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A B S T R A C T Lysis of fibrin in tissue culture has been
shown to be due to plasminogen activator identified im-
munologically as urokinase. The present study examines
fibrinolytic events in culture, particularly mechanisms
leading to increased urokinase levels and accelerated
fibrinolysis.

Deposition of fibrin on cells in culture was followed
by a two- to six-fold increase in urokinase in the super-
nates and rapid disappearance of the fibrin. Investiga-
tion of factors that might be responsible for these events
(including fibrin, fibrinogen, vasoactive stimuli, and the
enzymes thrombin and plasmin) indicated that the en-
hanced urokinase yields were mediated through plasmin
and thrombin.

Study of the possible modes of action of thrombin and
plasmin indicated that these enzymes are capable of acting
on the cells themselves as well as on cell-produced ma-
terial. The effect on cells was manifested by mitotic
activity or, occasionally, cell injury and death. Although
these effects influenced urokinase levels, enhanced yields
were explained best by the action of enzymes on cell-
produced material. Studies with plasmin and thrombin,
and also trypsin, indicated that proteolytic enzymes may
act in various ways-affect the stability of urokinase,
interfere with inhibition of urokinase by naturally oc-
curring inhibitor(s), and induce urokinase activity from
inactive material. Plasma and thrombin appeared to act
primarily through the latter mechanism.

Inactive material, which gave rise to urokinase upon
exposure to proteolytic enzymes and which may repre-
sent urokinase precursor, was found in cultures of kid-
ney, lung, spleen, and thyroid. Urokinase in such inac-
tive state appears to be readily accessible to activation
by enzymes, particularly plasmin and thrombin, thus
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facilitating removal of fibrin and possibly also providing
pathways to excessive fibrinolysis.

INTRODUCTION

Human tissues and cells in culture retain specific in-
trinsic functions and produce biological substances, in-
cluding components of the fibrinolytic system (1-4).
The ability of cultured renal cells to lyse fibrin clots is
due to their production of plasminogen activator identi-
fied immunologically as urokinase (UK)1 (1, 2), and
possessing physicochemical properties identical to those
of UK (4). Studies of cultured tissues have demonstrated
further that production of UK is not limited to the kidney
but is a function of cells in various other organs (2). In-
vestigation of cultures has shown that cells in many of
these organs also produce inhibitor(s) of UK (2, 3)
similar to those described in serum (5) and extracted
from tissues (6).

Studies of fibrinolytic events in living tissues in cul-
ture are facilitated by techniques that permit precise and
direct observation of cells (1, 2, 7) and assay of products
which are released into chemically defined media (1-3).
These techniques make possible examination of aspects
of fibrinolysis not readily accessible in vivo. Such stud-
ies have suggested (8) that fibrin deposition on living
cells sets in motion hitherto unrecognized mechanisms
which lead to increased output of plasminogen activator
and rapid disappearance of the fibrin, and, further, that
these mechanisms are not initiated by the fibrin itself
but may be mediated by local factors which develop in
the course of fibrin formation or fibrinolysis. Cultures
of human tissues are used in the present study to explore

1 Abbreviations used in this paper: BME, Eagle's basal
medium; FDP, fibrinogen digest products; HBSS, Hanks'
balanced salt solution; PFF, plasminogen-free fibrin clots;
SBB, saline barbital buffer; SBTI, soybean trypsin inhibi-
tor; UK, urokinase.
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these mechanisms, attempt to determine the identity and
mode of action of triggering factors, and examine their
physiological significance in fibrin removal and possible
implication in pathological fibrinolysis.

METHODS

Culture models
Culture models consisted of primary explants (9) of

adult human kidney grown in Rose chambers as described
previously (1, 2). The tissue was obtained by nephrectomies
in seven patients and from cadaveric donors in two. His-
tology was normal in the two cadaver kidneys and in five
surgical specimens where nephrectomies were performed for
stag-horn calculi, noninvasive tumor, or unilateral renal ar-
tery disease. The remaining two specimens were obtained from
pretransplant nephrectomies and showed advanced glomeru-
lonephritis. All specimens were processed for culture within
1-2 h after they were obtained (one of the cadaver kidneys
had been perfused in vitro for 24 h before receipt for cul-
ture). The tissues were cut into 1 X 1 mmfragments under
a dissecting microscope. Specimens from cortex and medulla
were implanted separately into Rose chambers. Samples of
tissue also were trypsinized (2) (Bacto-Difco 1: 250,
0.25%; Difco Laboratories, Detroit, Mich.) and the cells
implanted in Rose chambers, tubes, and flat bottles.

Additional cultures were obtained from adult and fetal
lung, fetal kidney, and adult spleen and thyroid. Lung,
spleen, and thyroid tissues were trypsinized and the cells
grown as primary cultures (9) in Rose chambers and
bottles. Fetal kidneys were cultured both as primary ex-
plants and after trypsinization.

All cultures were fed standard medium (1-3) consisting
of Eagle's basal medium (BME) and 10% fetal or newborn
calf serum to which antibiotics were added (100 U penicil-
lin and 100 ,ug streptomycin per ml). Cultures were incu-
bated at 37° C. As outgrowth became established, the cul-
tures were changed to chemically defined medium, BME,
containing 0.2% gelatin (1-3).

Base-line studies
After cultures were changed to BME, cells were studied

daily for 3-5 days as follows: viability and mitotic activity
were observed by phase-contrast microscopy and microcine-
matography (1, 2). Supernatant medium was assayed daily
for plasminogen activator and for inhibitor(s) content (2,
3). Cultures were refed at 1-2 day intervals to obtain sev-
eral consecutive determinations of the spontaneous output
of activator and inhibitor (s) after complete change of
medium and to allow cells to adapt to the new, chemically
defined environment.

Experimental procedures
After the base-line studies, cells were exposed to test

materials as described below using primary explants of adult
renal cortex grown in Rose chambers (four to six cultures
from the same specimen for each of the test materials and
an equal number of controls).

Fibrin clots, plasminogen-rich. Thin layers of fibrin were
formed over the surface of cells, as described previously
(2). The medium was removed from cultures and thrombin
(Thrombin Topical, Parke-Davis & Co., Detroit, Mich.;
0.1 ml of 20 NIH U/ml) was injected into the chambers
and allowed to flow over the cover slip on which the cells
were growing. Excess thrombin (0.02-0.04 ml) was drained

off. 0.15 ml of purified bovine plasminogen-rich fibrinogen 2
(0.7%, pH 7.8, ionic strength 0.15) was placed over the
cells and mixed with the thrombin by gently tilting the
chamber. This formed a fibrin layer of even thickness which
completely covered the cells and the glass cover slip on
which they were growing. Cultures were then refed BME
without disturbing the fibrin layer. Lysis of the clots by
cells in culture was monitored by phase-contrast microscopy
and time-lapse cinematography during incubation at 370 C.

Fibrin clots, plasminogen-free (PFF clots). Thin layers
of fibrin were formed over the surface of cells using ben-
tonite-adsorbed fibrinogen 2 (10) instead of plasminogen-
rich fibrinogen in the above procedure.

Fibrinogen, plasminogen-rich. Purified bovine fibrinogen
was introduced into the cultures in a final concentration of
0.05 to 1.0 mg/ml of culture medium.

Fibrinogen, plasminogen-free. Bentonite-adsorbed fibrino-
gen (10) was substituted for plasminogen-rich fibrinogen in
the above experiment.

Plasminogen-rich and plasminogen-f ree human fibrinogen
(Mann Research Labs, Inc., New York) also were used
in fibrin clot and fibrinogen experiments, yielding results
essentially identical to those obtained with bovine prepara-
tions.

Thrombin. Two preparations were used, thrombin "A"
and "B". Thrombin A, bovine (Parke-Davis), identical to
that employed in fibrin clot experiments and containing
15 NIH U/mg, was introduced into the culture medium
in a final concentration of 0.5-1.5 NIH U/ml of culture
medium. In higher concentrations this thrombin exhibited
some plasminogen and traces of spontaneous fibrinolytic
activity. Thrombin B, bovine, plasminogen-free (Miles Lab-
oratories, Inc., Kankakee, Ill.; Lot 11), was used in amounts
of 0.2 to 2.5 mg/ml of culture medium. This thrombin
showed traces of fibrinolytic activity but was free not only
of plasminogen but also of clotting properties towards fibrin-
ogen when assayed in concentrations up to 10 mg/ml.

Human thrombin (Fibrindex, Ortho Diagnostic Div.,
Raritan, N. J.), containing approximately 10 NIH U/mg,
was tested in preliminary studies and was found to contain
plasminogen as well as fibrinolytic activity at concentrations
as low as 0.5 NIH U/ml. This thrombin was therefore used
primarily in experiments with cell-free systems, described
below.

Plasmin. Glycerol-activated human plasmin3 (11) was
introduced into the culture medium in amounts similar to
those detected in cultures after exposure of cells to plas-
minogen-rich fibrin clots (0.1-0.2 CTA U/ml of medium).

Fibrin and fibrinogen digest products (FDP). Various
preparations were tested in preliminary studies to obtain
FDP which were free of undesirable contaminants, par-
ticularly residual activity of proteolytic enzymes or excess
inhibitor of the enzymes. Plasmin digest of human fibrino-
gen, lyophilized or frozen4 with or without added soybean
trypsin inhibitor (SBTI), trypsin digest of human and
bovine fibrinogen, and products obtained after separation
on DEAE Sephadex columns' (12) were tested in amounts

2 Kindly supplied by Dr. T. Astrup, James F. Mitchell
Foundation, Washington, D. C.

Kindly supplied by Dr. J. T. Sgouris, Michigan De-
partment of Health Laboratories, Lansing, Mich.

'Kindly supplied by Doctors R. Huseby (Eli Lilly &
Co., Indianapolis, Ind.) and G. H. Barlow (Abbott Labora-
tories, North Chicago, Ill.), respectively.

2 Kindly supplied by Dr. J. Van Stone, Northwestern Uni-
versity Medical School, Chicago, Ill.
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of 0.01-1.0 mg/ml. All preparations, however, showed per-
sistent contamination with either traces of proteolytic en-
zymes or excess SBTI when assayed on fibrin plates.
Limited culture studies were therefore done using FDP
with least amounts of contaminants. These were obtained
after 24 h of plasmin digestion (7.8 caseinolytic units of
plasmin, 20 mg human fibrinogen, in phosphate buffer, pH
7.6) and were introduced into the cultures in a final con-
centration of 0.01-0.02 mg/ml of culture medium.

VasoactiVc drugs. Nicotinic acid or acetylcholine were
introduced into the culture medium in amounts of 0.05-0.1
mg and 10-20 gg/ml of medium, respectively (2).

After exposure to test materials, cells were monitored by
phase-contrast microscopy and time-lapse cinematography
(1, 2). Supernatant medium was assayed for plasminogen
activator output at 3, 5, 8, 16, and 24 h. Local plasminogen
activator activity was examined in living cultures as well
as cells that had been fixed (2). Test materials which in-
duced changes in plasminogen activator levels in the cul-
ture models were studied further using cell-free test tube
systems.

Cell-free systems
Tissue culture plasminogen activator was obtained from

two sources: (a) purified activator isolated from supernates
of human kidney cell cultures (4), with specific activity of
60,000 CTA U/mg protein and containing no additives
(albumin, gelatin) was provided by Abbott Laboratories,
North Chicago, Ill. Activator of less purification (5-6,000
CTA U/mg protein) was used in addition. Standards em-
ployed in the studies were prepared from stock solutions
using saline barbital buffer (SBB) (pH 7.75, ionic strength
0.15), BME, or Hanks' balanced salt solution (HBSS);
(b) freshly harvested cell-free supernates, exhibiting 4.0-
8.0 CTA U/ml plasminogen activator, were obtained from
kidneys cultured in chemically defined medium (BME) in
tubes or bottles. Activators from both sources were found
to be immunologically identical to urinary UK and were
also inhibited by UK inhibitor(s) produced in culture (3).
These plasminogen activators were designated tissue culture
UK.

Inhibitory material was obtained from cultures of adult
lung (3) and consisted of cell-free supernates collected from
the cultures as well as retentates obtained after filtering
the supernates through Amicon membranes (Amicon Corp.,
Lexington, Mass.) (3) and reconstituting the retained
material in SBB, BME, or HBSS. Supernates and retentates
inhibited 2.0 to 4.0 CTA U/ml urinary or tissue culture UK
but showed no effect towards the fibrinolytic activity of
plasmin, trypsin, or thrombin. Inhibitory activity was de-
stroyed by heating at 60'C for 30 min but was retained
fully (100%) at 370C for 3 h, and partly (70-100%) after
24 h incubation at 370C.

Other culture-produced material used in cell-free systems
consisted of supernates collected f rom kidney, spleen, thy-
roid, and fetal lung grown in chemically defined medium
in tubes or bottles. These supernates were either free both
of UK and inhibitory activity or exhibited low degree of
one or the other activity.

Urokinase, inhibitor(s) of UK, and other material pro-
duced in tissue culture were studied before and after ex-
posure to various test substances. UK (2.0-4.0 CTA U/ml
in the final dilution), with or without added gelatin (0.2%),
or albumin (Human Fraction V, Miles Laboratories, 0.1-
10 mg/ml), was incubated with equal volumes of plasmin
(0.02-0.8 CTA U/ml), bovine thrombin A (1.0-75 NIH

U/ml), bovine thrombin B (0.1-5 mg/ml), human thrombin
(0.5-20 NIH U/ml), or trypsin (Bacto-Difco 1: 250, 0.02-
0.06 mg/ml). Inhibitor) material and other cell-free super-
nates f rom cultures were treated in a similar manner.
Assays were performed after incubation periods ranging
from 20 min to 24 h at 37°C. UK, inhibitory and other
cell-produced material, and test substances in eqlual volumes
of SBB were assayed simultaneously and were used as
controls. Additional controls were obtained by substituting
the buffer with BMEor HBSS. Test substances were used
after being freshly prepared from stock as well as after
heating at 560 or 780C for 30 min, or after incubation at
370C for up to 24 h.

Proteolytic enzymes
Proteolytic enzymes used in the experiments were ex-

amined for the presence of contaminants as well as of
properties that might interfere with assays, particularly
assays of plasminogen activator.

Immunoprecipitation studies ' with antiserum to human
serum albumin (Hyland Laboratories, Costa Mesa, Calif.)
elicited a reaction band between albumin and human
thrombin as well as among albumin and the two bovine
thrombins, A and B.

Plasminogen in the thrombins was estimated as described
previously (13) by converting it to plasmin with UK and
then assaying the plasmin activity on heated (14) and
plasminogen-free (bovine fibrinogen, plasminogen-free, Miles
Laboratories, Lot 12) fibrin plates. (All plates used in the
study were prepared with 6.0 instead of 9.0 ml fibrinogen
to increase the sensitivity of the assays.) The human
thrombin and thrombin A were found to contain up to 0.2-
0.3 CTA U/ml plasminogen. This was destroyed partially
by heating the thrombins at 560C and completely at 780C.

Spontaneous fibrinolytic activity in the preparations of
thrombin and trypsin was assayed on regular (15), heated,
and plasminogen-free plates and was compared with that
of plasmin standards. In the amounts used in the studies,
the fibrinolytic activity of the thrombins was equivalent to
0-0.1 CTA U/ml plasmin, and that of trypsin to 0.06-0.1
CTA U/ml. Least activity was present in thrombin A
which showed only traces at 40 NIH U/ml and none at
lesser concentrations. The fibrinolytic activity of the throm-
bins remained stable at 370C for 24 h but was destroyed
(80-100%) by heating at 560C for 30 min. The ability of
thrombin A and human thrombin to clot fibrinogen was
lost during these procedures.

The low degree of fibrinolytic activity of trypsin, plas-
min, and the thrombin preparations used in the studies did
not interfere with assays of plasminogen activator and was
distinguished further f rom activator activity using specific
antisera to UK.

Assays of plasminogen activator
The fibrin plate technique (15) using plasminogen-rich

fibrin plates was employed for assays of plasminogen acti-
vator activity as described previously (1, 2). Degree of
activity was expressed in CTA units per milliliter. Heated
fibrin plates (14), plates prepared with plasminogen-free
fibrinogen, and plates containing specific antisera to UK
were employed to distinguish plasminogen activator from
nonspecific activity. Such activity was detected only when
proteolytic enzymes were used experimentally in the studies.

' Kindly performed by Dr. S. Silberman, Veterans Ad-
ministration Hospital, Hines, Ill.

Increased Urokinase After Fibrin Deposition 825



= 100

I g I
1

1 xI

.!so---- - - - cell.-

4.0

3.0

s 2.o

-

1.0

clot prolife
I

0~~~~~~~~
09*
010
00* % 0

00~~~~

I 1140 * 0 0
, ~ ~~~~..I .

t It 3 5 i 6 t '°
baseline period test period

oration

Days

FIGURE 1 Increased plasminogen activator levels in cul-
tures after exposure of cells to fibrin clots. Primary cul-
tures of adult renal cortex, maintained on chemically defined
serum-free medium, are studied for a base-line period and
then exposed to thin, plasminogen-rich fibrin clots. Plas-
minogen activator content in the supernates is shown on the
ordinate and the days of observations on the abscissa. Cul-
tures receiving clots (0) exhibit a two- to sixfold increase
in the 24 h output of plasminogen activator as compared
with control cultures (0) and to baseline outputs. Each
circle represents individual values of cultures, 10 receiving
clots and 10 controls. Arrows (t) along the abscissa indi-
cate refeedings of cultures and complete exchanges of the
supernatant medium. Cell proliferation (----) is observed
in cultures receiving clots. Inhibitor(s) of plasminogen
activator (*) are detected in the supernates of some cul-
tures several days after the onset of cell proliferation.
Fibrin plate assays.

Plasminogen activator was identified immunologically
(1, 2) using fibrin plates which contained y-globulin frac-
tion from antisera against two urinary UK preparations
(16). Antiserum to UK with specific activity of 125,000
CTA U/mg protein, identical to that used previously (2),
and antiserum to UK with specific activity of 35,000 CTA
U/mg protein7 were incorporated into fibrin plates in final
concentrations of 1: 25,000 and 1: 5,000, respectively. In such
concentrations the antisera showed similar degree of quench-
ing towards urinary UK standards prepared f rom stock
solutions with specific activity of 35,000 CTA U/mg pro-
tein.8 Tissue culture UK standards, from purified or freshly
harvested UK, were quenched to the same extent. y-globu-
lin from control sera showed no effect towards either uri-
nary or tissue culture UK.

Assays of inhibitor(s) of plasminogen activator
Assays were performed as described previously (3).

Supernates containing inhibitory activity were mixed in
equal volumes with UK standards (9.6 to 0.6 CTA U/ml),
incubated for 30 min at 370C and assayed on fibrin plates.

7Kindly supplied by Doctors W. F. White and J. L.
Lewis, respectively, Abbott Laboratories.

'Kindly supplied by Dr. G. H. Barlow, Abbott Labora-
tories.

Inhibitory activity was manifested by decrease or absence
of lytic areas as compared with simultaneously assayed
controls, and was recorded as units per milliliter of UK
inhibited by the supernates. Control standards were as-
sayed in SBB and in culture medium (BME) that had not
been exposed to cells. Controls were also prepared using
ultrafiltrates obtained by centrifuging the inhibitory culture
supernates through Amicon membranes (3) which retain
molecules larger than 50,000 molecular size but pass micro-
solutes and water freely. The filtrates showed no inhibitory
effect while retentates exhibited 60-70% of the original
inhibitory activity (3). Degree of inhibition was identical
when tissue culture UK was substituted for urinary UK in
the assays.

To distinguish antiurokinase from antiplasmin activity,
supernates as well as filtrates and retentates were assayed
using two substrates, fibrin and casein, as reported previ-
ously (3). No effect towards plasmin was detected in these
assays, indicating that inhibitory activity, when present,
was directed against UK. The fibrinolytic activity of trypsin
and the thrombins also was not affected when. these en-
zymes were substituted for plasmin in the fibrin plate assays.

RESULTS

Growth, survival, and cell population of cultures were
similar to those described previously (1, 2). Primary
explants of adult kidneys in Rose chambers began to
show outgrowth after 5-7 days of culture and exhibit d
discrete sheets of cells in 10-15 days. Base-line studies
showed that over 90% of the cells remained viable after
they were changed to chemically defined medium and
yielded plasminogen activator in the supernates after
each refeeding, in amounts of 0.6-1.0 CTA U/ml per 24
h in cultures of cortex and 1.5-3.0 CTA U/ml per 24 h
in cultures of medulla.

Local plasminogen activator activity
Study of cells using fibrin clot techniques confirmed

previous observations (2) that living cells exhibit con-
siderably greater plasminogen activator activity than do
fixed preparations. The latter exhibited up to 2% ac-
tive cells in the cortex and up to 5% in the medulla af-
ter 10-20 min incubation with the fibrin, whereas living
cultures showed 5- to 10-fold greater number of active
cells and lysis of fibrin as early as 60 s after exposure
to plasminogen-rich clots. Lytic areas then enlarged rap-
idly so that lysis was complete in 60-90 min by cells from
the medulla and 2-3 h by cells from the cortex. Plasmino-
gen-free fibrin was not lyse%1 by any of the cultures,
indicating the absence of proteases which use fibrin as a
substrate.

Plasminogen activator in the supernates after
exposure to fibrin clots
Experimental deposition of regular fibrin clots on liv-

ing cells in culture resplted in a two- to sixfold increase
in the 24 h yield of plasminogen activator in the super-
nates (Fig. 1). Study of cultures during the 24 h period
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after fibrin deposition showed complete lysis of the clots
and increasing activator content in supernates at 3 h, or
earlier, then a continued rise that leveled off after 8-16 h.
Cell proliferation was observed at this point and for
several days thereafter (Fig. 1). This was accompanied
by persistent high yields of activator with eventual de-
crease to or below control and pre-experimental levels
coinciding with the appearance of inhibitor(s) in the
supernates (Fig. 1).

Immunoassays with antisera to UK (Fig. 2) showed
that plasminogen activator elicited in the supernates af-
ter fibrin clots is immunologically identical to UK and
to activator present spontaneously in cultures. Minute
portions of activity not quenched by the antisera were de-
tected in supernates after clot lysis and were presumably
due to plasmin derived from activation of clot plasmino-
gen by activator in the cultures.

Results of studies performed to determine whether the
enhanced UK yields were induced by the clot itself or
were mediated through other factors are shown in Fig. 2.

Fibrin clots, plasminogen-free (PFF clots) which are
not lysed in culture failed to induce increase in UK lev-
els either at 24 h (Fig. 2) or during periodic sampling
of supernates at 2-3-h intervals. Thus the clot itself or
fibrin network as such are not responsible for enhanced
UKyields.

Vasoactive drugs. Challenge with acetylcholine or
nicotinic acid confirmed previous observations (2) that
vasoactive stimuli do not induce increase in UK levels
in culture (Fig. 2).

Plasmin. In contrast to PFF clot and vasoactive
drugs, plasmin induced a marked increase in UK yields
in the supernates (Fig. 2), similar to that observed with
regular clots when activation of plasminogen to plasmin
was accomplished in the cultures. After exposure to
plasmin, UK levels began to increase at 1-3 h and pro-
gressively thereafter leveling off after 8-16 h. Traces of
plasmin activity were detected in supernates for periods
up to 24 h and accounted for the minute portions of ac-
tivity not quenched by the anti-UK sera.

Fibrinogen. Exposure of cells to plasminogen-free and
plasminogen-rich fibrinogen (Fig. 2) showed that fibrino-
gen itself has no effect on UK levels. The modest rise
in UK with plasminogen-rich fibrinogen appeared to be
related to low-grade activation of plasminogen to plasmin
as evidenced by transient appearance of traces of non-
specific activity in the supernates.

Fibrinogen digest products. Exposure of cells to FDP
appeared to reflect primarily the presence of either
residual plasmin or excess SBTI (Fig. 2). Thus, yields
of UK were high when FDP contained trace amounts
of plasmin, and low when SBTI was present.

Thrombin of the type used in the fibrin clot experi-
ments (thrombin A) failed to increase UK yields (Fig.

Test Material

Control

Thrombin A

Thrombin B

Plosmin

Plasminogen-rich fibrin clot

Plosminogen-free fibrin clot

Plasminogen-rich fibrinogen

Plosminogen-free fibrinogen

FDP with excess SBTI

FDP with residual plasmin

Vasoactive drugs

CTA U/ml
average

1.0 2.0 3.0

range

0.4- 1.0

02- 0.5

2.0-3.0

0-2.2

1.5-2.5

0 -0.8

0.5-1 3

0.2 -0.7

0.1-0.4

0.8- 1.8

0.4-0.8

U

FIGURE 2 Plasminogen activator levels in cultures after
exposure of cells to various test material including plas-
minogen-rich clots from Fig. 1. Cultures (10 for each of
the test materials and an equal number of controls) of
adult renal cortex are studied in the same way as those in
Fig. 1. Bars represent average activity in the supernates 24
h after challenge. Ranges are given in the column on the
right. Solid bars illustrate quenching by specific antisera
to urokinase and the open bars the fibrinolytic activity of
the enzymes plasmin or thrombin in the test material. In-
crease in the 24-h yields of urokinase is observed with
plasminogen-rich clots, plasmin (0.2 CTA U/ml), throm-

-bin B (2.5 mg/ml), and FDP (0.02 mg/ml) containing
residual plasmin activity (0.05-0.1 CTA U/ml). Assays are
performed using regular, heated, and plasminogen-free
plates, and plates containing antisera to urokinase.

2) when introduced into cultures in amounts similar to
those employed in the clots (0.5-1.5 NIH U/ml).
Higher concentrations (30 NIH U/mIl or more) induced
a modest increase in some cultures but also contained
plasminogen which could be activated to plasmin in the
cultures. However, enhanced UK yields were observed
in the absence of plasminogen when thrombin B prepa-
ration was used in the studies (Fig. 2).

These observations indicate that the enhanced UK
yields after fibrin deposition are mediated through plas-
min and, further, that thrombin may share some of the
properties of plasmin. Possible models of action of these
enzymes were examined in living cells and in cell-free
systems.

Living cells
Cell proliferation observed after exposure of cultures

to fibrin clots (Fig. 1) also occurred in the presence of
plasmin or, to a lesser extent, thrombin. Bursts of
mitotic activity were elicited by time-lapse cinematog-
raphy after 6-8 h and cell proliferation was observed to
continue for up to 72-96 h. Study of local plasminogen
activator activity at 24-36 h showed 50-100% increase
in the number of active cells. Cell proliferation thus may
contribute to the sustained high levels of UK in the
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o in cultures from two specimens of renal cortex not in-
cluded in the studies shown in Figs. 1 and 2. High UK
yields, comparable to or higher than those obtained with
test materials in Figs. 1 and 2, were found after the
second or third refeeding of these cultures with BME

16 24 and continued through the culture period of 4-6 wk.
er These cultures were characterized by rounding of the

cells and occasional detachment from the glass, similar
to a subtle "trypsin- (or plasmin-)like" effect. Exposure

ter the onset of of cells to test material including fibrin clots, plasmin,
neal copertex o f or thrombin, failed to induce further increase in UK

ate of the lower suggesting that mechanisms leading to enhanced UK had
ie abscissa. The been activated "spontaneously" in these cultures, per-
rrows (t) along haps through enzyme(s) present in the tissue.
Itures and com-

. Cell death is Cell-free systemsokinase in some
-) exhibit tran- Results of studies using cell-free systems are shown

in activity and in Figs. 4-10. These studies were designed to elucidate
aspects of the fate of tissue culture UK, the role of pro-

enhanced yields teolytic enzymes in these events and possible modes of

Y.
of cultures by 4 0

e microcinema- :
Figs. 1 and 2

active through- 3.0
eral days there-

less than 5% 2.0
ed in the study,
t toxic to the
rypsin-like" ef- 1.0\
;ting of slight
hment from the
d sloughing or 24
ved with larger

and 2 thus are Hours

aterial from in- FIGURE 4 Stability of purified tissue culture urokinase
and death was during incubation in test tubes at 370C in saline barbital

hrate of buffer with (0) and without (O -) added gelatin (0.2%o).Lh high rate of (Identical results are obtained when chemically defined
ed, encountered culture medium [BME] or HBSS are substituted for the
)erimental pro- buffer in the assays.) Urokinase activity is shown on the
tures from two ordinate and the time of incubation on the abscissa. In the

n Figs. 1 and 2. absence of gelatin, urokinase is lost to the surface of the
container (gelatin is present in all other studies [Figs. 1-3

ifect up to 80% and 5-10]). Dashed lines illustrate recovery of urokinase
if not all fibrin- from the glass surface using buffer containing gelatin. Fib-

es after the on- rin plate assays.
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.action by which enzymes may increase the availability of
UK. The following events were observed:

Adsorption of UK to glass surfaces (Fig. 4). In the
absence of gelatin, UK was lost to the surface of the
containers from where it was subsequently recovered by
treatment with gelatin. When gelatin was present, ac-
tivity of purified tissue culture UK remained essentially
unchanged at 370C for periods of 48 h to 2-4 wk in sa-
line barbital buffer, balanced salt solution or tissue cul-
ture medium, BME. Results identical to those shown in
Fig. 4 were obtained when albumin was substituted for
gelatin in the assays.

Thrombin and plasmin had no apparent effect on UK
itself or its adsorption to surfaces. Activity of purified
tissue culture UK and loss of this activity to surfaces
shown in Fig. 4 were not modified during 24 h incuba-
tion with thrombin A (0.2-2.0 NIH U/ml), thrombin B
(0.1-5.0 mg/ml), or plasmin (0.02-0.2 CTA U/ml).

Spontaneous degradation of UK. This was observed
in UK of low purification (5-6000 CTA U/mg protein)
as well as in UK harvested directly from cultures. Loss
of activity in these preparations generally was modest,
20-30% or less, during 24 h incubation at 370C. Marked
decrease in activity, similar to or greater than that
shown in Fig. 5b was observed chiefly in supernates of
cultures after cell sloughing and death.

Spontaneous inactivation was reproduced in the test
tube using purified tissue culture UK and trace amounts
of trypsin (Fig. 5a) which also accelerate
loss of activity (Fig. 5b). Unlike the lI

4.0

3.0

, 2.0

u 1.0-

a
Xov-,-ov

x

. IV
| 3 24

Hours

FIGURE 5 Trypsin-induced and spontaneous
urokinase during incubation at 370C. Urokit
shown on the ordinate and the time of inc
abscissa. Studies are performed in cell-free
terns as follows: in graph a purified tissue cu
(0) is incubated with trace amounts (0.03 m
sin (X) in the presence and absence of alb
mg/ml). In graph b urokinase harvested dire
tures (0) and showing spontaneous inactivation
albumin (V) or trypsin (X). Trypsin causes
in purified preparations and accelerates that
taneously in culture harvests. Albumin prev
taneous (graph b) as well as the trypsin-i
a) inactivation. Fibrin plate assays.

3.01

E

I.-1
D.

2.0-
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__< __ __ __ __ __ __ __ __ _____ox_

min 30min 90 min
t t t

3 h 24 h

Time of incubation

FIGURE 6 Effect of trypsin on urokinase-inhibitor reaction.
The ordinate shows urokinase activity in CTA U/ml and
the abscissa the time of incubation at 370 C. Studies are
performed in cell-free, test tube system as follows: purified
tissue culture urokinase (0 O) is allowed to react with
inhibitor(s) obtained from lung cultures ( O i). In-
hibitory effect is manifested by immediate drop of urokinase
activity followed by a further gradual decrease in activity.
Trace amounts of trypsin (0.03 mg/ml) are added to por-
tions of the urokinase-inhibitor mixture after 1, 30, or 90
min (1). Recovery of urokinase in trypsin-treated (X)
portions, shown by the dotted lines, is estimated using regu-
lar and heated plates and plates containing specific antisera
to urokinase.

-. ~ ~~ ~surfaces shown in Fig. 4, inactivation was not preventedd spontaneous)ds of UK to by gelatin and activity was not recovered from the glass
surfaces. However, both the spontaneous and trypsin-in-
duced inactivation were prevented when albumin was

b introduced in the incubating mixtures (Fig. 5) in
-oV amounts of 0.5 mg, or more, per milliliter of medium.

The activity of trypsin itself in fibrin plate assays was
not affected by albumin in amounts up to 10 mg/ml.

Ability to prevent inactivation of UK ("stabilizing"
property), similar to that of albumin in Fig. 5, was
elicited in thrombin preparations-thrombin A (2.0 or
more NIH U/ml), B (0.1 or more mg/ml), or human

3i---vi'--- 24 (2.0 or more NIH U/ml)-and was retained after the
enzymes or albumin were heated at 56° or 780C for 30
mmin or were incubated at 370C for 24 h. "Stabilizing"

inactivation of ability of plasmin (0.2 or more CTA U/ml) was weaker
nase activity is than that of albumin and the thrombins and was mani-
:ubation on the fested primarily in delaying UK inactivation, spontane-

test tube sys- ous or trypsin-induced, for up to 3 h.
ilture urokinaseig/m1 ) of tryp- Inhibition of UK by inhibitor(s) produced in tissues.
umin (V) (0.5 In contrast to the inactivation shown in Fig. 5, inhibitory
ectly from cul- reaction was immediate (Fig. 6), was not prevented by
n is treated with albumin, thrombin, or plasmin, and was not accelerated
loss of activity by trypsin. In fact, when UK-inhibitor mixtures were)ccurring spon- I-

rents the spon- treated with trypsin during the first 30 min of the in-
induced (graph hibitory reaction, UK could be recovered (Fig. 6) both

when purified or freshly harvested UK were used in the
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FIGURE 7 Urokinase activity induced by plasmin, throm-
bin, or trypsin in cell-free supernates of cultures. Studies
are performed in test tubes as follows: trace amounts
(shaded bars) of the enzymes (0.2 CTA U/ml plasmin, 2.5
mg/ml thrombin B, or 0.03 mg/ml trypsin) are added (4.)
to cell-free supernates harvested from fetal (a) or adult
(b and c) kidney cultures. After 20 min incubation at 37°C
(-*) supernates are assayed on regular and heated fibrin
plates and on plates containing specific antisera to uro-
kinase. Before treatment with the enzymes, supernate from
fetal kidney (a) exhibits inhibitor of urokinase, illustrated
by the negative value on the lower part of the ordinate. One
of the adult kidneys (c) (obtained at nephrectomy) con-
tains trace amounts of urokinase shown on the upper part
of the ordinate, while the other kidney (b) (obtained from
cadaveric donor and cultured after 24 h in vito perfusion)
exhibits neither urokinase nor inhibitor. After incubation
(--)) with plasmin (1), thrombin (2) or trypsin (3), uro-
kinase is present in all supernates in amounts up to 3.0
CTA U/ml. Closed bars represent quenching by specific
antisera to urokinase and open bars, the nonspecific activity
of the enzymes plasmin, thrombin, or trypsin.

experiments. Plasmin (0.1-0.2 CTA U/ml) or throm-
bin (B, 0.25-2.5 mg/ml) failed to induce recovery of
either UK.

Presence of inactive form(s) of UK gave rise to UK
activity upon exposure to proteolytic enzymes as illus-
trated in Fig. 7. Supernates harvested from cultures of
fetal (Fig. 7a) or adult (Fig. 7b and c) kidneys were
studied before and after treatment with trace amounts of

trypsin, plasmin, or thrombin. Before incubation with
the enzymes, these supernates showed little or no UK or
exhibited only inhibitor(s) of UK. However, after 20
min incubation with thrombin, plasmin, or trypsin, UK
was present in all supernates in amounts up to 3.0 CTA
U/ml. Albumin had no effect, although it increased tryp-
sin-induced UK yields by 20-40%, presumably by pre-
venting degradation of UK by the trypsin. In assays
with specific antisera and inhibitor(s), UK formed
through the action of plasmin, thrombin, or trypsin was
quenched and inhibited to the same extent as freshly
harvested or purified UK preparations.

Results similar to those shown in Fig. 7 were ob-
tained from two additional kidneys, one spleen, two thy-
roid and five fetal lung cultures. The inactive material
in culture supernates which gave rise to UKupon treat-
ment with proteolytic enzymes remained stable for 24 h
at room temperature or for up to 6 months at - 200C,
but was destroyed by repeated freezing and thawing, 24
h at 370C or 30 min at 560C. The material was retained
by Amicon membranes (CF 50) (3), indicating that its
molecular size was 50,000 or greater.

The ability of plasmin and thrombin to induce UK in
inactive supernates was examined in relation to other
properties of the enzymes as shown in Fig. 8 and fur-
ther in Figs. 9 and 10. Plasmin retained the capacity to
bring about UK activity after its fibrinolytic effect was
lost by prolonged incubation or heating. Similar results
were observed with thrombin-UK activity was induced
with thrombin preparations which failed to clot fibrino-
gen (thrombin B) as well as those in which clotting
property had been destroyed by heat (thrombin A and
human thrombin). Study of the respective UK-inducing
abilities of plasmin and the various thrombin prepara-
tions showed that plasmin brought about considerable
UK activity when used in exceedingly small amounts,
either freshly prepared or heat-treated (Fig. 9). Throm-

a b
100-

50-

37- 56° 78° 370 56 78-

0 Centigrade

FIGURE 8 Stability of the various properties of thrombin
B (graph a) and plasmin (graph b) at 370, 560, and 78°C.
Fibrinolytic activity (fO), clotting property (EJ), ability to
prevent degradation of urokinase (0) or to induce uro-
kinase in inactive supernates (0) are assayed after in-
cubating the enzymes (0.2 CTA U/ml plasmin, 2.5 mg/ml
thrombin B) at 37°C for 24 h, or at 560 or 780 for 30 min.
Results are expressed as percent of the original activity.
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bin B and the human thrombin preparations also in-
duced UK activity readily (Fig. 10), whereas thrombin
A showed but weak effect and only after it had been
heated (Fig. 10). Fresh preparations of this thrombin
were found to contain an activity which interfered with
or blocked formation of UK from inactive material.
Thus, UK induction by plasmin, trypsin, thrombin B,
and the human thrombin, shown in Figs. 7, 9, and 10,
was abolished almost completely (up to 80%) when
freshly prepared thrombin A was present in the reacting
mixtures in amounts of 10-20 NIH U/ml. Thrombin A
did not inhibit preformed UK and also did not affect the
fibrinolytic activity of plasmin, trypsin, and the other
two thrombin preparations indicating that factor (s)
"blocking" UK formation are distinct from fibrinolytic
inhibitors such as antiurokinase and antiplasmin (3).

DISCUSSION

Concepts relating present findings to previously described
aspects of fibrinolysis are delineated in Fig. 11 and in-
terpreted as follows.

When fibrin clots are formed or fibrin is deposited in
blood vessels or tissues, clot plasminogen is activated to
plasmin by plasminogen activator (17) which originates
from cells of organs and tissues (1, 2). Cells in many
tissue also produce inhibitor(s) of plasminogen activa-
tor (3). Other inhibitor(s) formed in tissues (3) act
on plasmin (18, 19) which ultimately is responsible for
the lysis of the clots (17, 20). The present study indi-
cates the occurrence of further local events relevant to
fibrinolysis as well as to tissue repair processes that fol-

a
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E~~~~~~/ ------------,o 4'

I .0 °
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'I-,
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0.02 0.04 0.08 0.16 0.32

CTA U/ml plasmin

FIGURE 9 Plasmin-induced urokinase activity in cell-free
supernates of cultures. Supernates harvested from kidney
cultures identical to those of Fig. 7b and containing no
urokinase activity are mixed with equal volumes of pro-
gressively increasing concentrations of plasmin, freshly
prepared ( ) or heat-treated at 560 for 30 min ----
The amount of plasmin in the mixtures is shown on the
abscissa and urokinase elicited after 30 min incubation at
370C on the ordinate. Assays are performed on regular
and heated fibrin plates and on plates containing antisera
to urokinase.

low fibrin deposition. In events pertaining to fibrinolysis.
mechanisms are set in motion which increase the avail-
ability of the plasminogen activator UK and thus hasten
the removal of fibrin. These mechanisms are not trig-
gered by the clot itself or fibrin network as such, but
are mediated through enzymes formed in the process of
fibrinolysis and perhaps also in that of clotting, namely
plasmin and thrombin.

b

(80)

mg/ml bovine thrombin
(NIH U/mI)

0.12 0.25 0.5
(1.2)(2.5) (5) (10)

mg/ml human thrombin
(NIH U/mI)

FIGURE 10 Thrombin-induced urokinase activity in cell-f ree supernates of cultures. Studies
are performed as in Fig. 9 by substituting plasmin with bovine thrombin A (fl) or B (A),
or human thrombin (0), freshly prepared ( ) or heat-treated at 560C for 30 min (----).
Thrombin B and human thrombin induce urokinase activity readily while thrombin A shows
little or no effect until it has been heated.
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FIGURE 11- Present findings and concepts (- - - -, -.) in relation to previously known
aspects of fibrinolysis ( ): a = proenzyme (inactive urokinase precursor); b = urokinase;
c = activation of proenzyme to urokinase; d = interferes with activation of proenzyme to
urokinase; e = attacks urokinase or its inhibitor; g = attacks urokinase; f = prevents attack
on urokinase; h = inhibitor of urokinase; i = activation of plasminogen to plasmin (j) by
urokinase; and k = lysis by plasmin of fibrin formed through the action of thrombin on
fibrinogen.

Modes of action by which plasmin and thrombin in-
crease UK levels in culture appear to be manifold and
may be directed towards the cells themselves as well as
towards cell-produced material. The effect on cells is
manifested by mitotic activity or, less frequently, cell
injury and death. Although the effect of enzymes on
cells influences UK levels, it does not account for the
enhanced UKyields in culture. The increase in UK is ex-
plained best by the action of enzymes on material pro-
duced by cells and released into the supernates as shown
by studies with cell-free systems. These studies involve
four main areas-adsorption of UK to surfaces, UK in-
activation or degradation, inhibition of UK by naturally
occurring inhibitor(s), and formation of UK from in-
active material.

In vitro loss of UK to surfaces and its recovery by
gelatin has been described previously (21, 22) and is
confirmed by the present observations. Plasmin and
thrombin, however, do not influence UK adsorption to
surfaces or the activity of UK itself. These enzymes
also do not seem to affect UK inhibition by naturally
occurring inhibitor (s) but act to prevent or delay UK
degradation ("stabilizing" property) as well as to form
UK from inactive material. "Stabilizing" property of
thrombin, and to a lesser extent plasmin, appears to be
similar to that observed with albumin and may be due,
at least in part, to contamination with albumin elicited
in the thrombins by immunoprecipitation techniques.

Such property contributes to UK levels in culture but
is not responsible for the major mechanism of enhanced
UKyields.

Urokinase has been shown to be produced in tissues
throughout the body (2) although little is known about
the production kinetics of this plasminogen activator.
In the present study, inactive material giving rise to UK
on exposure to proteolytic enzymes is found in such
widely distributed organs as kidney, lung, spleen, and
thyroid. Formation of UK from such material upon
treatment with trace amounts of plasmin, thrombin, or
trypsin suggests that: (a) UK is present in organs and
tissues in an inactive form, i.e., as a proenzyme (UK
precursor); (b) inactive precursor can be activated to
UK by a number of enzymes including those involved
in clotting and fibrinolysis; and (c) such enzymatic
activation represents the major mechanism leading to

increased UK levels in cultured tissues.
Observations with trypsin indicate* that UK levels

also may be increased by release of UK from its in-
hibitor(s) as shown by the ability of trypsin, but not

plasmin or thrombin, to induce recovery of UK from test

tube mixtures of UK-inhibitor(s). Although the precise
nature and kinetics of such release and relationship to

UK formation from inactive material are yet to be de-
fined, the present studies indicate that "release" and
"formation" are distinct from each other, the former
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being achieved by the action of enzymes on UK inhibi-
tor(s) and the latter by activation of UK precursor.

Unlike numerous analogous systems in the field of en-
zymes, no proenzyme has been described for UK which
appears to be excreted in urine in vivo (16) and re-
leased into supernates of cultured tissues in vitro (1, 2,
4) in already activated form. The present observations
suggest that activation of proenzyme occurs readily in
such environments hampering investigation of UK in
its inactive state. Although identity of activating en-
zvmes in tissues or urine and factors favoring activation
in these environments remain to be clarified, it may be
speculated whether "spontaneous" activation in culture
is accomplished by proteases such as certain cathepsins
which are found in tissues and are known to act on
trypsin-susceptible bonds of various substrates (23).
Study with the present activating preparations suggests
that UK precursor is a potential substrate for several
proteases including trypsin, plasmin, and perhaps throm-
bin and thus conversion to UK may involve cleavage of
peptide bonds susceptible to the action of these proteases
(24-26).

Activation of UK precursor by proteases, particularly
plasmin and thrombin, also should be examined in light
of factors such as presence of impurities and possible
cross-contamination of the enzymes used in the experi-
ments. Plasmin is obtained by spontaneous activation of
purified plasminogen (11) which is free of known con-
taminants such as prothrombin, thrombin, and thrombo-
plastic material (11). A minor contaminating component
observed in purified preparations of both plasmin and
plasminogen (27) is thought to represent an "inert"
form of plasmin (25). The ability of plasmin to induce
UK at exceedingly low concentrations and at almost un-
detectable levels of its fibrinolytic function argues fur-
ther against a contaminant and indicates that activation
of UK precursor is part of the plasminogen-plasmin sys-
tem and a property which is as important to fibrinolysis
as the fibrinolytic activity of plasmin.

In contrast to plasmin, thrombin preparations may
contain various contaminants (28, 29) including com-
ponents of the plasminogen-plasmin system (29). Con-
tamination with plasminogen and, presumably, traces of
plasmin, appears to account for the activation of UK
precursor by some of the present thrombin preparations,
particularly the human thrombin. Activation observed
with thrombin B, however, is not readily explained
through plasminogen-plasmin. Thrombin B preparation
is free of plasminogen and although it exhibits some
fibrinolytic activity, this can be considered a property
of thrombin (30-33) distinct from that of plasmin (31-
33). It may be speculated whether the present in vitro
activation of UK precursor by thrombin B is analogous
to the ability of another thrombin preparation (31) to

induce plasminogen activator activity in vivo (34-36).
However, precise identity of activating properties of
thrombin, relationship to similar function of plasmin,
and the apparent ability of both proteases to induce UK
in the absence of their respective primary activities-
clotting of fibrinogen, lysis of fibrin-await further
investigation.

The apparent ability of plasmin and other enzymes,
including unidentified enzyme(s) in tissues, to induce
UK from its precursor bears on aspects of orderly func-
tion of the fibrinolytic system as well as its disruption in
pathological fibrinolytic states. Enzymes in tissues ap-
pear to be responsible for the continuous formation of
UK in culture and, presumably, in vivo. Increased avail-
ability of UK from precursor which occurs through
plasmin but may also be induced by thrombin and tissue
enzymes provides mechanisms that accelerate the re-
moval of fibrin deposits and clots. However, sudden
massive activation of these mechanisms may disrupt the
balance within the fibrinolytic system and lead to ex-
cessive fibrinolysis such as that seen in disseminated
intravascular clotting (37-39) and various other patho-
logical conditions (37). Inhibitors of fibrinolysis, i.e.,
antiurokinase (3, 5, 6) and antiplasmins (18, 19), aid
in preventing excessive fibrinolysis and factors inter-
fering with or blocking formation of UK from precur-
sor appear to provide additional safeguards. Such factors
are detected in thrombin A but may reflect the presence
of extraneous material in this preparation (29) rather
than a property of thrombin itself. Preliminary studies
of tissues in culture (now in progress) indicate that
"blocking" property similar to that of thrombin A may
be formed in tissues.

Cell proliferation observed after fibrin deposition con-
tributes to the high UK yields but also leads to increase
in UK inhibitor(s), thus maintaining equilibrium within
the fibrinolytic system. Further, cell proliferation is rele-
vant to events of tissue repair (40, 41) and proliferative
disorders associated with fibrin deposition (42-44). The
present observations suggest that mitosis-inducing fac-
tors may be mediated through plasmin, and perhaps also
thrombin, and that cell proliferation is part of the intri-
cate mechanisms which are set in motion locally in fibrin
deposition and which involve the systems of clotting,
fibrinolysis, and tissue repair.
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