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Abstract

Oxygen deprivation, as occurs during tissue ischemia, tips
the natural anticoagulant/procoagulant balance of the en-
dovascular wall to favor activation of coagulation. To inves-
tigate the effects of low ambient oxygen tension on the fi-
brinolytic system, mice were placed in a hypoxic environment
with pO, < 40 Torr. Plasma levels of plasminogen activator
inhibitor-1 (PAI-1) antigen, detected by ELISA, increased
in a time-dependent fashion after hypoxic exposure (in-
creased as early as 4 h, P < 0.05 vs. normoxic controls), and
were accompanied by an increase in plasma PAI-1 activity
by 4 h (P < 0.05 vs. normoxic controls). Northern analysis
of hypoxic murine lung demonstrated an increase in PAI-1
mRNA compared with normoxic controls; in contrast, tran-
scripts for both tissue-type plasminogen activator (tPA) and
urokinase-type plasminogen activator (uPA) decreased un-
der hypoxic conditions. Immunocolocalization studies iden-
tified macrophages as the predominant source of increased
PAI-1 within hypoxic lung. Using a transformed murine
macrophage line, striking induction of PAI-1 transcripts oc-
curred under hypoxic conditions, due to both increased de
novo transcription as well as increased mRNA stability.
Consistent with an important role of the fibrinolytic system
in hypoxia-induced fibrin accumulation, PAI-1 +/+ mice
exposed to hypoxia exhibited increased pulmonary fibrin
deposition based upon a fibrin immunoblot, intravascular
fibrin identified by immunostaining, and increased accumu-
lation of '*I-fibrinogen/fibrin in hypoxic tissue. In contrast,
mice deficient for the PAI-1 gene (PAI-1 —/—) similarly ex-
posed to hypoxic conditions did not display increased fibrin
accumulation compared with normoxic PAI-1 +/+ con-
trols. Furthermore, homozygous null uPA (uPA —/—) and
tPA (tPA —/—) mice subjected to oxygen deprivation
showed increased fibrin deposition compared with wild-
type controls. These studies identify enhanced expression of
PAI-1 as an important mechanism suppressing fibrinolysis
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under conditions of low oxygen tension, a response which
may be further amplified by decreased expression of plas-
minogen activators. Taken together, these data provide in-
sight into an important potential role of macrophages and
the fibrinolytic system in ischemia-induced thrombosis. (J.
Clin. Invest. 1998. 102:919-928.) Key words: hypoxia « fi-
brinolysis « plasminogen activator inhibitor-1 « plasminogen
activator - transgenic mice

Introduction

Tissue oxygen concentrations decline rapidly during a period
of interrupted blood flow, which, if severe enough, can modu-
late the phenotype of cells of the vascular wall to trigger
thrombosis (1, 2). A decline in the pO, within the venous valve
pocket is associated with fibrin accumulation on the venous
valve cusps, which may be the progenitor of venous thrombo-
sis accompanying prolonged venous stasis (1). The molecular
basis for the prothrombotic diathesis associated with oxygen
deprivation is only recently coming to light, with many cells of
the vascular wall acting together to promote local thrombosis.
Hypoxia-induced modulation of the endothelial phenotype
tips the preponderance of anticoagulant mechanisms charac-
teristic of quiescent endothelium towards diverse prothrom-
botic mechanisms (3-6). Mononuclear phagocytes (MPs)! also
appear to have a central role in hypoxia-induced thrombosis;
mice exposed to low ambient oxygen concentrations exhibit
monocyte recruitment, local tissue factor expression, and
thrombosis (7).

Our studies have been designed to dissect mechanisms un-
derlying vascular fibrin deposition associated with oxygen dep-
rivation. Since net accrual of fibrin results from both increased
fibrin formation as well as diminished fibrin dissolution, it is
likely that enhanced procoagulant activity and inhibition of fi-
brinolysis act in concert to augment the formation of throm-
bus. In support of this view, ongoing local fibrinolysis pre-
vented fibrin accumulation in some tissues despite tissue factor
induction in a murine sepsis model (8). Our previous work
demonstrated that mice placed in an hypoxic environment ex-
hibit a propensity for intravascular fibrin deposition which was
inhibited by administration of a functionally blocking anti-tis-
sue factor antibody (7). These data indicate that vascular adap-
tive mechanisms triggered by hypoxia include modulation of
cellular cofactors critical for regulation of coagulation, suggest-

1. Abbreviations used in this paper: '*I-FIB, »I-labeled fibrinogen/fi-
brin; MP, mononuclear phagocyte; PAI-1, plasminogen activator in-
hibitor-1; tPA, tissue-type plasminogen activator; uPA, urokinase-
type plasminogen activator.
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ing the importance of analyzing the impact of oxygen depriva-
tion on the fibrinolytic system. However, studies of fibrinolytic
mechanisms in hypoxic endothelial cells have not provided a
clear picture. Human umbilical vein cells exposed to anoxic
conditions demonstrate no change in levels of tissue-type plas-
minogen activator (tPA) or plasminogen activator inhibitor-1
(PAI-1) (9), although reoxygenation was associated with de-
creased mRNA and activity of both related to the duration of
antecedent hypoxic exposure. In contrast, other studies have
shown that PAI-1 mRNA is increased in endothelial cells
(with an inhibition of fibrinolysis) after 24 h of exposure to an
ambient oxygen concentration of 40 Torr (10).

These studies were undertaken to test the hypothesis that
hypoxia suppresses the fibrinolytic potential of MPs, which,
taken together with hypoxia-mediated triggering of the proco-
agulant pathway, amplifies the subsequent accumulation of fi-
brin. We have focused primarily on the role of PAI-1, a 52-kD
serine protease inhibitor which serves as the major plasma in-
hibitor of tPA or urokinase-type plasminogen activator (uPA).
Binding of active PAI-1 with its cognate proteases inhibits
their activating the zymogen plasminogen to form plasmin,
thereby inhibiting fibrinolysis (11). Our results show coordi-
nated induction of PAI-1 and suppression of plasminogen acti-
vators in hypoxic lung, as well as in a transformed monocyte
line in vitro. As parallel induction of PAI-1 and inhibition of
plasminogen activator gene expression can profoundly inhibit
fibrinolysis, these studies could have important implications
for the pathogenesis of diseases associated with hypoxemia,
such as venous thrombosis, myocardial infarction, and stroke.

Methods

Macrophage cell culture. RAW cells (a transformed murine mac-
rophage cell line) were obtained from the American Type Culture
Collection (Rockville, MD) and grown in RPMI supplemented with
10% FCS (Hyclone Labs, Logan, UT) and penicillin-streptomycin
(50 U/ml and 5 pg/ml, respectively). When RAW cells achieved con-
fluence, experiments were performed by washing cells three times
with serum-free medium, and then placing them in either a standard
cell culture incubator (37°C, 5% CO,), or a similar incubator within
an hypoxia chamber. This environmental chamber (Coy Laboratory
Products, Ann Arbor, MI) provides a controlled temperature (37°C)
and a humidified anoxic atmosphere, which results in an oxygen ten-
sion in the culture medium of 14-18 Torr. Use of this chamber for cell
culture experiments has been described previously (5, 7, 12, 13).
RNA extraction and Northern blot analysis. To detect PAI-1
transcripts, total RNA was extracted from RAW cells or freshly har-
vested murine tissue using the RNA STAT-60 total RNA isolation
reagent (Tel-Test “B”, Inc., Friendswood, TX). RNA was size frac-
tionated on a 0.8% agarose gel containing 2.2 M formaldehyde and
transferred overnight to nylon (Duralon-UV; Stratagene, La Jolla,
CA) membranes with 10X SSC buffer by capillary pressure. PAI-1
transcripts were detected using a murine PAI-1 cDNA probe (the
plasmid, containing a pBS vector and a 3,014-bp insert was gener-
ously provided by M. Cole). The PAI-1 cDNA, consisting of a 775-bp
DNA fragment in the PAI-1 encoding region, was prepared by Pvull
and Xhol digestion of the plasmid DNA, and was purified using a
QIAEX II gel extraction kit (QIAGEN Inc., Chatsworth, CA). This
fragment was used as a cDNA probe after **P-random primer label-
ing (Prime-It RmT; Stratagene) with [a-**P]dCTP. After prehybrid-
ization and hybridization using QuikHyb hybridization solution
(Stratagene), the blots were washed two times at room temperature
with 2X SSC/0.1% SDS, followed by a 60°C wash with 0.1X SSC/
0.1% SDS. Blots were developed with X-Omat AR film exposed with
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light screens at —80°C for 3 d. Blotting procedures for tPA were per-
formed as described for PAI-1, except that the tPA probe was a murine
cDNA fragment (14) comprised of a 2.5-kb insert from a pKS +/—
plasmid vector, obtained after EcoR1 digestion (plasmid was gener-
ously provided by Dr. A. Clowes, University of Washington). Blots
for uPA were performed using a murine cDNA obtained from the
American Type Culture Collection, comprised of a 1.5-bp insert di-
gested from a pEMBLS plasmid vector using pST1. For all blots,
B-actin was used as a control to confirm equal lane loading.

mRNA stability and nuclear run-on analyses. PAI-1 mRNA sta-
bility was examined as follows. RAW cells were plated in 150-mm
petri dishes, and, after a fresh change of medium, they were exposed
to either a 4-h period of normoxia or hypoxia at which time point acti-
nomycin D (5 pg/ml; Sigma Chemical Co., St. Louis, MO) was added
to inhibit further mRNA transcription. Subsequently, cells were col-
lected at the indicated times and RNA was prepared for Northern
blotting, performed as described above. Transcriptional analysis was
performed in separate experiments as follows. RAW cells were
plated in 150-mm dishes and exposed to either normoxia or hypoxia
for 4 h, after which nuclei were isolated and in vitro transcription per-
formed. Immediately after normoxic or hypoxic exposure, cultures
were washed twice with ice-cold PBS, lysed in NP-40-containing
buffer (Tris/HCI, 10 mM, pH 7.4; NaCl, 10 mM; MgCl,, 3 mM; NP-40,
0.5%), incubated on ice for 5 min, and centrifuged at 500 g for 5 min.
Nuclei were washed in lysis buffer, resuspended in storage buffer (0.2
ml; Tris/HCl, 50 mM, pH 8.3; glycerol, 40%; MgCl,, 5 mM; EDTA,
0.1 mM), and kept at —80°C before use. For in vitro transcription, the
nuclei from normoxic or hypoxic MPs (0.6-1 X 107) were thawed and
mixed with equal volume of reaction buffer (Tris/HCI, 10 mM, pH
8.0; MgCl,, 5 mM; KCl, 300 mM) containing 1 mM each of ATP, CTP,
and GTP, and [a-**P]UTP (200 w.Ci; 3,000 Ci/mmol; Amersham, Ar-
lington Heights, IL). The reaction mixture was incubated at 30°C for
30 min, and *’P-labeled RN A was then isolated and precipitated using
RNA STAT-60 total RNA isolation reagent (Stratagene). RNA was
hybridized to linearized plasmid DNA (PAI-1 and B-actin), and im-
mobilized on nitrocellulose membranes for 36 h at 65°C. Filters were
washed in SSC (2X) at 65°C three times for 30 min each and exposed
to Kodak x-ray film. For the mRNA stability assays, blots were
scanned into a Macintosh 8500 computer and NIH Image software
was used to calculate the density of each band relative to the corre-
sponding B-actin band, and the slope of the resulting time-dependent
decay of mRNA calculated for each condition by linear regression.

PAI-1 ELISA. Levels of PAI-1 antigen were quantified by a
sandwich ELISA, similar to previously described procedures (15).
Polystyrene microtiter plates were coated with 100 pl of a rabbit
polyclonal anti-mouse PAI-1 IgG (American Diagnostica, Green-
wich, CT) at a concentration of 20 wg/ml, prepared in 50 mM bicar-
bonate buffer (pH 9.5) consisting of Na,CO; (1.59 g), NaHCO; (2.93
g), NaNj; (0.2 g), and double distilled water to 1 liter. After allowing
the plate to remain at 4°C overnight, the plate was washed four times
with washing buffer (PBS with 0.05% Tween 20), blocked with 200
wl/well of blocking buffer (bicarbonate buffer with 1% BSA), and
then washed four times with washing buffer. Sample (or positive con-
trol, consisting of rat PAI-1; American Diagnostica) was added (200
wl/well), incubated at room temperature for 5 h, and then washed
four times with washing buffer. Plates were further prepared by add-
ing 200 wl/well of rabbit anti-mouse PAI-1 IgG (5 pg/ml) which was
biotinylated using the ECL protein biotinylation module (Amer-
sham). After washing four times with washing buffer, ExtrAvidin
Peroxidase (Sigma; diluted 1:1,000 in an assay buffer consisting of
PBS [pH 7.4], BSA [0.1%], and Tween 20 [0.5%]) was added to each
well (200 wl/well). Plates were then developed using 200 pl/well of
freshly prepared developing solution (in 25 ml of 50 mM citrate phos-
phate buffer, pH 5.3, 5 mg of 2,2'-azinobis-(3-ethyl-benzthiazoline-6-
sulphuric acid [Sigma] and 15 pl of 30% H,O, were added). Plates
were further incubated to allow color development, followed by ter-
mination of the reaction with 1.2 N H,SO, (50 pl/well). Absorbance
was read at 405 nm, and the detection limit in this assay was 0.32 pg/



ml. Experiments were performed in duplicate, with results expressed
as means*SEM.

PAI-1 activity assay. Plasminogen activator inhibitor activity was
determined by a functional rate assay described by Ranby et al. (16),
and its adaptation to plasma samples, as described by Wiman et al.
(17). In brief, samples from normoxic or hypoxic conditions were
added to reaction mixture containing a known quantity of tPA, solu-
ble fibrin (Desafib; American Diagnostica), and a plasmin substrate
(Spectrozyme PL; American Diagnostica). Plasmin generated by the
reaction of tPA and fibrin cleaves the Spectrozyme substrate to gen-
erate a yellow color, which can be measured at OD 405 nm. PAI-1 ac-
tivity is expressed as the amount of PAI-1 which inhibits 1 IU of tPA.

Immunohistochemistry. Animals were humanely killed immedi-
ately upon removal from the hypoxic environment, and lung tissue
was fixed by immersion in neutral-buffered formalin (10%), and em-
bedded in paraffin by standard procedures. Sections were rehydrated
and blocked with PBS containing BSA (1%) and normal goat serum
(4%). For detecting PAI-1, sections were incubated with rabbit anti—
rat PAI-1 (1:50 dilution, 40 min at 37°C). Primary antibody was re-
vealed using a goat anti-rabbit IgG avidin-biotin—conjugated system,
as per the manufacturer’s instructions (Sigma), with 3-amino-9-ethyl-
carbazole as chromogen. To ascertain that the cells which expressed
PAI-1 were indeed MPs, adjacent sections were stained using similar
procedures. However, instead of using the anti-rat PAI-1 primary an-
tibody, a rat anti-mouse monoclonal antibody against the MP antigen
F4/80 (18) (Caltag Laboratories, South San Francisco, CA) was used.
For detecting fibrin, sections were stained with a rabbit antibody
raised to rat fibrin monomer which is reactive to fibrin and fibrinogen
(anti-rat fibrin IgG, 50 pg/ml, provided by Dr. Jef Emeis) (19). Sites
of primary antibody binding were visualized with a peroxidase-conju-
gated secondary antibody, goat anti-rabbit IgG (Sigma).

In vivo hypoxia. Mice were exposed to normobaric hypoxia using
a custom-designed, computer-controlled environmental chamber
which regulates ambient temperature, humidity, and gas composition.
Oxygen concentration is controlled by introducing small amounts of
nitrogen as required to maintain oxygen concentration within a nar-
row pre-set range, using a solenoid triggered by an analogue signal
generated by an oxygen sensor (Horiba Instruments, Ann Arbor,
MI). A series of scrubbers removes carbon dioxide and gaseous ni-
trogenous wastes. Ambient oxygen was maintained between 5 and
6% for all experiments throughout the indicated durations, the lowest
sublethal levels which could be achieved in pilot experiments. Use of
this chamber has been described previously (5, 7, 12, 13). Normoxic
control animals (not placed in the chamber) were otherwise treated
in the same manner. In experiments not using genetically manipu-
lated animals, mice were inbred C57B1/6J. For experiments using ho-
mozygous deletional mutant mice (PAI-1 —/—, tPA —/—, uPA —/-)
(75, 76, 139), the latter mice and control animals were 50% C57B1/6]
and 50% 129 strain. To determine the effects of hypoxia on PAI-1 ex-
pression and fibrin accumulation in vivo, mice were killed at the indi-
cated times. When tissue was prepared for fibrin immunoblotting or
immunostaining, mice received intravenous heparin (10 U/g) immedi-
ately before time of killing to block postmortem clotting. These meth-
ods have been described previously (7). To detect plasma PAI-1 ac-
tivity or antigen, blood was obtained by ventricular puncture after
ketamine/xylazine anesthesia, immediately before humane Kkilling.
Lung tissue was obtained for Northern blotting by snap-freezing tis-
sue in liquid nitrogen immediately after time of killing.

Measurement of hypoxia-induced fibrin accumulation. Previous
studies have indicated that fibrin is deposited in the lungs of mice ex-
posed to low ambient oxygen (7). Using these previously validated
techniques, fibrin was detected in murine lungs by two methods, one
in which the accumulation of radioiodinated fibrinogen/fibrin was
measured, and the other in which immunoblots were performed on
plasmin-digested tissue to detect a neoepitope associated with the
gamma-gamma chain dimer present in cross-linked fibrin (20). In the
first assay, mouse fibrinogen was labeled with Na!'*I using the Iodo-
bead method (Pierce, Rockford, IL). Animals were each injected

with 50-200 ng of '*I-labeled fibrinogen (2-6 nCi in 0.2 ml saline). At
each time, hypoxic and normoxic experiments were conducted simul-
taneously, using identical doses of '»I-labeled fibrinogen adminis-
tered by tail vein at the start of the time course. At the conclusion of
the time course, mice were immediately killed as described, lungs
were harvested, dried, weighed, and radioactivity was counted. Rela-
tive deposition of ' fibrinogen/fibrin (**I-FIB) was calculated as
the ratio of counts per minute per gram of tissue between hypoxic an-
imals and normoxic controls. Immunoblotting for fibrin was per-
formed using a technique which has been described previously (7). In
brief, lung tissue was placed in iced buffer (0.05 M Tris, 0.15 M NaCl,
500 U/ml heparin, pH 7.6), followed by homogenization. Plasmin di-
gestion was performed by a modification of the method of Francis
(21), in which human plasmin (0.32 U/ml; Sigma) was incubated with
the tissue homogenate, followed by agitation at 37°C for 6 h, and sub-
sequent addition of more plasmin (0.32 U/ml) and further 2 h of agi-
tation. The mixture was centrifuged at 2,300 g for 15 min and the su-
pernatant was recovered. Samples were boiled in reducing SDS
sample buffer for 5 min, loaded onto an SDS-PAGE (10%) gel under
reducing conditions at 20 wg/protein per lane, subjected to electro-
phoresis, and electrophoretically transferred to nitrocellulose. Blots
were reacted with a polyclonal rabbit anti-human antibody prepared
to gamma-gamma chain dimers present in cross-linked fibrin (gener-
ously provided by Dr. J. Sobel) (20) followed by horseradish peroxi-
dase—conjugated goat anti-rabbit IgG (Sigma). Final detection of
bands was performed using the enhanced chemiluminescent Western
blotting system (Amersham, Buckinghamshire, UK).

Data analysis. Results are expressed as means+=SEM with SEM
for ratios calculated as described by Cochran (22). Statistical analysis
was performed using the Student’s two-tailed unpaired ¢ test for com-
parisons between two groups, using Statview software. Differences
were considered significant if P < 0.05.

Results

Studies were performed to characterize the effects of low am-
bient oxygen tensions on the expression of PAI-1 in vivo. Mice
(C57Bl/6] males, 8 wk old) were placed in an environmental
chamber which enabled the ambient fraction of inspired oxy-
gen (FiO,) to be lowered to 6%, the lowest nonlethal oxygen
concentration in preliminary experiments. Exhaled CO, and
ammonia generated by animals/nitrogenous waste were main-
tained at undetectable levels by a series of scrubber devices as
reported previously (23). Under these conditions, mice be-
came tachypneic but appeared otherwise normal. PAI-1 levels
in plasma from hypoxic mice were measured by ELISA using a
rabbit polyclonal anti-rat PAI-1 primary antibody, which
cross-reacts with murine PAI-1. PAI-1 antigen increased in
plasma in a time-dependent fashion, rising as early as 4 h and
continuing for up to 16 h of hypoxic exposure (Fig. 1 A, left).
Because PAI-1 can circulate in both active and latent forms
(24), plasma PAI-1 activity was measured using a microtiter
system which monitors PAI-1-mediated inhibition of plasmin-
ogen-activator activity (16, 17). These experiments demon-
strated a time-dependent increase in plasma PAI-1 activity
(Fig. 1 A, right), increasing as early as 4 h after initiation of
hypoxia. Northern blotting of RNA extracted from various tis-
sues demonstrated that the lungs, kidney, and heart showed
hypoxia-induced increases in PAI-1 mRNA levels (4.53-fold
increase for lungs, 2.10-fold increase for heart, 1.35-fold in-
crease for kidney) (Fig. 1 B), suggesting that these organs rep-
resented the predominant source of the increased PAI-1 mea-
sured in plasma. When lung tissue was examined for evidence
of fibrin accumulation under hypoxic conditions, fibrin was
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identified intravascularly by immunohistochemical staining us-
ing a primary rabbit antibody raised to rat fibrin monomer
(19) which is cross-reactive in mice (7) (Fig. 2).

To identify potential mechanisms underlying intravascular
fibrin deposition under hypoxic conditions, and knowing that
many cells of the vascular wall synthesize and secrete PAI-1,
we examined the effects of hypoxia on PAI-1 synthesis in the
richly vascularized lungs. To our surprise, these experiments
failed to reveal significant endothelial or vascular smooth mus-
cle PAI-1 immunostaining (Fig. 3, bottom). In contrast, mac-
rophages stained prominently throughout the lungs of mice ex-
posed to hypoxia, but not those of normoxic controls. These
cells were identified as macrophages based upon staining of
adjacent sections for the MP antigen F4/80 (18) (Fig. 3,top).

These in vivo studies, in addition to those of Chapman et
al. (25), in which PAI-1 synthesis was increased in human alve-
olar macrophages after treatment with lipopolysaccharide, di-
rected our attention to the role of macrophages in hypoxia-
induced PAI-1 production. For these experiments, RAW cells (a
transformed murine macrophage cell line) were exposed to
hypoxic conditions using an in vitro chamber which reduces
the pO, within the cell culture medium to 14-16 Torr, similar
to those levels observed under conditions of tissue ischemia
(26) as well as those levels known to induce Weibel-Palade
body exocytosis (5) and de novo synthesis of growth factors
(27) and cytokines (IL-1, IL-6, IL-8) (23, 28-30). Under these
conditions, cell viability is maintained (12, 28, 31) and North-
ern analysis showed increased PAI-1 mRNA in hypoxic RAW
cells compared with normoxic controls (Fig. 4 A, left), similar
to the increase in PAI-1 mRNA observed in lung taken from
hypoxic mice compared with normoxic control lung (Fig. 4 A,
right). When exposed to hypoxia in vitro, RAW cells showed a

time-dependent increase in PAI-1 antigen compared with nor-
moxic controls (Fig. 4 B). To further investigate mechanisms
involved in hypoxia-mediated increase in PAI-1 transcripts,
nuclear run-on analysis was performed using nuclei isolated
from RAW cells exposed to either a 4-h period of hypoxia or a
comparable period of normoxia. These data demonstrate an
increased rate of PAI-1 transcription under hypoxic conditions
(less than sixfold increase by densitometric analysis) (Fig. 5A),
which is likely to be, at least in part, the reason for increased
steady-state levels of PAI-1 mRNA in hypoxic RAW cells.
When the stability of mRNA was analyzed by adding actino-
mycin D to cells after 4 h of hypoxia (to inhibit further tran-
scription), subsequent serial Northern analysis demonstrated
that the decay rate of PAI-1 mRNA was retarded by hypoxia
(Fig. 5 B). These data were quantified by densitometric scan-
ning of the blot and by performing linear regression analysis to
determine the slope of the line inscribed by plotting the PAI-1/
B-actin mRNA ratios as a function of time; the slope of the
normoxic PAI-1 mRNA decay line is —0.098 relative mRNA
units/h (r = 0.94), which represents 50% more rapid decay
than that seen with hypoxia (—0.065 relative mRNA units/h,
r = 0.76). These more objective data confirm the subjective
impression that PAI-1 mRNA appears to decay at a slower
rate under hypoxic than under normoxic conditions, contribut-
ing to increased PAI-1 mRNA under hypoxic conditions.
Although tPA mRNA is reportedly unchanged after en-
dothelial exposure to anoxia (9) or hypoxia (10), the PAI-1/
tPA antigen ratio appears to be increased (10), which may con-
tribute to the apparent hypofibrinolytic state of endothelial
cells exposed to hypoxia in vitro (10). Because no similar data
are available for macrophages, and our in vivo experiments
suggested macrophages to be the major source of PAI-1 in

Figure 1. (A) Effect of in vivo exposure to
hypoxia on PAI-1 antigen and activity.

50

Plasma PAI-1 Antigen (ng/mL) }>

(Left) PAI-1 antigen. Mice were subjected
to either normoxic conditions (leftrmost bar)
or to normobaric hypoxia (FiO, 5-6%) for
the indicated durations, after which plasma
was collected by cardiac puncture and PAI-1
antigen measured using a capture ELISA.
Eight mice were sampled for each condi-
tion for the duplicate determination of
PAI-1 antigen by ELISA; the means=SEM
are shown. *P < 0.05 vs. normoxia. (Right)

(Tuynp) ANARIY 1-1Vd suiseld

& 2 4 8 16 &e“"’ 2 3 16 PAI-1 activity. Mice were subjected to sim-
éo‘ Hypoxic Duration (hrs) éé Hypoxic Duration (hrs) ilar conditions as those described above,
and plasma was obtained at the indicated
B Liver Kidney Heart Lung Brain Erirl?es in order to determine PAI-1 activity.
ese procedures were performed by a
N H N H N H N H N H chromogenic assay which measures the
ability of PAI-1 to inhibit plasmin gener-
PAI-1 -~ - - ' ated by the reaction of tPA and fibrin (see

B-actin . . “ " "

Methods). For these experiments, eight
mice were used per condition and the val-
ues expressed are the means+=SEM of du-
plicate determinations. *P < 0.05 vs. nor-
moxia. (B) Tissue survey of PAI-1 mRNA
levels. Northern blots to compare relative
levels of PAI-1 mRNA between various or-

o

gans were performed using tissue obtained from 16-h hypoxia-exposed (FiO, 5-6%) or normoxia-exposed (control) mice on at least three sepa-
rate occasions. The blot which is shown demonstrates PAI-1 mRNA levels in the organs of a single animal exposed to either normoxia or a single

animal exposed to hypoxia to facilitate comparison between organs.
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Figure 2. Increased intravascular accumulation of fibrin in a PAI-1 +/+ mouse exposed to 16 h of hypoxia, demonstrated by immunohistochem-
istry (with antemortem heparinization to limit postmortem thrombosis). The left panels show the results of immunostaining for fibrin. Arrows

point to the intravascular fibrin, which stains pink. The right panels demonstrate the absence of staining in adjacent thin sections when a nonim-
mune control antibody is used rather than the antifibrin primary antibody, but with otherwise identical staining procedures. Final magnifications,

top panels, X500; bottom panels, X1,000.

hypoxic lungs, experiments were performed to determine the ef-
fects of hypoxia on mRNA levels of tPA and uPA. Mice exposed
to hypoxia display a time-dependent decrease in tPA mRNA in
lung (Fig. 6 A). Similarly, when murine pulmonary tissue was
probed for the other major plasminogen activator (uPA), the
data were quite similar; uPA transcripts also declined in a time-
dependent fashion after oxygen deprivation (Fig. 6 B).

These observations of the coincident increase in PAI-1 and
decrease in uPA and tPA strongly suggested that the fibri-
nolytic balance under conditions of hypoxia might be tipped to
favor the accumulation of fibrin under conditions of hypoxia.
To establish the physiologic relevance of these observations in
the pathogenesis of hypoxia-driven fibrin accumulation, three
lines of gene-knockout mice, homozygous PAI-1 null (PAI-1
—/—) (32, 33), homozygous tPA null (tPA —/—) (34), and ho-
mozygous UPA null (uPA —/—) (34), were subjected to oxygen
deprivation. Fibrin accumulation was estimated by injection of
125]-1abeled fibrinogen at the onset of the hypoxic exposure, af-
ter which animals were exposed to hypoxia, killed, and the
lungs were counted to provide a semiquantitative measure of
accumulated fibrin (designated as '*I-FIB). Although this
technique is associated with some nonspecific background ac-
tivity, recent studies in our laboratory have demonstrated that
changes in '»I-FIB accumulation parallel changes in fibrin ac-
cumulation in the setting of oxygen deprivation, based on de-
tection of fibrin using specific antibodies or electron micros-
copy (7). Pilot data indicated that, in control animals, hypoxia

resulted in a < 3.5-fold increase in the deposition of the tracer,
in contrast to virtual absent increase in accumulation of >I-
IgG (used to monitor changes in vascular permeability) (7).
Therefore, for the current experiments, simultaneous experi-
ments were performed in which control and gene-knockout
animals were subjected to 16 h of hypoxia, in order to examine
the relative increase in '*I-FIB deposition caused by the ab-
sence of a gene for a particular fibrinolytic component (data
are expressed as relative '»I-FIB deposition; therefore, a value
of 1, observed in wild-type mice, represents < 3.5-fold increase
in the hypoxic/normoxic accumulation of '*I-FIB). PAI-1 —/—
mice exposed to hypoxia for 16 h exhibited decreases in '*°I-
FIB deposition compared with hypoxic control mice (PAI-1
+/+; P < 0.01) (Fig. 7 A). On the other hand, uPA —/— and
tPA —/— mice exposed to similar hypoxic conditions demon-
strated significant increases in '*’I-FIB deposition compared
with wild-type controls (uPA +/+ and tPA +/+; P < 0.01 and
P < 0.05, respectively) (Fig. 7, B and C).

To confirm that fibrinolytic gene knockout mice exhibit al-
tered hypoxia-mediated accumulation of fibrin, immunoblots
were performed using plasmin digests of lung tissue from ani-
mals which had either been exposed to hypoxia or which were
left under normoxic conditions (using the antibody which
cross-reacts with a neoepitope present on gamma-gamma
dimer of cross-linked fibrin) (20). Immunoblots performed on
tissue obtained from wild-type animals exposed to 16 h of hyp-
oxia showed an intense band, in contrast to a weaker band ob-
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Figure 3. Immunohistochemical colocalization of PAI-1 antigen and MPs in lung tissue from normoxic and hypoxic (PAI-1 +/+) mice. Tissue
was obtained from mice under normoxic conditions (/eft) or after 16 h of exposure to normobaric hypoxia (FiO, 5-6%, right). Adjacent sections
of paraffin-embedded tissue were immunostained for either PAI-1 (bottom) or the MP marker F4/80 (18) (fop) as described in Methods. In hyp-
oxic lung tissue, cells which stain as macrophages (arrows) stain strongly for the PAI-1 antigen (deep russet color). X400.

served in samples obtained from PAI-1 null animals subjected oxic conditions (Fig. 7 D). These experiments confirm that
to identical hypoxic conditions, despite equal loading of the gel changes in the fibrinolytic balance incited by hypoxic exposure
(20 pg/lane, Fig. 7 D). Animals which were deficient in either are likely to be of pathologic significance with respect to the
tPA or uPA exhibited increased fibrin deposition under hyp- accrual of fibrin.
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Figure 4. PAI-1 expression under hypoxic conditions. (A) The left panel is a Northern blot demonstrating increased levels of PAI-1 mRNA in
RAW cells exposed to 4 h of hypoxia (H) compared with normoxic control cells (N). The right panel is a Northern blot demonstrating increased
levels of PAI-1 mRNA in lung tissue obtained from mice exposed to 16 h of normobaric hypoxia (H; pO, 5-6%) or normoxia (N). (B) PAI-1 an-
tigen expression by RAW cells, as detected using a capture ELISA in which the primary antibody was a rabbit polyclonal anti-rat PAI-1. The ex-
posure duration (to either normoxic or hypoxic conditions after medium change) is shown. Means+=SEM are shown. **P < 0.01, ***P < 0.001,
hypoxia vs. normoxia.
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added to an in vitro transcription reaction mixture containing [a-P]UTP, after which ?P-labeled RNA was hybridized to linearized plasmid

DNA (PAI-1 and B-actin) for radiographic detection. The figure shown is representative of three out of four experiments. (B) Analysis of PAI-1
mRNA stability. RAW cells were plated on 150-mm? dishes, and after a fresh change of medium, were either left under normoxic conditions or
hypoxic conditions for 4 h, at which time actinomycin D was added to inhibit further mRNA transcription. Subsequently, cells were collected at

the indicated times and RNA was prepared for Northern blotting.

Discussion

A low partial pressure of oxygen represents an important com-
ponent of the ischemic vascular milieu. Hypoxia has been
shown in numerous studies to modulate phenotypic properties
of cells of the vascular wall. Endothelial cells subjected to oxy-
gen deprivation display increased levels of neutrophil adhesion
molecules at the cellular surface (4, 5), synthesize a potent va-
soconstrictor (35), and express several proinflammatory cyto-
kines de novo (23, 29, 30). Recent evidence is emerging that, in
concert with the shift towards a procoagulant phenotype, en-
dothelial cells exhibit a diminished fibrinolytic response under
conditions of oxygen deprivation, especially when followed by
reoxygenation and the attendant production of reactive oxy-
gen intermediates (9, 36).

The physiologic relevance of hypoxia-induced modulation
of the fibrinolytic response in the pathogenesis of fibrin accu-
mulation is demonstrated by the studies with gene knockout
mice. PAI-1-deficient mice, which are apparently healthy but
have a mild hyperfibrinolytic state (enhanced lysis of thrombus
injected into the jugular vein) (33), demonstrate reduced fibrin
accumulation in response to in vivo hypoxic exposure com-
pared with PAI-1 +/+ controls. In addition, mice deficient for
either tPA or uPA show the converse, i.e., increased fibrin ac-
crual after in vivo hypoxic exposure. Our results can be viewed
in the context of earlier work performed in rats in which expo-
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sure to severe oxygen deprivation (FO, 5%) for 2 h signifi-
cantly reduced the fibrinolytic activity of aortic tissue (37), al-
though more modest levels of hypoxemia had the opposite
effect. As these and the current experiments were performed
using severe hypoxic conditions for periods exceeding 30 min,
they do not contradict prior studies in humans, in which mod-
est levels of hypoxia of rapid onset and brief duration caused a
decrease in euglobulin lysis time (38, 39) yet at the same time
caused an increase in the release of Factor VIII coagulant ac-
tivity and beta thromboglobulin (39). Taken together, the data
from these prior experiments and from our own work suggest
that in order for hypoxemia to reduce local fibrinolytic activ-
ity, hypoxemia must be profound and must occur in a time
frame of sufficient duration to permit the transcription and
translation of new genes. Given this, it is likely that there is an
important role of the fibrinolytic system in fibrin accumulation
accompanying severe hypoxemia, and it may help to explain
the in vivo observation that hypoxemia associated with venous
stasis causes fibrin deposition on venous valve cusps (1). In ad-
dition, these observations are likely to be of pathophysiologi-
cal significance for a wide range of conditions associated with
tissue ischemia, including myocardial infarction and stroke.
There is a great deal of overlap between the vascular re-
sponses to oxygen deprivation and to sepsis. Hypoxia induces
endothelial cell IL-1, IL-6, and IL-8 synthesis, similar to cyto-
kine induction seen in the septic state. The data presented here

Figure 6. Effect of hypoxia on tPA and
uPA mRNA levels in mice in vivo. Mice
were exposed to normobaric hypoxia
(ambient oxygen was maintained be-
tween 5 and 6% using a computer-con-
trolled environmental chamber). Nor-
moxic control animals (not placed in the
chamber) were otherwise treated in the
same manner. After the indicated expo-
sure duration, lung tissue was rapidly
harvested, snap-frozen in liquid nitro-
gen, and total RNA was extracted. Size
fractionation of RNA was performed by
agarose gel electrophoresis, after which
Northern blots were probed using
cDNA probes for murine tPA (A) or
uPA (B). Blots were stripped and then
probed with a cDNA for B-actin, in or-
der to confirm equal loading of lanes.

8 Hr. Hypoxic Lung
16 Hr. Hypoxic Lung

--— 28BS
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Figure 7. Effect of deletion of either the PAI-1 gene, the tPA gene,
or the uPA gene on the hypoxia-induced accumulation of '>I-FIB. At
the onset of the 16-h hypoxic period, '*I-labeled murine fibrinogen
was injected into control mice or mice which were homozygous null
for either (A) the PAI-1 gene, (B) the tPA gene, or (C) the uPA
gene. Relative deposition of '’I-FIB was calculated as the ratio of
counts per minute per gram of tissue between hypoxic experimental
and control animals, with a relative value of 1 representing an ~ 3.5-
fold increase in the hypoxic/normoxic accumulation of '*I-FIB; the
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demonstrate that hypoxia also induces PAI-1 expression in
hypoxic tissues, which is similar to the clinical situation during
sepsis, characterized by a prothrombotic tendency with mark-
edly elevated levels of PAI-1 (40). Treatment of rats with en-
dotoxin results in decreased tPA activity and increased PAI-1
expression in several tissues, including aorta, with tPA activity
decreasing due to a shift in the balance between tPA and PAI-1
(41, 42). TNF not only decreases endothelial anticoagulant
properties by reducing thrombomodulin expression (3, 43),
but increases PAI-1 expression in human umbilical vein endo-
thelial cells in vitro (44). In addition, hypoxic endothelial cells
secrete IL-1a,, which can stimulate the proinflammatory re-
sponse and cause increased PAI-1 expression in human umbil-
ical vein endothelial cells in vitro (45-47), although IL-1 and
TNF appear not to be necessary for PAI-1 induction (48).

Although cytokine generation may augment PAI-1 produc-
tion after a period of hypoxia, increased PAI-1 expression ap-
pears to be a primary event, based upon several lines of evi-
dence. Although cytokines such as TNF and IL-1, which may
be elevated in the hypoxic milieu, could potentially decrease
endothelial fibrinolytic activity (4547, 49), inhibition of these
cytokines does not alter the increased PAI-1 expression seen
in response to endotoxin administration in vivo (48). Although
experiments in which tissues are exposed to brief hypoxic per-
fusion (50) or profound peripheral ischemia (infrarenal aortic
cross-clamping [51]) show an early (within 30 min) increase in
plasminogen activator release, there appears to be a subse-
quent increase in PAI-1 gene expression by 2 h (51). This early
induction of PAI-1 is unlikely to be secondary to cytokine pro-
duction, as endothelial cells subjected to hypoxia demonstrate
increased production of cytokines at later time points. Mac-
rophages, the principal cells which produce PAI-1 in response
to hypoxia in the lungs, demonstrate IL-1 synthesis in response
to hypoxia after 9 h (28) (they do not make TNF under these
conditions; Stern, D.M., unpublished observation), also sug-
gesting that autocrine production of proinflammatory cyto-
kines is not likely to be primarily responsible for hypoxia-
driven PAI-1 expression.

The data shown in this work indicate that both PAI-1 anti-
gen and activity levels are increased in the plasma of hypoxic
animals. Although significant increases in PAI-1 were detected
at earlier time points with the activity assay than with the anti-
gen assay, this may reflect PAI-1 latency and idiosyncrasies of
the in vitro assay systems, or alternatively, may reflect the fact
that other plasminogen activator inhibitors exist in plasma.
However, these other inhibitors generally represent a minor
contribution to overall plasminogen activator inhibitor activ-
ity. Although the net increase in PAI-1 antigen and activity de-
tected in plasma of hypoxic animals may be derived from mul-
tiple sources, our data indicate that hypoxia-enhanced PAI-1

modulating effect of a given gene on the hypoxia-induced accumula-
tion of '»I-FIB deposition is shown. For these experiments, the num-
bers of animals were seven (PAI-1 null), five (uPA null), six (tPA
null), and six for each of the wild-type control mice under hypoxic
conditions. Means*+SEM are shown, with *P < 0.05 vs. control, and
#%P < (.01 vs. control. (D) Effect of PAI-1, tPA, or uPA genes on
hypoxia-induced fibrin accumulation as detected by immunoblotting
for fibrin, using plasmin digests of lung tissue taken from wild type
(WT) or PAI-1, tPA, or uPA null (—/—) animals exposed to 16 h of
hypoxia or normoxia, as indicated.



expression is most accentuated in lung, suggesting that the fi-
brinolytic potential of hypoxic lung is especially likely to be
compromised. Although many cells are capable of synthesizing
PAI-1 (52), within the lung, MPs appear to be the principal cell
type responding to oxygen deprivation by upregulating PAI-1
expression. In the experiments shown here (Fig. 3), the major-
ity of cells which stain for PAI-1 also stain for F4/80 (and
hence are macrophages). However, additional cell types in the
lung also appear to stain for PAI-1 (Fig. 3, bottom right). This
suggests that although MPs are the predominant cellular
source for hypoxia-induced PAI-1 in the lungs, they are not
likely to be the sole source.

Because our in vivo studies point strongly to macrophages
both within the alveolus and within the vasculature as the chief
source of PAI-1 in hypoxic murine lung, confirmation of hyp-
oxia-induced PAI-1 mRNA and protein expression was dem-
onstrated using the RAW macrophage cell line. Although en-
dothelial cells may be the major source of PAI-1 under basal
conditions (53), both a human macrophage cell line (U937
cells) as well as pulmonary macrophages obtained by bron-
choalveolar lavage synthesize PAI-1 in vitro in response to ex-
ogenous stimuli, particularly proinflammatory agents such as
lipopolysaccharide (54). The finding that tissue-based mac-
rophages may modify the vascular milieu under hypoxic condi-
tions in a physiologically important way is not surprising, given
that macrophages can exert important paracrine effects on en-
dothelial cells. Macrophages augment endothelial cell growth
and angiogenesis under hypoxic conditions by secreting acidic
and basic fibroblast growth factors (27), as well as by express-
ing tissue factor (7), the latter suggesting a potentially impor-
tant role of macrophages in the accumulation of fibrin under
ischemic conditions. Accumulation of fibrin is likely to be an
important first step in matrix formation to enable new vessel
ingrowth. The important recent observations concerning the
role of macrophage expression of uPA/tPA receptors that ap-
pear to participate in cellular/matrix adhesion (55, 56) suggests
that PAI-1 expression by recruited macrophages may modu-
late reparative response after tissue injury.

From a teleological point of view, the coordinated induction
of PAI-1 and suppression of plasminogen activator (either tPA
or uPA) in the postischemic vascular milieu is likely to be im-
portant for postischemic angiogenesis, with accumulated fibrin
serving to establish a framework for subsequent tissue repair
and neovascularization. Data to support this hypothesis derive
from the observation that antibody-induced inhibition of tPA
activity in a Matrigel model inhibited development of a capil-
lary network, as did addition of transforming growth factor3,
which decreased tPA and increased PAI-1 levels (56). It ap-
pears that natural PA inhibitors function during angiogenesis
to protect neovascularized tissues from excess proteolysis (55).

When extracts of normal lung tissue were digested with
plasmin and blotted with antifibrin gamma-gamma chain anti-
body, a band was observed, albeit fainter than that derived
from tissue obtained from mice placed in hypoxic conditions.
Although it is difficult to rule out postmortem clotting, based
on the large amount of heparin administered, we hypothesize
that this small amount of fibrin represents that which forms in
homeostasis reflecting the continual low-level activity of the
procoagulant pathway which is held in check by profibrinolytic
and anticoagulant mechanisms. We hypothesize that hypoxia
alters the dynamic equilibrium in the vasculature in which
thrombosis and fibrinolysis are continually active at low levels

(57). Hypoxia would appear to disrupt this equilibrium by ac-
celerating prothrombotic processes, such as induction of
monocyte tissue factor (7), while at the same time amplifying
fibrin accumulation by coordinated induction of PAI-1 and
suppression of PA expression. Similar processes are likely to
occur in ischemic tissue, thereby providing the fibrin stroma
which may then serve as a matrix for subsequent capillary in-
growth and tissue repair. The role of macrophages in hypoxia-
induced thrombosis is becoming increasingly apparent, as they
appear to be chief cells augmenting fibrin accrual, and also
have an important role in expression of angiogenic factors to
promote neovascularization of postischemic tissue.
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