper-
oxidase method (David and Reisfeld, 1974), and the
final product used for permeability studies was >95%
precipitable in 10% trichloroacetic acid. Transport of
tracers from the inner to outer chamber, i.e., across the
endothelial monolayer, was determined by dividing
radioactivity emerging in the outer well by radioactiv-
ity remaining in the inner well.

Assays of EC coagulant function

Endothelial thrombomodulin activity was assessed
after exposing cultures to hypoxia, as described previ-
ously (Ogawa et al., 1990). In brief, functional assays
for cell surface thrombomodulin were performed in a
buffered salt solution by measuring endothelial cell-
dependent thrombin-mediated protein C activation us-
ing a chromogenic substrate assay (Ogawa et al., 1990;
Esmon, 1987).

Assays of endothelial procoagulant properties were
performed on either intact monolayers (9.6 cm?) or cells
scraped with a rubber policeman to obtain a suspension
(=108 cells/ml). Cells in suspension were >90% viable,
based on trypan blue exclusion. Following washing of
the cultures three times with EDTA-containing salt
solution, coagulant assays were performed in veronal

buffer by adding citrated bovine plasma and calcium
chloride, and determining the time required for the
first visual evidence of a fibrin clot at 37°C, as de-
scribed previously (Nawroth et al., 1985). The Factor
Xa clotting assay was performed by incubating purified
Factor X (1 M) with hypoxic or normoxic ECs for the
indicated times, removing aliquots, and adding them to
Factor VII/X-deficient bovine plasma (Sigma), cepha-
lin, and calcium chloride (Bajaj and Mann, 1973;
Ogawa et al., 1990). The amidolytic assay for Factor Xa
(van Dieijan, 1981) was performed similarly, except
that samples from the endothelial reaction mixture
were incubated with the chromogenic substrate meth-
oxycarbonyl-D-cyclohexyl-Glyf‘xly-Arg-nitroanilide
(Spectrozyme FXa; American Diagnostica, NY). This
assay was sensitive to 0.4-0.5 nM E:gcbor Xa. In either
the coagulant or amidolytic assays for Factor Xa,
enzyme concentration of samples was determined by
comparison with a standard curve made with known
amounts of Factor Xa. Where indicated, after exposure
to hypoxia, ECs were further incubated in the same
hypoxic environment in the presence of either antibody
to tissue factor (10 pg/ml; 1 hr at 37°C) (blocking
anti-bovine tissue factor monoclonal antibody was gen-
erously provided by Dr. R. Bach, Mt. Sinai School of
Medicine, NY) (Bach et al., 1981), anti-Factor IX/IXa
antibody (10 pg/ml of purified IgG; 1 hr at 37°C)
(blocking rabbit polyclonal IgG to bovine Factor IX/IXa
was generously provided by Dr. W. Kisiel, Univ. of New
Mexico School of Medicine, Albuquerque), mercury
chloride (0.1 mM; 30 min at 37°C), or PMSF (2 mM; 30
min at room temperature) prior to carrying out the
coagulant assay. Cultures were then washed exten-
sively, and procoagulant properties were assessed as
cdescribed above.

Purified bovine coagulation factors X, IX, and pro-
thrombin for these studies were prepared as described
previously (Fujikawa et al., 1972, 1973; Walker et al.,
1979). The Factor X had no detectable Factor VII
activity. Purified human recombinant tumor necrosis
factor/cachectin (10® Ufmg) was generously provided by
Dr. P. Lomedico (Hoffman-LaRoche, Nutley, NJ).

Morphologic studies

For immunocytologic studies, cell monolayers grown
on coverslips in normoxia or hypoxia were fixed in that
atmosphere in phosphate-buffered saline, pH 7.2, con-
taining 3.5% formalin and 0.1% NP-40 for 5 min and
washes in phosphate-buffered saline. For visualization
of F-actin, coverslips were incubated with rhodamine-
conjugated phalloidin (Molecular Probes, Junction
City, OR) for 3045 min, washed in phosphate-buffered
saline, and mounted in Gelvatol containing 1 mg/ml -
p-phenyl-enediamine. For visualization of thrombo-
modulin, monolayers were fixed as above and incu-
bated with a monospecific rabbit anti-bovine thrombo-
modulin IgG (Gerlach et al., 1989). Localization of sites
of binding of the first antibody were visualized with
fluorescein-conjugated goat anti-rabbit IgG (Sigma).
Mounted coverslips were examined in a Leitz Dialux 20
microscope with a 2.4 Ploempak filter block and water
immersion fluorite objectives, and recorded on Kodak
Tri-X film. .
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RESULTS

Endothelial cell growth and regenerative
response to a wound under hypoxic conditions

Exposure to aortic or capillary ECs to low atmo-
spheric concentrations of oxygen immediately after
subculturing led to a dose-dependent decrease in cell
growth, as reflected by a fall in ?H-thymidine incorpo-
ration, once pO,s below 47 mm Hg were reached
(Fig. 1A,B). At the lowest pO, examined, 14 mm Hg,
after 48 hr of incubation *H-thymidine incorporation
was aPproximately one-third that of the ‘normoxic
controls. The decrease in cell growth at 48 hr post-
plating was paralleled by a similar decrement in cell
number compared with equivalent normoxic controls.
Alteration in EC growth in hypoxia was reversible;
both the number of cells and ®H-thymidine incorpora-
tion increased to levels in normoxic cells, once cells
were restored to an ambient air pO, of 147 mm Hg

(Fig. 1).

'lghese data 'sug%ested that.hypoxia reversibly de-
creased entry of cells into S phase, which was confirmed
by flow cytometry studies (Fig. 2A-E): the percentage
of capillary or aortic cellsin S phase in hypoxia was half
that of their normoxic counterparts. Thymidine kinase,
a pI\;'rimidine salvage e e whose [evels increase in
S phase of the cell cycle (Sherley and Kelly, 1988), was
?Frgpogtlgmately decreased in hypoxic endothelial cells

ig. 2F).

l%epair of the endothelial monolayer, which is depen-
dent on both EC motility and. growth, follows after
wounding or focal denudation. Since vascular injury
often occurs in the setting of hypoxia, it was important
to understand the effect of hypoxia on the migration
and growth of ECs into a wound. When confluent
monolayers were wounded and then placed in hypoxia,
wound repair was delayed compared to normoxic con-
trols (Fig. 3A,B). This was due to both decreased
motility, as indicated by the fall in the number of cells
which migrated into the denuded area during a 24 hr
I)eriod (Fig. 3D), and decreased cell growth, as shown by
abeling indices at the margin of the hypoxic wound
(data not shown). -

The increased fraction of hypoxic endothelial cells in
G, and delayed wound repair suggested that depressed
motility and proliferation could reflect decreased activ-
ity of an autocrine growth factor, such as FGF (Sato and
Rifkin, 1988; Rifkin and Moscatelli, 1989), under hy-
onic conditions. When exogenous bFGF was added to

ypoxic EC cultures, growth was stimulated in ‘a
dose-dependent manner, as assessed by *H-thymidine
incorporation, with a maximal 12-fold increase above
the unstimulated la:poxic controls (Fig. 4). FGF had a
similar effect on the growth of hypoxic aortic ECs.
Addition of bFGF to wounded hypoxic endothelial
monolayers (Fig. 3C) increased mobility (also see
Fig. 3D) and labeling index (data not shown) at a bFGF
concentration of 5 ng/ml, enhancing the EC reparative
response during lal]y'poxia. In monolayers of wounded
a}(:rtic )ECs, FGF also stimulated EC growth (data not
shown).

These findings led to the hiypothesis that hypoxic ECs
would still express high-affinity FGF receptors, en-
abling them to respond to exogenous FGF, but that
their production of g(()}F would be mg)gressed. Bindl;;r;g
studies with **[.FGF and hypoxic ECs demonstra
=~300% fold increase in the number of high-affinity
binding sites (the affinity of FGF binding was compa-
rable on hypoxic and normoxic cultures) (Fig. 5A). In
contrast to the increase in high-affinity receptors, the
level of endothelial bFGF in hypoxic cultures was
suppressed, as indicated by Western blotting (Fig. 5B).
The pattern of immunoreactive bands in the normoxic
capillary endothelium appeared to be quite similar to
that described previously with major bands correspond-
ing to approximately 18, 22, 24, and 26 kDa (Tsuboi
et al, 1990). In contrast, under hypoxic conditions,
there was only a very faint band visible correspondin
to =18 kDa. These changes in levels of FGF an
high-affinity FGF binding sites were reversible on
replacement of the cells into an ambient atmosphere.

Although EC proliferation and motility were slowed
by hypoxia (at pO, =14 mm Hg), cell attachment
prdceeded normally after subculture, and cell viability
was intact, as assessed by an blue exclusion. A
confluent monolayer formed at each of the pO,s exam-

oS EEE

% 3H- THYMIDINE INCORPORATION

Fig. 1. Effect of oxygen tension on endothelial cell 3H.thymidine
incorporation. ECs, aortic (A) and capillary (B) were plated at a
density of 3.4 x 10* cells/cm? and at the indicated oxygen
tension for 48 hr. During the last 7 hr 3H(methyl)-thymidine was
added, and its incorporation into DNA was assessed as described in the
text. In each case, 3H-thymidine incorporation at a given oxygen
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ymidine incorporation of cultures e to hypoxia (pO; ~14 mm
Hg) for 48 hr followed by replacement into ambient air 48 hr
(rar_l‘l:il)abel was added 7 hr prior to the end of the re-oxygenation
period).
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Fig.2. Effect of hypoxia on the endothelial cell cycle. A-D: Bivariate

contour hi generated by flow cyto; (FACS analysis) of
double-lamc endotheh'l;ly cells grov;eg{her under noyr;oxic
(p0, = 147 mm Hg) (A) or hypoxic (pO, = 14 mm Hg) (B) conditions,
and capillary endothelial eelis grown under either normoxic (C) or
hypoxic (pQ, = 14 mm Hg) (D) conditions. In each case, cultures were
pu labeled with BrdUrd for the last hour of a 48 hour incubation,
and flow metry was performed as described in the text. E:
Summary of DNA analysis. Fitted values for cells in G,, S, and G,+M
were calculated from the contour histograms in normoxic and hypoxic

ined, but at the lower oxygen tensions cytoskeletal
assembly and cell shape were perturbed. For example,
at i)O2 =14 mm Hg, the aortic EC monolayer consisted
of larger cells with altered arrangement of the actin-
based cytoskeleton (central actin arrays were reduced
and altered, circumferential stress fiber bands attenu-
ated as were the actin networks on the cytoplasmic face
of apposed cellular margins) (Fig. 6A) compared with
normoxic controls (Fig. 6B). In addition, elliptical gaps

e apparent between contiguous cells 1n hypoxic
cultures (Fig. 6A). Following restoration of a normal air

cultures, and then the percentage of cells in S phase was calculated in
each subset: aortic endothelial cells (open bar) and capillary endothe-
lial cells (hatched bar). F: Thymidine kinase activity of aortic endo-
thelial cells (open bar) and capillary endothelial cells (hatched bar).
‘Endothelial cultures were plated at a density of 3.5 x 10 cells/em?,
and grown in normoxia or hypoxia (pO, = 14 mm Hg) for 48 hr. Then,
thymidine kinase activity was as described in the text:
*H-dTMPr/cell (mean = SD) of aortic (open bar) and capillary ECs
(hatched bar) is shown.

atmosphere, within 48 hr, the a Tearance of previously’
hlgpoxlc cultures closely resembled normoxic controls;
(F1g. 6C). Similar results were observed with hypoxic:
capillary ECs.

Barrier and coagulant function of EC
monolayers grown to confluence under
hypoxic conditions

Structural studies showing intercellular gaps in the:
EC monolayer under hypoxia suggested that these:
monolayers would have augmentgﬁ permeability to
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Fig. 3. Effect of hypoxia on the reparative response of aortic endo-
thelial cells to wounding. Confluent monolayers of aortic ECs were
wounded using a cell scraper and incubated for 24 hr in either
normoxia or hypoxia }pOz =14 mm Hg) in the presence or absence of
FGF. Cells were then fixed and visualized using rhodamine phalloidin
(A~C). A: Cells maintained in normoxia after wounding. B: Cells
maintained in hypoxia after wounding. C: Cells maintained in hy-
Koxia after wounding with the addition of bFGF, 5 ng/ml. D: Effect of

ypoxia cn EC migration. Confluent monolayers of aortic ECs were

macromolecules and lower molecular weight solutes.
To assess this, capillary and aortic ECs were grown in
a controlled oxygen atmosphere on polycarbonate mem-
branes until confluence was achieved, and the passage
of macromolecular and lower molecular weight tracers
(*H-sorbitol, 500 Da, 3H-inulin, 5,000 Da, and '25I-
bovine serum albumin, 67,000 Da) was studied. In-
creased diffusional passage of these tracers across
postconfluent monolayers of aortic endothelium was
observed: there was a 300-500% increase at pO, ~14

wounded using a cell scraper and incubated overnight either in
normoxia or hypoxia (pO, ~14 mm Hg). The number of cells that
migrated into the denuded area was determined as described in the
text. The mean + SD is shown, based on examining five fields.
Normoxia = cultures maintained in normoxia after wounding;
hypoxia = cultures maintained in hypoxia after wounding;
hypoxia + bFGF = cultures maintained in hypoxia after wounding
with the addition of bFGF, 5 ng/ml.

mm Hg, and a 150-200% increase at higher oxygen
concentrations, pO,s of 18 and 21 mm Hg, respectively,
compared with cultures maintained in an ambient air
atmosrhere. Hypoxia induced similar changes in per-
meability in the micro- and macrovascular endothelial
cultures, although the capillary cells appeared some-
what more resistant to hypoxia-induced perturbation of
barrier function. The increase in Yermeability of hy-
poxic EC monolayers was reversible, even in cultures
maintained at pO, ~14 mm Hg, with diffusional pas-
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Fig. 4. Effect of bFGF on H(methyl)thymidine incorporation by
aortic (shaded bars) and capillary (open bars) endothelial cultures
grown in hypoxia (pO, = 14 mm Hg). ECs were plated (3.5 x 10¢
cells/em®) and incubated for 24 hr under hypoxic condition before
addition of the indicated concentrations of bFGF. The incubation was
continued for 48 hr, and during the last 7 hr H(methyl)thymidine was
added. Incorporation of radiolabel was assessed as described in the
text and is expressed as fold increase {mean * SD) com with that
observed in cultures maintained in hypoxia without added bFGF, the
normoxic control (the latter was arbitrarily defined as 1).

sage of the tracers returning to levels observed in
normoxia after 48 hr (data not shown). This coincided
with disappearance of the gaps between cells present in
hypoxic monolayers, suggesting that a paracellular
pathway was responsible for increased permeability of
the cultures at lower oxygen tensions. These findings
parallel our earlier resuf,ts in which acute exposure of
endothelial cultures to hypoxia reversibly decreased
endoi);helial monolayer barrier function (Ogawa et al.,
1990).

The induction of multiple changes in EC physiology
by hypoxia sug%ested that cell surface coagulant fune-
tion might be altered as well. In normal homeostasis,
the action of mechanisms promoting blood fluidity, the
antico
This led us to examine the integrity of the protein
C/protein S anticoagulant mechanism (Esmon, 1987)
on the EC surface by studying the effect of hypoxia on
the expression of thrombomogulin; In intact EC mono-
layers grown to confluence under hypoxic conditions,
thrombomodulin activity was reduceﬁp:nly at the low-
est oxygen tensions examined: for aortic ECs thrombo-
modulin activity was reduced at pO,s of 18 and 14 mm
Hg, whereas for capillary ECs thromﬁomodulin activity
was reduced only at pO; ~14 mm Hg. The fall in
thrombomodulin activity was paralleled by a fall in
total thrombomodulin-associated antigen, measured in
detergent extracts of ECs. Following placement of
cultures into an ambient air atmosphere, thrombomod-
ulin levels returned to the baseline.

In addition to suppressing the anticoagulant cofactor
thrombomedulin, hypoxia induced EC surface procoag-
ulant activity. In a'previous study, we found that ECs
grown to confluence in normoxia and subsequent]
exposed to hypoxia expressed a cell surface Factor
activator (Ogawa et al., 1990). Aortic and capillary ECs
grown to confluence in }txgpoxia also activated Factor X,
1n direct proportion to the degree of hypoxia to which
the cultures had been exposed. Activation of Factor X

lant pathways, are dominant (Ryan, 1987).
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Fig.5. Effect of hypoxia on high-affinity FGF binding sites and FGF
levels in h\?oxic ép:m:ny endothelial cells. A: ion of h%%x-
affinity FGF' binding sites by hypoxic capillary Capillary ECs
were ﬁrow:(;o eo'x;ﬂuenﬁeé ;eit.hir under(nohrmmad i ng:;d dg; ;lown
triangles; p0, 147 mm or xia (solid tria gﬂz mm
Hg), and then a radioligand mding assay using ! IZP‘GF was
performed as described in the text. Data were analyzed by the
nonlinear least squares program and the curve indicates the best fit
line: for hypoxic cultures (Hypoxic; Kd =47+ 5 M; =6.1 = 10*
sites/eell) and for normoxic cultures (Normoxic; Kd = 55 = 6 PM;
2.0 * 0.3 x 10" sites/cell). B: Western blotting of hypoxic (lane N) and

normoxic (lane H) cultures of ECs. Cultures were to confluence
either under normoxia or hipoxia (PO, =14 mm and cell lysates
were prepared for SDS-PAGE (15%) as described in text. Each lane
was loaded with 200 pg of total protein. After elect €sis, proteins

was visualized

were transferred to_nitrocellulose , and FGI

using anti-FGF antibody as desuim the text. N = sample ob-

%ned from normoxic culture; H = culture obtained from hypoxic
ture.
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Fig. 6. Effect of hypoxia on the organization of the actin-based
cytoskeleton of endothelial monolayers. A: Aortic endothelial mono-
layers were grown to confluence in hys;oxia( 0, ~14 mm Hg), and the
actin-based cytoskeleton was visualized by rhodamine-phalloidin
staining. Note the presence of numerous gaps between cells. B: Aortic

was not affected by the presence of blocking antibody to
tissue factor or Factor EX/IXA, as described previously
{Ogawa et al., 1990). Hypoxia-induced activation of
Factor X by ECs could be inhibited by mercury chlo-
ride, an inhibitor of cysteine proteases, but not by
PMSF, an inhibitor of serine proteases (Table 1). In
addition, expression of this Factor X-activating capac-
ity in hypoxic endothelium could be blocked by inclu-
sion of cycloheximide in culture medium simulta-
neously with placement of ECs in hypoxia, suggesting
that protein synthesis was involvedy?Toable 1). In con-
trast, exposure of cultures to a warfarin derivative had
nio effect (Table 1). Further evidence of a role for protein
synthesis in expression of the hypoxia-induced Factor
X activator of endothelium is that neither the super-
natants nor membrane pellets of normoxic EC lysates
had comgarable Factor X-activating capacity. In hy-
poxic endothelial cells, Factor X-activating capacity
was concentrated in the membrane fractions: it was not
observed in the supernatants of intact hypoxic cultures
and was present only to a limited extent in soluble
fractions of cell lysates. These findings suggested that
Factor X activation by hypoxic cultures was due to the
synthesis and expression of a membrane-associated
protease, distinct from the classical intrinsic and ex-
trinsic pathways of coagulation, in which enzyme a
sulthydryl group was essential for activity. These
changes in endothelial coagulant properties of cultures
grown in hypoxia were similar to those observed when
cultures grown to confluence in normoxia were exposed
for shorter times to hypoxia (Ogawa et al., 1990).

DISCUSSION

As the cells constituting the primary interface be-
tween blood and tissues, ECs must be capable of
responding to a range of environmental stimuli while
continuing to perform many functions vital to homeo-
stasis. Hypoxemia is an ubiquitous feature of man
vascular disorders, especially those associated wit

-ﬂ._"‘:‘ g . =0T -“.-"."

endothelial cells were grown to confluence in normoxia and the
actin-based cytoskeleton was visualized as described in A. C: Aortic
endothelial cells were grown to confluence in hypoxia, then they were
restored to normoxia gx? 48 hr and the actin-based cytoskeleton was
visualized as described in A. Magnification: x650.

ischemia. Growth of new blood vessels in a wound or
tumor requires capillary EC migration and cell division
in a hypoxic milieu (Folkman and Klagsburn, 1986;
Rifkin and Moscatelli, 1989). The current studies indi-
cate that ECs can grow and be maintained in hypoxia,
but their functional J)roperties are altered. Prolifera-
tion of capillary and aortic ECs in hypoxia is sup-

ressed, as has previously been shown with pulmonary

Cs (Fanburg and Lee, 1987), with an apparent de-
crease in the fraction of cells in S phase. Decreased
ahility to divide, along with hypoxia-mediated suppres-
sion of cell motility, contributes to a slower response of

- hypoxic ECs to repair of the monolayer after wounding.

is may be due, at least in part, to a fall in levels of
endogenous  endothelial FGF in hypoxia. However,
enhanced expression of what appear to be functional,
hiFh-aﬁ'mity cell surface receptors for FGF in hypoxia
allows endothelium to respond to bFGF released from

TABLE 1. Characterization of the Factor X activator of endothelium
grown in hypoxia!

Relative factor Xa formation

Condition Aortic, % Capillary, %
Normoxia 5+12 48+09
Hypoxia 100 ° 100

+ PMSF B +23 98+ 48
+ HgCly 42+ 49 52439
+ cycloheximide 31+44 28+ 3.1
+ warfarin 102453 951138

! Aortic and capillary ECa were grown to confluence in normoxia or hypoxis (pOs~
14 mm Hg). Where indicated, cycloheximide (0.1 ug/m!l) or the warfarin derivative
He-acetonylbenzyl)4-hydroxycoumarin {1 ug/ml), was added for 24 hr before the
assay was performed. Then, cultures were incubated with either medium alone or
medmm containing PMSF (2 mM), or HgCl, (0.1 mM) for 30 min to inactivate

P After hing the cells extensively, Factor X activation was
assessed during a 30 min incubation period with Factor X (1 «M) at 37°C, as
described in the text. Factor X activation in a gi perimentsl conditicn (mean +
SD) ix reported as a percent of the Factor Xa formed in cultures maintained in
hypoxia alone (defined as 100%, ~ 120 ng/ml per 5 X 10° cells).
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damaged cells. FGF release from cells could occur
acutef , following hypoxic injury to other cells, such as
cardiac myocytes, which are more sensitive to hypoxia
(and thus could undergo lysis) and have been shown to
contain FGF (Weiner and Swain, 1989; Heathers et al,,
1987). Alternatively, mitogenic factors could be selec.
tively elaborated Ey hypoxic cells, such as macro-
phages. In this context, low oxygen tensions have been
shown to induce macrophage production of active an-
giogenesis factor(s) (Knighton et al., 1983).

In a previous study, we found that aortic ECs grown
to coniluence in normoxia and then subjected to hy-
poxia maintained their viability, but demonstrated
reversible changes in barrier function and cell surface
canu.lant properties (Ogawa et al., 1990). This led us to
perform the current studies in which ECs were grown
and maintained for prolonged times in hypoxia. Al-
though the response of capillary and aortic ECs to
hypoxia was similar, with respect to suppression of cell
growth, decreased barrier &ction, and a shift in
coagulant properties with attenuation of thrombomod-
ulin and induction of procoagulant activity, it appeared
that capillary ECs were more resistant to hypoxia-
inducedp modulation of cellular properties. This could
reflect the greater ability of capillary ECs to function
effectively in environments with a range of lower
oxygen tensions, as can often occur in the microcircu-
lation. For example, monolayers of capillary ECs only
displayed significantly increased permeabi ity at pO,
~14 mm Hg, and even at that oxygen tension barrier
function was only decreased by about one-third com-
pared with aortic EC monolayers which showed in-
creased permeability at higher levels of oxygen and
a change in permeability of greater magnitude pO.
=14 mm Hg. Similarly, a more severe suppression o%
thrombomodulin was seen at higher oxygen concentra-
tions with aortic than capillary ECs. Su; pression of
thrombomodulin appearetf to be due to selective inhi-
bition of its expression (up to 75% inhibition on aortic
endothelium), while general EC protein synthesis was _
decreased only by ~20%. ’

ression of an apparently novel activator of Fac-

tor X by hypoxic cultures appeared to be similar in
- aortic and capillary ECs. This Factor X activator was
distinct from tissue factor or Factor IXa, and could only
be detected if protein synthesis was intact. Previously,
we have observed expression of a comparable novel
procoagulant activity in confluent aortic ECs grown in
normoxia following their exposure to hypoxia (Ogawa
et al., 1990). Production of this apparently nove pro-
coagulant by both aortic and capi ECs leads us to
speculate that it could be a marker ﬂypoxemic vessel
wall injury. These data contribute to an emerging
icture in which the EC response to hypoxia results

m a spectrum of changes in cellular physiology and
biosynthetic Pathwa s; some of these may eventually
be exploitable to allow for detection of hypoxemic
vascular injury at a reversible stage.

ACKNOWLEDGMENTS

We would like to thank Mr. Samuel Rover for his
generous contribution and Ms. Carmen Viana for her
generous efforts on behalf of our laboratory. We are
grateful to Dr. Peter Caldwell (Dept. of Medicine) for

- Folkm:

SHREENIWAS ET AL.

his critique of the manuscript and Dr. Gabrie] Godma;
(Dept. of Pathology) for his suggestions during th
course of these studies. We are grateful to Ms, Siegrun
Rannucci for expert technical assistance in the prepa
ration of endothelial cultures. D. Stern com leted thii
work during the tenure of a Genentech-A Estab:

lished Investigator Award.
This work was supﬁorted by ﬁrants from USPH¢
L.2271), Council for

Tobocts Resotmn cog 20
cco ch (1971 and 2101R1), American Hear:
Association, and New York Lung Ass:crilacfign %ﬁz
search Award).

LITERATURE CITED

Albe_ld_a, S., Sampson, P., Haselton, F., McNiff, J., Mueller, S}
Wllhams,_ S., Fishman, A., and Levine, E. (1988) Permeabilit;
characteristics of cultured endothelial cell monolayers. J. App)
Physiol., 64:308-319.

Bach, R., Nemerson, Y., and Konigsberg, W. (1981) Purification and
dlat;:denzation of bovine tissue factor. J. Biol. Chem., 156:8324

8331.

Bajaj, P., and Mann, K. (1973) Simultaneous purification of bovine
prothrombin and facter X. J. Biol. Chem., 248:7729-7741.

Bedford, J., and Mitchell, J. (1974) The effect of h xia on the growt!l
and radiation response of mammalian cells in ture. Br. J. Radioll
47-687-696. : )

Brett, J., Gerlach, H., Nawroth, P., Steinberg, S., Godman, G., ana
Stern, D. (1989) Tumor necrosis factor/cachectin increases perme-
ability of endothelial cell monolayers by a mechanism involving
regulatory G proteins. J. Exp. Med., 169:1977-1991.

David, G., and Reisfeld, R. (1974) Protein iodination with solid state
lactoperoxidase. Biochemistry, 13:1014-1022.

Del Vecchio, P., Siflinger-Birnboim, A., Shepard, J., Bizios, R.,
Cooper, J., and Malik, A. (1987) Endothelial monolayer permeabil-
ity to macromolecules. Fed. Proc., 46:2511-2516.

F., Kuo, W., Beisker, W., Vanderlaan, M., and Gray, J..
(1990) The use of monoclonal antibodies to do BrdUrd/DNA analy--
sis. In: Artakoff and Darzyakiew, eds. Methods in Cell Biology, Vol..
33, Academic Press, New York (in press), '

Esmon, C. (1987) The regulation of natural anticoagulant pathways..
Science, 235:1348-1352.

, B., and Lee, S.-L. (1987) Effects of anaerobiasis on the:
endothelium In: Pulmo Endothelium in Health and disease. U..
Ryan, ed. Marce! Dekker, ﬁc., New York, pp. 447-456.

an, J., ;nd Klagsburn, M. (1986) Angiogenic factors. Science,.

jikawa, K., Legaz, M., and Davie, E. (1972) Bovine factors X, and
Isolation and characterization. Biochemnistry, 11:4882 4801
wa, K., Thompson, A., Legaz, M., Meyer, R., and Davie, E.
{1973) Isolation and characterization of bovine factor IX. Biochem-
istry, 12:4938-4944, :

Furie, M., Cramer,_E.,. Naprestek, B., and Silverstein, S. (1984)
Cultured endothelial monolayers that restrict the transendothelial
passage of macromolecules and electrical current. J. Cell Biol.,
6:1033};1042

Gerlach, H., Lieberman, H., Bach, R,, Godman, G., Brett, J_, and
Stern, D. (1989) Enhancéd responsiveness of endothelium in the

E::mglmoﬁ]e state to tumor necrosis factor/cachectin. J. Exp.
., 170:913-931.

e éti:' Malone, {i’ a:l;gaiillver, L (I}g?)l) The pO, in Bvenous Svalve
: its pessible ing on throm nesis. Br. J. .y
68:166-170. € boge e
Heathers, G, Yamada, K., Kander, E., and Corr, P. (1987) Long-chain
acylcarnitines mediate the hypoxia-induced increase in alphal-
adrenergic receptors on adult canine myocytes. Circ. Res., 61:735—

746
H\;]ﬁmn, J.(1978) High altitude pulmonary edema. In: Lung, Water,
d Solute Exchange. N. Staub, ed. Marcel Dekker, Inc., New York,

. 437469
Jafle, E., Hoyer, L., and Nachman, R. (1973) Synthesis of antihemo-
lic factor antigen by cultured human endothelial cells. J. Clin.
vest., 52:2757-2765.
Johnson, D., Gautsch, J., Sportsman, J., and Elder, J. (1984) Improved
ique utilizing non-fat dry milk for analysis of proteins and

nucleic acids transferred to nitrocellulose. Gene Anal. Tech,, 1:3-8.



LONG-TERM EFFECT OF HYPOXIA ON ENDOTHELIUM 17

Joseph-Silverstein, J., Moscatelli, D., and Rifkin, D. (1988) The

development of a quantitative radioimmunoassay for bFGF using

Ivclonal antibodies against the 157 amino acid form of human
FGF. J. Immunol. Methods, 170:183-192.

Klotz, I, and Hunston, D. (1984) Mathematical models for ligand-
receptor binding. J. Biol. Chem., 258:11442-11446.

Knighton, D., Hunt, T., Scheuenstuhl, H., Halliday, B., Werb, and
Banda, M. (1983) Oxygen tension regulates the expression of
angiogenesis factor by macrophages. Science, 227:1283-1285.

Laemmli, U. (1970) Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature, 227:680-685.

Lieberman, H., Lin, P., Yeh, D., and Ruddle, F. (1988) Transcriptional
and posttranscriptional mechanisms regulate murine thymidine
kinase gene expression in serum-stimulated cells. Mol. Cell. Biol.,
8:5280-5291. .

Lowry, O., Rosebrough, N., Farr, L., and Randall, R. (1951) Protein
measurement with Folin regent. J. Biol. Chem., 193:265-275.

Madri, J., Pratt, B., and Tucker, A. (1988) Phenotypic modulation of
endothelial cells by transformin§ growth factor-8 depends upon the
composition and organization of the extracellular matrix. J. Cell
Biol., 106:1375-1384.

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

Nawroth, P., Stern, D., Kisiel, W., arid Bach, R. (1985) Cellular

uirements for tissue factor generation by bovine aortic endothe-
lial cells in culture. Thromb. Res. 40:677-691. .

Ogawa, S., Gerlach, H., Esposito, C., Pasagian-Macaulay, A., Brett, J.,
and Stern, D. (1990) Hypoxia modulates the barrier and coagulant
function of cultured bovine endothelium: increased monolayer per-
meability and induction of procoagulant properties. J. Clin. Invest.,
85:1090-1098. | .

‘Peterson, E., and Lindmo, T. (1983) Inhibition of cell-cycle progression
by acute treatment with various degrees of hypoxia. Br. J. Cancer,
1., 48:809-816.

Rice, G., S‘piro, L, and Ling, C. (1985) Detection of S-phase overrep-

lication following chronic hggoxia using a monoclonal anti-BrdUrd.
1., Radiol. Oncol., 12:1817-1822.

Rifkin, D., and Moscatelli, D. (1989) Recent developments in the cell

biology of basic fibroblast growth factor. J. Cell Biol., 109:1-6.

Roca, J., Hogan, M,, Story, D., Bebout, P., Haab, P., Gonzalez, R.,
Ueno, 0., and Wagner, P. (1990) Evidence for tissue diffusion
lzléngitation of VO,max in normal humans. J. Appl. Physiol., 67:291—

Ryan, U., editor (1987) Endothelial Cells, Vol 1. CRC Press, Inc. Boca
Raton, FL, le:) 3-177.

Sato, Y., and Rifkin, D. (1988) Autocrine activities of basic fibroblast
growth factor: regulation of endothelial cell movement, plasmino-
%gg activator synthesis, and DNA synthesis. J. Cell Biol., 707:1199—

5.

Schwartz, S. (1978) Selection and characterizatior of bovine aortic

endothelial cells. In Vitro, 14:966-984.

Shasby, D., and Roberts, R. (1987) Transendothelial transfer of
macromolecules in vitro. Fed. Proc., 46:2506-2511.

Sherley, J., and Kelly, T. (1988) Human cytosolic thymidine kinase. J.
Biol. Chem., 263:375-382.

Stern, D, Brett, J., Harris, K., and Nawroth, P. (1986) Participation
of endothelial cells in the protein C-protein S anticoagulant path-
;s;zy: the synthesis and release of protein S. J. Cell Biol., 102:1971—

78.

Towbin, H., Strachelin, T., and Gordon, J. (1979) Electrophoretic
transfer of protein from polyarcylamide gels to nitrocellulose sheets:
precedures and some applications. PNAS, 76:4350—4354.

Tsuboi, R, Sato, Y., and Rifkin, B. (1990) Correlation of cell migra-
tion, cell invasion, receptor number, proteinase production; and
basic fibroblast growth factor levels in endothelial cells. J. Cell
Biol., 110:511-517.

Van Dieijan, G., Tans, G., Rosing, J., and Hemker, H. (1981) The role
of phospholipid and factor VIIIa in the activation of bovine factor X.
J. Biol. Chem., 256:3433-3442.

Walker, F., Sexton, P., and Esmon, C. (1979) The inhibition of blood

ation by activated protein C through the selective inactiva-
tion of activated factor V. Biochim. Biophys. Acta, 571:333-342.

Weiner, H., and Swain, J. (1989) Acidic fibroblast growth factor
mRNA is expressed by cardiac myocytes in culture and the protein
islocalized to the extracellular matrix. Proc. Natl. Acad. Sci. USA.,
86:2683-2687.

Witte, L., Fuks, Z., Haimovitz-Friedman, A., Vledangky, I., Goodman,
G., and Amiram, E. (1989) Effects of irradiation on the release of
growth factors from cultured bovine, porcine, and human endothe-
hial cells. Cancer Res., 49:5066-5072.



