
Abstract. The effect of thrombin on the release
of tissue plasminogen activator from endothelial cells
was studied in primary cultures of human umbilical
vein endothelial cells. Tissue plasminogen activator con-
centration in conditioned medium was measured by a
two-site radioimmunometric assay. The addition of in-
creasing concentrations (0.01 to 10 U/ml) of thrombin
to confluent cultures produced a saturable, dose-depen-
dent increase in the rate of release of tissue plasminogen
activator. A sixfold increase in tissue plasminogen acti-
vator concentration (from 2 to 12 ng/ml) occurred after
the addition of 1 U/ml thrombin (8 X l0-9 M) to cultures
containing 5 X 104 cells/cm2. Enhanced release was not
observed until 6 h after thrombin addition, reached a
maximum rate of 1.3 ng/ml per h between 8 and 16 h,
and then declined to 0.52 ng/ml per h after 16 h. The
6-h lag period before increased tPA release was repro-
ducible and independent of thrombin concentration.
Thrombin inactivated with diisopropylfluorophosphate
or hirudin did not induce an increase in tissue plasmin-
ogen activator levels. A 50-fold excess of diisopropyl-
fluorophosphate-treated thrombin, which inhibits binding
of active thrombin to endothelial cell high affinity
binding sites, did not inhibit the thrombin-induced
increase. It is concluded that proteolitically active
thrombin causes an increase in the rate of release of
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tissue plasminogen activator from cultured human en-
dothelial cells. The 6-h interval between thrombin treat-
ment and enhanced tissue plasminogen activator release
may reflect a delaying mechanism that transiently pro-
tects hemostatic plugs from the sudden increase in the
local concentration of this fibrinolytic enzyme.

Introduction

Thrombin has been shown to affect the synthesis, release, or
activation of a variety of plasma components through its
interaction with the vascular endothelium ( 1-6). Two of these
demonstrated effects could play a role in the regulation of the
fibrinolytic pathway: the activation of protein C (5), which
generates an increase in plasma fibrinolytic activity in vivo
(7), and the thrombin-induced decline of intracellular plasmin-
ogen activator activity and plasminogen activator release from
bovine aortic endothelial cells in culture (4). This latter effect
is quite dramatic, as shown by the suppression of plasminogen
activator activity occurring within minutes after the addition
of thrombin. Studies performed to determine which of the two
immunochemically distinct plasminogen activators released by
the bovine endothelial cells (urokinase or tissue plasminogen
activator [8]) was affected by the addition of thrombin dem-
onstrated a decline in the level of urokinase with no significant
effect upon tissue plasminogen activator (tPA)' activity (9).

Primary cultures of human umbilical vein endothelial cells
release a single plasminogen activator, which is immunochem-
ically related to tPA (10). Unlike in the supernatant of bovine
endothelial cells, no urokinase is detected in the supernatant
of cultured human endothelial cells. The tPA has a molecular
weight of 100,000, does not bind to fibrin, and is inactive. It
has been suggested that these unusual characteristics result
from an association between the tPA and an endothelial cell
synthesized inhibitor through a sodium dodecyl sulfate (SDS)-
stable bond (10). This fibrinolytic inhibitor, found in the
culture medium of human endothelial cells, is present in

1. Abbreviations used in this paper: DFP, diisopropylfluorophosphate;
DMEM,Dulbecco's modified Eagle's medium; PAGE, polyacrylamide
gel electrophoresis; tPA, tissue plasminogen activator.

1988 E. G. Levin, U. Marzec, J. Anderson, and L. A. Harker

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/84/12/1988/08 $ 1 .00
Volume 74, December 1984, 1988-1995



excess (10-12). The addition of purified human tPA to the
endothelial cell conditioned medium resulted in an increase
in the molecular weight of this tPA by 40,000 and a disap-
pearance of tPA activity (10).

Because primary cultures of human endothelial cells do
not release urokinase-like plasminogen activators it was of
interest to determine whether thrombin would affect plasmin-
ogen activator release in human endothelial cells in culture.
Using a solid-phase radioimmunometric assay (13) we inves-
tigated the effect of thrombin on the release of tPA from
primary cultures of human endothelial cells. We show that
thrombin induces an increase in the release of tPA in a dose
and time dependent manner.

Methods

Materials. Human alpha-thrombin was a gift from Dr. J. W. Fenton
(New York Department of Health, Albany, New York) and had a
specific activity of 3,642 U/mg thrombin. Diisopropylfluorophosphate
(DFP) treated thrombin was prepared by reacting thrombin with 10
mMDFP at pH 7.2 for 1 h at 370C.

Human tPA was a gift from Dr. D. Collen (University of Leuven,
Belgium). tPA-Sepharose was prepared with CNBr-activated Sepharose
4B (Pharmacia Fine Chemicals, Piscataway, NJ) and 100 ,g of tPA/
ml of gel. Antisera against tPA were raised in rabbits as described
previously (14). The IgG fractions were isolated by ammonium sulfate
precipitation and DEAE-cellulose chromatography (8).

Plasminogen was prepared from human plasma by affinity chro-
matography on lysine-Sepharose (Pharmacia Fine Chemicals) as de-
scribed (15). Plasminogen-free bovine fibrinogen and lactoperoxidase
were obtained from Calbiochem-Behring Corp. (La Jolla, CA). RPMI-
1640, penicillin, and streptomycin were obtained from Gibco Labora-
tories, Gibco Div. (Grand Island, NY), fetal bovine serum from Reheis
Co., Inc. (Phoenix, AZ), calf skin gelatin from Eastman Chemical
Products, Inc. (Rochester, NY), methionine-free Dulbecco's modified
Eagle's medium from Irvine Scientific (Santa Ana, CA), and NuSerum
from Collaborative Research Inc. (Waltham, MA). Urokinase was a
gift from Abbott Laboratories (North Chicago, IL). L-[35S]methionine
(1,166 Ci/mmol) was purchased from New England Nuclear (Boston,
MA), and DFP, hirudin, cycloheximide, and actinomycin D were
obtained from Sigma Chemical Co. (St. Louis, MO). Flexible microtiter
plates (3911) were purchased from Falcon Labware, Div. of Becton,
Dickinson & Co. (Oxnard, CA).

Cell culture. Endothelial cells were isolated from human umbilical
cord veins as previously described (6) and were cultured on six-well
tissue culture plates coated with 2 mg/ml calf skin gelatin. Cells were
grown to confluence in RPMI- 1640 containing 20% fetal bovine serum,
100 U/ml penicillin, and 100 Mg/ml streptomycin. Primary cultures
were used exclusively in these studies. Cell density at confluence was
-5 X 104 cells/cm2. Experiments were performed on cultures derived

from combining the cells obtained from at least four umbilical cords.
Studies were performed by washing confluent cultures twice with

RPMI-1640 and incubating the cultures at 37°C in I ml RPMI-1640
containing 5% NuSerum (final serum concentration, 1.25%) and the
indicated concentration of thrombin. The conditioned medium was
centrifuged at 15,000 g to remove cell debris, made 0.0 1% with Tween
80, and frozen at -700C until used. Experiments that were to be
analyzed by fibrin autography were performed in 0.55 ml serum-free

RPMI- 1640. To determine the effect of transient exposure of thrombin
on endothelial cells, cultures were treated with thrombin for the
prescribed time, washed three times with RPMI-1640 containing 5%
NuSerum prewarmed to 370C, and then incubated in I ml of RPMI-
1640-5% NuSerum.

[355]methionine labeling of cultures was performed by washing
confluent cultures twice with methionine-free DMEMand adding 1
ml of the same medium containing 10 MCi/ml [35S]methionine for 15
min. The amount of radioactivity incorporated into cellular and
excreted proteins was determined by trichloracetic acid precipitation
of cell extracts and conditioned medium, filtration, and counting of
precipitable radioactivity.

Preparation of '25"-labeled affinity purified anti-tPA IgG. Affinity
purified anti-tPA was prepared by passing 2 ml of the IgG fraction of
rabbit antiserum (6 mg IgG/ml in 0.15 M sodium chloride-0.01 M
phosphate, pH 7.2 [phosphate-buffered saline, PBS]) through a 2-ml
Sepharose 4B column containing -600 ;ig tPA. The column was
washed with 0.5 M sodium chloride-0.0l Msodium phosphate, pH
7.2, and IgG was eluted with 0.1 M glycine HCl, pH 3.0. To each
eluate fraction was added 50 Il of 1 Msodium phosphate pH 7.2 and
a final concentration of 1% bovine serum albumin. The fractions
containing the IgG were pooled and dialyzed against PBS. The
antibodies were iodinated by the lactoperoxidase method (16). The
radioiodinated antibody was then added to 200 Ml of tPA-Sepharose
4B containing 60 Ag tPA and mixed for 2 h at room temperature. The
Sepharose was washed with 0.5 M sodium chloride-0.01 M sodium
phosphate, pH 7.2 to remove unbound material. The igG was eluted
from the Sepharose with 0.1 Mglycine-HCI, pH 3.0, and the eluate
was dialyzed against PBS.

Radioimmunometric assay. The assay used was modified from
Rijken et al. (13). Rabbit anti-tPA IgG was diluted to a final concen-
tration of 10 ,g/ml in 50 mMsodium borate buffer, pH 9.0, and 150
Ml was incubated overnight at 4°C in each well of flexible microtiter
plates. The contents of the well were removed and the wells were
washed twice with PBS containing 0.05% Tween 20 and 0.1% albumin.
Samples or tPA standards diluted in RPMI-1640-5% NuSerum (1.25%
fetal bovine serum) were incubated in the antibody coated wells at a
volume of 100 Ml for 5 h at room temperature on a tilting table. The
samples were removed and the wells were washed twice with PBS-
0.05% Tween 20-0.1% albumin. Radiolabeled immunopurified anti-
bodies (100 MlI; 0.5-1.7 X 104 cpm) dissolved in PBS-1% albumin-
0.01% Tween 80 were added and the plates were incubated overnight
at 4°C. The wells were washed twice with PBS-0.05% Tween 20-0.1%
albumbin, cut from the plate, and counted in a gamma-spectrometer.
Standard curves were analyzed by logit transformation and linear
regression analysis of logit B (percentage counts bound) vs. In tPA
concentration (17). Best fitting lines were determined by computer.
Standard curve values in the range of 0.5 to 60 ng/ml were found to
give a linear dose-response curve with a correlation coefficient >0.95
and a slope of 0.9. Comparison of these standard curves with standard
curves performed in PBS indicated that the serum had little or no
effect upon the sensitivity or slope of the curves.

Polyacrylamide gel electrophoresis (PAGE) and fibrin autography.
SDS-PAGEwas performed with 9% acrylamide gels according to the
method of Weber and Osborn (18). Before electrophoresis, 200 Ml of
the conditioned medium samples was dialyzed against SDS-PAGE
running buffer for 6 h, then made 1% with SDS, and incubated at
37°C for 30 min. Molecular weight standards included plasminogen
(90,000), human transferrin (76,000), bovine serum albumin (66,200),
ovalbumin (45,000), and low molecular weight urokinase (33,000).
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To prepare fibrin agar indicator gels (19), a 2% solution of agarose
in water was boiled, cooled to 47°C and mixed with prewarmed PBS
containing 140 Ag/ml plasminogen and 0.8 U/ml thrombin. Fibrinogen
(10 mg/ml) in PBS (37°C) was added and the mixture was poured
onto a glass plate. Final concentrations were 1% agarose, 37 ug/ml
plasminogen, 0.2 U/ml thrombin, and 2 mg/ml fibrinogen. The fibrin-
agar gel was used immediately. After electrophoresis, the SDS gels
were soaked in 2.5% Triton X-O00 for 1.5 h to remove the SDS, patted
dry with paper towels, and applied to the surface of the fibrin-agar
indicator gel. The indicator gel was allowed to develop at 37°C in a
moist chamber, and then photographed.

Assay of fibrinolytic activity. tPA activity was assayed on 1251I
fibrin-coated multiwell tissue culture dishes (24 wells, 16 mm; Costar,
Data Packaging, Cambridge, MA). The standard cell-free assay con-
tained, in 1 ml, 4 ug of human plasminogen, 0.1% gelatin, 0.1 MTris
HCI, pH 8.1, and tPA. The rate of fibrinolysis was determined by
measurement of the amount of radioactivity released from the surface
of the dish as a function of time. The results were the average of
duplicate samples.

tPA inhibitory activity in conditioned medium was measured by
the addition of purified tPA to the medium, incubation of the mixture
for 30 min at 37°C, and assay for residual tPA on 1251-fibrin plates.
Plasmin is not inhibited by the tPA inhibitor (unpublished observation).
Assays were stopped when untreated tPA controls removed 40-50%
of the total radioactivity in the well.

Results

The tPA present in the culture medium of human endothelial
cells is irreversibly bound to an inhibitor (10). Because of the
possibility that the presence of this inhibitor might compromise
the validity of the tPA radioimmunometric assay, the ability
of the assay to measure inhibitor-bound tPA as accurately as
free tPA was tested (Table I). 12 ng/ml of purified tPA was
added to serial solutions of conditioned medium which had
been previously depleted of endothelial cell tPA (10), and the
extent of inhibition was measured by the '25I-fibrin plate assay.
Each sample was then assayed for tPA concentration by the
radioimmunometric assay and the value was compared with
values from control samples containing identical concentrations
of tPA in the absence of conditioned medium. Regardless of
the fraction of tPA that was inactivated by the inhibitor, the
concentration of tPA measured by the assay did not significantly
differ from the control samples. The average value determined
for all dilutions of conditioned medium was 12.1±0.77 ng/ml.
To determine whether the presence of excess free inhibitor
altered the assay, 2.5 ng/ml tPA was added to serial dilutions
of conditioned medium, all of which completely inhibited tPA
activity. All values measured under these conditions were

similar to those of control samples (Table I). The average
value was 2.47±0.39 ng/ml.

To establish the optimum culture conditions for this study,
cells were treated with 1 U/ml thrombin for 16 h in the
presence of serum-free medium or various concentrations of
calf serum. The maximum level of tPA in cultures treated in

serum-free medium was 6-7 ng/ml although values as low as

4 ng/ml were observed. The addition of as little as 0.01%

Table I. Effect of the Association between Inhibitor and tPA on
the tPA Radioimmunoassay

Conditioned Inhibited tPA tPA
tPA added medium* activity measured*

ng/ml dilution % ng/ml

12 1:2 88.5 11.5
1:4 71.4 12.8
1:8 33.2 11.9

2.5 1:2 100 2.5
1:4 100 2.7
1:8 100 2.9

* 24-h endothelial cell conditioned medium was passed through a
lysine-Sepharose column to remove tPA and then twofold serial dilu-
tions were performed with RPMI-1640 with a final concentration of
5% NuSerum. The indicated concentration of purified melanoma cell
tPA was added to each sample and the mixture was incubated for 30
min at 370C to allow tPA-inhibitor complex formation. The mela-
noma cell tPA-conditioned medium samples were assayed for tPA
activity by the '25I-fibrin plate assay as described in Methods. Control
samples consisted of tPA diluted into RPMI-1640-5% NuSerum only.
Values are presented as a percentage of control samples.
* Samples were analyzed for tPA concentration by radioimmuno-
metric assay. Each sample was run in triplicate and the values were
averaged.

serum resulted in higher levels of tPA, whereas maximum tPA
concentrations appeared between 0.1% and 1.25% serum (Fig.
1). A rapid decline in tPA concentration occurred in the
presence of serum at concentrations >1.25%. Therefore, to
maintain cell viability over prolonged incubation times (up to
48 h) without interfering with the efficacy of thrombin in
inducing release of tPA, all experiments were performed in
1.25% serum.

The addition of increasing concentrations of thrombin
(0.001 to 10 U/ml) to confluent cultures of human endothelial
cells for 16 h resulted in a dose-dependent increase in the level

16 Figure 1. Effect of increasing
concentrations of serum on

12 thrombin-induced tPA release.
i \ Increasing concentrations of

: 8% calf serum in RPMI-1640 con-

9: taining I U/ml thrombin were
4 added to confluent cultures for

16 h. Culture medium was re-
0.01 0.1 1 10 moved, made 0.01% with

% Serum Tween 80, centrifuged at

15,000 g and analyzed for tPA by radioimmunometric assay. Values
determined for tPA in 2.5 and 5% serum were obtained from a

standard curve employing 5% serum as a diluent. X, concentration of
tPA in serum-free medium. Each value represents the average of four
experiments.
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of tPA in the conditioned medium (Fig. 2). This increase was
first detectable with 0.1 U/ml thrombin (27 ng/ml). Maximum
levels of tPA ( 1 2 ng/ml, a sixfold increase) were observed with
1 U/ml thrombin; thrombin at levels > 1 U/ml did not induce
additional increases in tPA levels.

Changes in the level of tPA were measured at various
times during the 24 h after the addition of 1 U/ml thrombin
(Fig. 3). The release of tPA during the first 6 h was only
slightly increased over control values. However, between 6 and
8 h the average rate of release rose to 0.64 ng/ml per h,
increased to 1.3 ng/ml per h between 8 and 16 h, and then
declined to 0.52 ng/ml per h from 16 to 24 h. The duration
of the initial delay was independent of the concentration of
thrombin since cultures treated with 0.1, 1, or 10 U/ml
demonstrated the same lag period. Thus it appears that stim-
ulation of tPA release by thrombin evolves slowly and is
delayed -6 h. When cells were treated with a second dose of
I U/ml thrombin at 24 h, either by removal of the original
culture medium and addition of fresh medium containing
thrombin or by addition of the additional thrombin directly
to the existing medium, no secondary enhancement in the
rate of tPA release was observed. The increase in tPA concen-
tration between 24 and 48 h in cultures treated with a second
dose of thrombin was similar to that in cultures remaining on
the original thrombin (not shown).

Experiments were also performed to determine whether
enhanced tPA release depended upon the continued presence
of thrombin or whether brief exposure was enough to stimulate
tPA release. In these studies cultures were treated for 1 h with
I U/ml thrombin, washed, and incubated for an additional 24
h in thrombin-free medium. The tPA concentration in the 24
h conditioned medium was 3.6±0.44 ng/ml as compared with
1.9±0.58 ng/ml in untreated cultures. Maximum release of
tPA in cultures continuously exposed to thrombin was 13.3±3.1

0.01 0.1

Ulml Thrombin

Figure 2. Thrombin-mediated increase of tPA release. Increasing
concentrations of thrombin were added to confluent monolayers of
endothelial cells and the cultures were incubated for 16 h. The
culture medium was removed and made 0.0 1% with Tween 80 and
centrifuged at 15,000 g, and the TPA was measured by radioimmu-
nometric assay. Each value represents the average of three experi-
ments involving three separate batches of cells.

20 - Figure 3. Time course of throm-
16 - bin-induced tPA release. Con-

fluent cultures of endothelial cells
< 12 - were incubated with or without 1
.5E 8- U/ml thrombin for the indicated

period. The culture medium was
4 - removed, centrifuged, and ana-

o * , lyzed for tPA by radioimmunome-
o 4 8 12 16 20 24 tric assay. Each value represents

Hour After Thrombin Addition the average of three experiments

involving three separate batches of cells. o, 1 U/ml thrombin; .,
untreated cells.

ng/ml. When thrombin was allowed to remain on the cultures
for 2 or 6 h, the tPA accumulation after 24 h reached 5.4±0.58
and 6.7±0.72 ng/ml, respectively, i.e., 2.7 and 3.4 times the
amount observed in controls. Since little tPA can be detected
in the culture medium in the first 6 h of thrombin treatment
the increase must be due to release after thrombin removal.
Thus the effect of thrombin, while reversible, did not disappear
after the removal of thrombin.

To determine whether the thrombin-stimulated release was
specific for tPA or whether thrombin enhanced the release of
most proteins in a similar fashion, endothelial cells were
treated with 1 U/ml thrombin for 4, 8, 16, and 24 h, and
labeled with [35Sjmethionine for 15 min, and the amount of
radiolabeled proteins released into the culture medium was
measured (Table II). Comparison of the protein-associated 35S-
counts per minute released during the 1 5-min period at each
time point indicated only a small change in the release of total
protein in either thrombin treated or untreated cultures for
the entire 24 h. This minor fluctuation in the rate of total
protein release after thrombin addition suggests that changes
in the rate of tPA release is not a nonspecific event.

Enhanced release of tPA was thrombin active site-dependent
since the addition of DFP-treated thrombin (1 U/ml) did not

Table II. Effect of Thrombin on
Total Protein Synthesis and Release*

Cell-associated protein Extracellular protein

Hour + Thrombin - Thrombin + Thrombin - Thrombin

4 297,455 234,640 9,588 9,897
8 338,808 211,133 7,877 9,916

16 - 8,338 9,853
24 314,375 208,076 7,756 9,323

* Confluent cultures were incubated in the presence or absence of 1
U/ml thrombin for the specified amount of time, washed twice with
methionine-free DMEM,and treated with the methionine-free me-
dium containing 10 4Ci/ml [33Slmethionine for 15 min. The me-
dium was removed, cells were scraped from the culture dish, and
protein in all samples was precipitated with trichloracetic acid, fil-
tered, and counted.
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affect the level of tPA in the culture medium (Table III).
Moreover, thrombin inactivated by hirudin did not affect tPA
release. To determine whether the high-affinity active site-
independent thrombin receptors were involved in the increase
of tPA release, thrombin was added to the cultures in the
presence of excess amounts of DFP-thrombin (20). DFP-
thrombin does not clot fibrinogen but binds to this set of
thrombin receptors in a fashion identical to that of active
thrombin (20). Little increase in the level of TPA was observed
when the cells were treated with DFP-thrombin at a concen-
tration equivalent to 50 U/ml (Table III). This amount of
DFP-thrombin however did not interfere with the stimulation
of tPA release by 1 U/ml of active thrombin.

The 6-h delay that occurs between thrombin addition and
enhanced tPA release suggests that the increase depends upon
other metabolic events. To determine whether protein synthesis
or RNAsynthesis is involved in the stimulation of tPA release,
cultures were treated with either cycloheximide or actinomycin
D at various times after thrombin addition, and the amount
of tPA present in the conditioned medium was determined
(Table IV). No tPA was detected when cycloheximide was
added 4 h after thrombin treatment. The final tPA concentra-
tion, however, was 16 and 30% of uninhibited thrombin
treated cultures when cycloheximide was added 6 and 8 h
post-thrombin, respectively. Treatment with actinomycin D
also resulted in low tPA levels when added 3 or 4 h after
thrombin (Table IV). However, little effect was noticed when
RNAsynthesis was stopped 6 h after thrombin addition and
virtually no effect was detected when actinomycin D was
added 8 h after thrombin.

Whereas the concentration of tPA in culture medium may
be accurately measured by radioimmunometric assay, mea-
surement of tPA activity is more difficult. Because of the
presence of fibrinolytic inhibitors in the culture medium and
the association of tPA with this inhibitor, direct assay of tPA

Table III. Effect of DFP Treated Thrombin on tPA Release from
Cultured Human Endothelial Cells

tPA tPA

(ng/ml) (% untreated controls)

Treatment
None 1.31 100
Thrombin (1 U/ml) 7.1 540
DFP-thrombint (I U/ml) 0.76 58
DFP-thrombin (50 U/ml) 1.40 107
DFP-thrombin (50 U/ml)

+ thrombin (1 U/ml) 7.8 595

* Confluent cultures of cells were treated with the specified amount
of thrombin or DFP-thrombin for 16 h. Results are the average of
duplicate determinations.
$ DFP-treated thrombin was prepared by incubating thrombin with
10 mMDFP for 2 h at 370C, and dialyzed against PBS.

Table IV. Influence of Cycloheximide and Actinomycin D on the
Stimulation of tPA Release from Human Endothelial Cells

Hour after
Agent thrombin addition tPA

Cycloheximide (5 ug/ml) 4 4
6 16
8 31

Actinomycin D (I ug/ml) 3 19
4 30
6 89
8 98

Confluent cultures were exposed to I U/ml thrombin and either cy-
cloheximide or actinomycin D was added at the prescribed time. At
14 h culture medium was removed and tPA concentration was deter-
mined by radioimmunometric assay. Results are presented as a per-
centage of the tPA concentration in cultures treated with thrombin
but not metabolic inhibitors and are the average of two experiments
performed in duplicate.

activity is unsuitable. It has been demonstrated, however, that
exposure of the tPA-inhibitor complex to 1% SDS for 30 min
at 370C results in the appearance of fibrinolytic activity (10).
When this SDS-induced activation of tPA is used in conjunction
with SDS-PAGE (to separate fibrinolytic inhibitors from the
tPA) followed by fibrin autography (to visualize tPA activity),
changes in the level of tPA activity in endothelial cell culture
medium can be measured. To determine the effect of thrombin
treatment on tPA activity, dose-response experiments were
performed by use of 0.001 to 10 U/ml thrombin and analysis
of the conditioned medium for tPA activity (Fig. 4). In
agreement with the changes in antigen levels, increasing con-
centrations of thrombin produced a dose-dependent increase
in tPA activity with what appears to be the maximum amount
of activity obtained with 1 U/ml. The increase in tPA activity
did not result from direct thrombin activation of the inhibitor
bound tPA since conditioned medium removed from untreated
cells and treated with 1 U/ml thrombin for 16 h did not
demonstrate increased tPA activity (data not shown).

Discussion

The interaction of thrombin with endothelial cells modifies
the rate of release of several endothelial cell products involved
in hemostasis. For example, thrombin stimulates the synthesis
and release of prostacyclin (1), adenine nucleotides (3), and
von Willebrand factor (6); decreases the secretion of urokinase
activity (4); and activates protein C (5) on the surface of
endothelial cells.

The present study demonstrates that thrombin induces an

increase in the release of tPA from cultures of primary passage
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Figure 4. Thrombin-mediated increase in tPA activi
medium. Increasing concentrations of thrombin dilu
RPMI-1640 were added to confluent monolayers of
and the cultures were incubated for 16 h. The cultu
removed, cell debris was removed by centrifugation
the tPA activity in 200 ul of conditioned medium w
fibrin autography as described in Methods.

human endothelial cells. This stimulation is
dependent, saturable, and active site depender
to thrombin is delayed with a significant incr
of release not occurring until 6 h after thrc
Enhanced release continues for the next 10
declines. The thrombin effect does not appea
high affinity, active site-independent thrombi
on the endothelial cells, since prior exposure to
of DFP-thrombin fail to inhibit increased tPh
the mechanism of thrombin-mediated releaw
that for arachidonate metabolites (21) and
factor (6).

Thrombin is intimately involved in th4
thrombi through its effect.on platelets (22) and
formation (23). On the surface it seems inappr
same molecule would enhance the release of
activator whose activity could compromise tl
the fibrin hemostatic plug. However, the delay
tPA release could allow for the complete fo
fibrin thrombus before the levels of tPA inct
was subsequently enhanced. This slow respor
with an effect on RNA synthesis, protein
response to specific cell cycle events that de
mitogenic properties of thrombin, rather thai
of an available intracellular tPA pool. Indeed, th
and actinomycin D data indicate that both p

and RNAsynthesis are involved. Cycloheximide addition to
thrombin treated cultures results in a reduction of tPA levels
in the culture medium. The tPA concentrations in cultures

90,000 treated at 4, 6, or 8 h after thrombin (4, 16, and 30% of the
tPA concentration in uninhibited controls at 14 h) approximate

n the levels at these same times in cultures treated with thrombin
IUUU00 alone (6, 16, and 26% of the tPA concentration at 14 h, Fig.

- 66,000 3), indicating that the tPA detected in cycloheximide treated
cultures is released before the cycloheximide addition. In
addition, the suppression of RNA synthesis also results in
lower tPA levels after thrombin treatment. However, actino-

- 45 000 mycin D is only effective when added up to 8 h after thrombin
addition (Table IV). Therefore, it appears as if RNAsynthesis
is necessary for increased release of tPA and the RNAinvolved
is synthesized during the first 6-8 h after thrombin addition.
The calcitonin-stimulated release of plasminogen activators
from porcine renal tubular cells (24) and the increase in
plasminogen activator production in human fibroblasts by a
diffusible factor secreted by malignant murine cells (25) also

ity in conditioned have been reported to involve protein and RNA synthesis.
ited in serum free Thus, the slow response of enhanced tPA release may be a
endothelial cells general phenomenon involving RNAand/or protein synthesis,

at 15,000 g, and indicating the absence of available intracellular pools of plas-
as determined by minogen activators.

The possibility that protein C activation may be involved
in thrombin induced tPA release should also be considered.
Although the endothelial cell cultures are carefully washed
before thrombin addition, residual amounts of protein C may

time and dose be absorbed onto the cell surface or internalized and then
it. The response released after media change. Thus, activation of the protein C
rease in the rate by thrombin via thrombomodulin (5) could induce tPA release.
mbin addition. Although no direct proof of protein C-stimulated release of
h after which it tPA from endothelial cells has been presented, in vivo studies
r to involve the (7) suggest that such an intermediate step in the thrombin
in binding sites effect is possible.
excess amounts If, as is suggested by the data, tPA release is mediated

A release. Thus, through the slow-binding active site-dependent thrombin re-
se is similar to ceptors (26), the presence of the plasma inhibitors a2-macro-von Willebrand globulin and antithrombin III, which rapidly inhibit thrombin,

may be important when extrapolating these in vitro results to

I.its role in fibrin in vivo mechanisms. Although at present these conflicting
Lopriate that this observations are difficult to reconcile, recent reports describing

a plasminogen the binding of coagulation factors (27) and the activation of

he formation of prothrombin (28) on the surface of endothelial cells may
before enhanced suggest a mechanism by which thrombin can be generated on

irmation of the and interact with the plasma membrane in such a way as to

reased and lysis limit interference by thrombin inhibitors. Whatever the mech-
ise is consistent anism, it is apparent that the initial 6-h delay and the reduction
synthesis, or a in tPA release that occurs between 16 and 24 h does not reflect
-pend upon the changes in general cellular metabolism. This is demonstrated
n with a release by not only the [35S]methionine incorporation studies presented
ie cycloheximide here but also by previous studies of the effect of thrombin on
)rotein synthesis von Willebrand factor release from endothelial cells (6). These
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studies indicated that the enhanced release of von Willebrand
factor occurred within 30 min of thrombin addition and was
complete in 6 h. Thus, thrombin regulation of tPA is
independent of another major hemostatic protein.

The addition of thrombin to cultured bovine aortic endo-
thelial cells has previously been shown to produce a rapid
decrease in intracellular and secreted plasminogen activator
activity (4). The differences in the results recorded for multiple
passaged bovine cells and those reported here can be explained
by the difference in the types of plasminogen activators pro-
duced. Bovine endothelial cells produce multiple forms of
plasminogen activator, including both the tissue type and the
urokinaselike (8). Studies determining which of these forms
was affected by thrombin addition revealed that the urokinase
type was eliminated from the culture medium by thrombin
treatment whereas the tPA did not appear to be affected (9).
Therefore the loss of the urokinase form was apparently
responsible for the decline in plasminogen activator activity.
Since primary cultures of human endothelial cells do not
release urokinase no inhibitory effect was observed. Thus, the
response of each of these cell types to thrombin differs sub-
stantially. Although the reason for this difference is not known,
it may reflect independent regulatory mechanisms for the two
endothelial cell-derived plasminogen activators.

The inhibitor-bound tPA that is present in the conditioned
medium of cultured human endothelial cells (10) is probably
not representative of the vascular tPA that is released from
the endothelium. More likely, tPA-inhibitor complex formation
follows release from the cells and is promoted in culture by in
vitro conditions. This is supported by two observations: (a)
The isolation of free tPA from plasma (29) indicates that the
tPA released into the vasculature in vivo is free and available
for fibrin binding and plasminogen activation. (b) A variety of
normal and transformed human cell lines contain free tPA in
their culture medium (30). In certain cases both free and
inhibitor-bound tPA are observed (8, 30), suggesting that the
tPA is released in its native state and becomes inhibitor bound
in the extracellular environment. On the other hand, conditions
favoring complex formation, which are present in cultures of
human endothelial cells are: (a) the relatively high concentration
of inhibitor in the culture medium, which is estimated to be
at least 15 times the level of tPA (unpublished observation);
(b) the length of the incubation period, which allows ample
time for association to occur; and (c) the static condition of
the cell culture system, which allows for maximum local
concentration of both inhibitor and tPA with no means of
continual clearance and separation of these molecules that
might be affected by blood flow. In addition, the spontaneous
formation of the bond (10) coupling the tPA to inhibitor and
the irreversible nature of the interaction would tend to drive
the reaction to completion over the times involved. Thus,
although the lack of information about the fate of tPA in vivo
makes it difficult to compare in vivo with in vitro events, we

conclude that an increase in the level of tPA inhibitor complex

as measured by the radioimmunometric assay represents an
increase in the release of free tPA.
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