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A BS T RA CT Human tissues and cells from pre- and
postnatal life were cultivated and studied for plasmino-
gen activator activity. Cultures were obtained from
kidney, renal blood vessels, ureter, bladder, lung, and
heart. Local activator activity of cells was demonstrated
by histochemical techniques. Activator released by cells
into the supernatant culture media was assayed by fibrin
plate techniques and was investigated for immunological
identity using specific antisera to an activator of human
origin, urokinase (UK).

Plasminogen activator was produced in primary cul-
tures where cells retain specific functions and generally
reflect the enzyme pattern of the tissues of origin. Cells
from fetal and adult sources were found to yield acti-
vator antigenically identical to UK, as well as activator
activity which differed from that of UK in immunoas-
says and which may represent tissue type activator.
Such activity was released after injury or death of cells
while UK was produced in cultures containing live, me-
tabolizing cells.

Primary cultures of kidney confirmed that this organ
is a rich source of UK and demonstrated, in addition,
that UK is produced from the early stages of gestation
and in increasing amounts thereafter. However, primary
cultures also dlemonstrated that the ability to produce
UK is not limited to the kidney but is a function of cells
which are distributed widely in body tissues. Thus, ac-
tivator antigenically identical to UK accumulated pro-
gressively after many refeedings in culture supernates
of fetal lung and ureter, as well as in supernates of re-
nal blood vessels of adults. These findings indicate con-
tinuous formation of UK by the cultured cells and, fur-
thermore, provide evidence of UK production in blood
vessels. In cultures from other tissues, particularly
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those from fetal heart and adult lung and bladder, in-
vestigation of activator was hindered by inhibitory ac-
tivity which accumulated in the supernates. Such ac-
tivity was derived from cells in culture and was directed
selectively against UK, indicating that inhibitor as well
as UK are produced by cells of various organs of the
body.

Plasminogen activator also was produced by serially
propagated cells, diploid and heteroploid. However, only
diploid cell lines retained activator activity of the origi-
nal tissues and continued to produce activator anti-
genically identical to UK. In contrast, heteroploid line
appeared to have lost the ability to form UK by yielded
activator activity that differed from that of UK in im-
munoassays. Serially propagated cells thus provide an
additional tool for in vitro study of plasminogen activa-
tor and may facilitate investigation of the fibrinolytic
system in man.

INTRODUCTION

Plasminogen activators are present in body fluids and
tissues. Although naturally occurring activators in man
have not been fully characterized, various types have
been distinguished including tissue, plasma, and urine ac-
tivators. Tissue activator appears to be present in
nearly all tissues (1-3) and may be released through
injury and death of cells (2). Plasma activator is believed
to originate from cells of blood vessels and can be re-
leased in blood in vivo after various stimuli (4-8). Ac-
tivator in urine, urokinase (UK), is produced by kid-
ney cells (9) but may also be derived from other sources
(10, 11). Urokinase, tissue, and plasma activators dif-
fer from each other immunologically (8) and in other
properties (3, 12). However, exact relationship among
these activators, their origin, and their role in blood
and local fibrinolytic events are not clear.
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Studies of adult human kidneys have indicated that
cells in culture may facilitate the investigation of the
origin, production, and identity of activator activity in
man (9). Cells from the adult kidney in primary cul-
ture produced activator antigenically identical to that
found in the urine, UK (8, 9). Activator activity also
has been demonstrated in cultures from other human
tissues, both from pre- and postnatal life (13-16), al-
though identity of activator in these various cultures
has not been fully explored.

Histochemical (9) and immunological techniques
(8, 9) are applied to the present study to human tissues
and cells in culture in an effort to further define acti-
vator activity in man. Plasminogen activator is investi-
gated in primary cultures (9, 17, 18) where cells ex-
hibit many of their in vivo characteristics, retain specific
functions, and generally reflect the enzyme pattern of
the tissue of origin (18). Activator activity also is ex-
amined in serially propagated cells, both diploid and
heteroploid (17, 19, 20), to determine to what extent
such cells retain activity of the original tissues and cells.
Serially propagated cells represent an easily accessible
source of a large number of cells for biological studies in
vitro (18-21) and may provide an additional tool for
the investigation of plasminogen activator activity in
man.

METHODS
Kidney. Postnatal kidney tissue was obtained at nephrec-

tomy from five adults and at necropsy from one full-term
infant. The tissue was cut into fragments and parts were
treated with 0.25% trypsin (Bacteriological Products, Difco
Labs, Inc., Detroit, Mich., 1: 250). Fragments and trypsi-
nized cells were grown in primary culture (9, 17). Parts
of cortex and medulla were cultured separately.

Fetal kidney cells in primary culture obtained at the fol-
lowing stages of development: 26-32 wk, 16-20 wk, and 12-
14 wk of gestation.'

Fetal kidney cells from a heteroploid,2 as well as from a
diploid line' (17), were obtained after the 30th passage and
were maintained in culture by trypsinizing the cells and
splitting and replanting the cell suspensions (19) twice
weekly.

Renal blood vessels. Branches of the main renal artery and
of renal veins were carefully removed from the hilum of
kidneys obtained at nephrectomy from adults. The blood
vessels were washed in Hanks' balanced salt solution
(HBSS), freed of debris and fatty tissue, cut into frag-
ments under a dissecting microscope, and cultured as pri-
mary explants (9).

Ureter. Ureters from 16 to 20 wk fetuses were cut into
fragments and grown as primary explants (9).

1 Primary human embryonic kidney, Flow Laboratories,
Inc., Rockville, Md., and Microbiological Associates, Inc.,
Bethesda, Md.

2 Human embryonic kidney cell line, Baltimore Biological
Co., Baltimore, Md.

'3MA human embryonic kidney cell line, Microbiological
Associates, Inc., Bethesda, Md.

Bladder. Bladder tissue was obtained at surgery from
two adults. The mucosa and parts of the submucosa were
cut into fragments and grown in primary culture (9).

Lung. Postnatal lung tissue was obtained at surgery from
four adults and at necropsy from one full-term infant.
The tissue was cut into fragments and parts were trypsinized.
Fragments and trypsinized cells were grown in primary
culture (9).

Fetal lung cells in primary culture were obtained from
16 to 18 wk fetuses.4 Primary cultures also were subculti-
vated (19) for up to 20 passages by trypsinizing the cells
and splitting and replanting the cell suspensions at 3-4 day
intervals.

Subcultures of fetal lung cells from a diploid cell line
(17), Wi 38 (19), were obtained at the 26th passage5 and
were kept in culture to the 45th passage. Cultures were tryp-
sinized, split, and replanted at 3-4 day intervals.

Heart. Subcultures of fetal heart cells from 16 to 30 wk
fetuses were obtained at the third 6 and twelfth passages.
These cells were maintained in culture to the thirteenth
passage.

Tissues and cells were grown in Rose chambers (22),
tubes, and flat bottles. Cells were implanted in Rose cham-
bers with or without the strip of dialysis tubing (22). All
cultures were incubated at 370C. Primary cultures were refed
twice weekly while subcultures were refed at each trypsiniza-
tion. Newborn agamma calf serum and fetal calf serum were
used interchangeably in the culture media. Cultures of post-
natal tissues received 20% serum in Eagle's basal medium
(BME) (23). Cultures from fetal tissues were given 10%
serum in BME or in Eagle's minimum essential medium
(24). Phenol red indicator was present in both BMEand
minimum essential medium. Antibiotics, 100 U of penicillin
and 100 Ag of streptomycin/ml, were added to all culture
media.

At varying intervals, the original culture media were
changed to serum-free medium, BME, containing 0.2%
gelatin to prevent adsorption of activator to the glass sur-
faces (25). In some of the cultures 2% serum was added to
this medium. The amount of medium was adjusted to obtain
approximately the same cell: medium ratio in all bottle and
tube cultures. After the change of medium and after each
subsequent refeeding, supernatant fluids were collected or
sampled at 1-7 day intervals for periods up to 8 wk.

Cells in Rose chambers were observed during culture by
phase-contrast microscopy and were followed by time-lapse
cinematography, both before and after the change of media.
The pH of supernatant media provided indication of the
viability of cells grown in tubes and bottles (19). Additional
information on viability and growth in these preparations
was obtained by examining cultures macroscopically (19)
and by periodically transplanting cells to Rose chambers
where they could be observed in greater detail.

Fibriolytic activity of cells in culture. Two methods
were used to study the activity of cells. (a) A histochemical
fibrin slide technique (9) wx-as applied to cells from Rose
chambers that were fixed after varying periods of culture.

4 Primary human lung, Microbiological Associates, Inc.,
Bethesda, Md.

'Kindly supplied by Abbott Laboratories, North Chicago,
Ill.

6 Human fetal heart, Grand Island Biological Co., Grand
Island, N. Y.

7Human embryonic heart, Flow Laboratories, Rockville,
Md.
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Cover slips containing the fixed cells were mounted on a
microscope slide. 0.01 ml bovine thrombin (Thrombin Topi-
cal, Parke, Davis, 20 g/ml) was pipetted onto the prepara-
tion and 0.06 ml 8 of bovine plasminogen-rich fibrinogen'
(0.7%, pH 7.8, ionic strength 0.15) was added and quickly
mixed with the thrombin to form a fibrin film approxi-
mately 0.06 mm thick.8 Preparations were incubated in a
moist chamber for 10-30 min, fixed in 10% formaldehyde,
and stained with Harris' alum hematoxylin.

(b) Living cells in culture were studied for fibrinolytic
activity by exposing them to a thin layer of fibrin clot.
The dialysis tubing, when present, was removed from Rose
chambers and the cultures were refed. 1-3 days later the
medium was withdrawn and the cells were washed with two
changes of HBSS to remove traces of culture medium.
Thrombin was injected into the chambers and allowed to
flow over the cover slip on which the cells were growing.
Excess thrombin was drained off. 0.15 ml of fibrinogen was
placed over the area containing 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. Lysis
of such fibrin clots by cells in culture was monitored by
phase-contrast microscopy and time-lapse cinematography
during incubation at 370C.

Cells also were studied for proteolytic activity in both
methods by substituting plasminogen-rich with plasminogen-
free fibrin obtained from bentonite adsorbed fibrinogen'
(26).

Fibrinolytic activity in supernataut culture media. Serum-
free and serum-poor supernates were assayed by the fibrin
plate technique using plasminogen-rich (27) and plasmino-
gen-free fibrin (26). The two substrates were used to differ-
entiate between plasminogen activator and nonspecific pro-
teases. Such nonspecific proteolytic activity was not demon-
strated in any of the supernates indicating that activity was
due to plasminogen activator. Activity was plotted against
different strengths of urokinase 10 standards, and the results
were expressed as CTA (Committee on Thrombolytic
Agents, National Heart Institute) units.

Supernatant media from cultures which failed to show
plasminogen activator were examined for inhibitory activity
against activator and plasmin by the method of Brakman and
Astrup (28). Supernates were mixed with equal volumes of
UK standards (9.6-0.6 CTA U/ml) and with activator
which was extracted from human hearts by the method of
Bachmann, Fletcher, Alkjaersig, and Sherry (3). The mix-
tures were assayed on plasminogen-rich fibrin plates.
Samples of supernates also were mixed with equal volumes
of glycerol-activated plasmin 11 (29) (0.8-0.025 Remmert
and Cohen U/ml) and tested on heated fibrin plates (30).
UK and plasmin standards, activator from human heart
tissue, and control medium that had not been exposed to
cells were assayed simultaneously.

Imnnninological study of plasminogeu activator in suiper-
natant culture media. Antiserum against human urokinase

8The amount of fibrinogen and the thickness of the fibrin
were erroneously reported previously (9) as 0.6 ml and
0.01 mm, respectively.

'Kindly supplied by Dr. T. Astrup, James F. Mitchell
Foundation, Washington, D. C.

'1 Kindly supplied by Abbott Laboratories, North Chicago,
Ill.

" Kindly supplied by Dr. J. T. Sgouris, Michigan Depart-
ment of Health Laboratories, Lansing, Mich.

was prepared in white New Zealand rabbits by subcutaneous
injection of purified human urokinase 10 having a specific
activity of 35,000 CTA U/mg protein. The rabbits were
given weekly injections of 40,000 CTA U of urokinase with
Freund's adjuvant and 0.5% human albumin. After 6 wk
the sera were collected, pooled, and adsorbed with human
albumin to remove the antialbumin component. The anti-
serum neutralized the activity of UK standards when as-
sayed by the fibrin plate method but did not neutralize the
activity of streptokinase, of activator which was extracted
from human hearts by the method of Bachmann et al. (3),
or of activator obtained through stimulation with vaso-
active drugs (8).

Anti-UK serum was used to identify immunologically ac-
tivator activity in supernates of cultures (8, 9). Supernatant
media were assayed immediately on collection from the
cultures and after storage at - 20'C for periods up to 2
months. Activator in supernates was assayed simultaneously
with UK standards on fibrin plates and on plates containing
antiserum in a final concentration of 1: 1000 in the fibrin
substrate. Specific neutralization of activator by the anti-
serum, shown by a decrease of fibrinolytic activity, was
differentiated from nonspecific inhibition by using control
serum as described below. The degree of specific neutraliza-
tion of activator in culture media was compared to that
of UK standards and the results were expressed as per-
centage neutralization of activator activity.

Activity in supernates also was assayed with anti-UK
serum prepared in guinea pigs 12 (8) and with a -y-globulin
fraction 1 from antiserum to a highly purified UK prepara-
tion having a specific activity of 218,000 CTA U/mg protein
(31). The fraction was incorporated in the fibrin substrate
in a concentration representing a 1: 50,000 dilution of the
original antiserum, while the guinea pig antiserum was used
in 1: 5000 concentration. In such concentrations, specific
neutralizing effect of the two antisera on UK standards
was identical to that of our antiserum, while a-globulin
fraction from control sera was not inhibitory even when un-
diluted (31) and whole control sera showed no inhibitory
effect at 1: 500 or higher dilutions. The three antisera also
were similar in their neutralizing effect on fibrinolytic ac-
tivity of activator in the supernates of cultures. Each sample
of supernate was assayed with at least two of the antisera.
There was less than 10% difference in the degree of specific
neutralizing effect among the antisera.

RESULTS

Primiary cultures of postnatal kidney. Cultures of
adult kidneys were similar to those described previously
(9). Cells began to grow 2-4 days after implantation.
Cells from vessels, interstitium, and tubules exhibited
brisk mitosis up to 6 wk of culture. Mitosis then de-
creased, but cells remained viable for periods up to 12
wk, as observed by phase-microscopy and time-lapse
cinematography. Cultures of neonatal kidney were simi-
lar in appearance and behavior to those of adult
kidney.

12 Kindly supplied by Dr. C. S. Ku:inski, University of
Colorado Medical Center, Denver, Colo.

"Kindly supplied by Dr. W. F. White, Abbott Labora-
tories, North Chicago, Ill.

1742 M. B. Bernik and H. C. Kwaan



1018i F

:4,

Cliff

Wk

V%: Ar

A
'At AN,

4, AfL

PW

iG

FIGURE 1 Cells f rom a fixed culture
plasminogen-rich fibrin, pale zones of
fibrinolytic activity. Harris' alum hel

Adult and neonatal kidney cells exhibited activator
activity when fixed cells were studied by the fibrin slide
technique, as described previously (9). Lytic areas were
thus observed in up to 5% of the fixed cells after 5-10
min incubation with plasminogen-rich fibrin (Fig. 1).
However, greater activator activity was elicited when
living cells were exposed to plasminogen-rich fibrin
during culture in Rose chambers (Fig. 2 a, b, c). Fi-
brinolytic activity was then exhibited by up to 30% of
the cells. Lysis started within 30 sec or less after the
fibrin clots were formed over the surface of cells. Large
lytic areas became confluent within 1-2 min and the
entire fibrin layer usually was lysed within 30 min.
Most of the active cells in these cultures remained viable
after lysing the clots and some continued to divide upon
refeeding. In cultures of cortex, lysis started as promptly
as in cultures of medulla but it usually progressed more
slowly. Plasminogen-free fibrin was not lysed by kidney
cells in culture even after 6 hr or more of incubation,
indicating that lysis of plasminogen-rich fibrin was due
to plasminogen activator.

In supernates, plasminogen activator was studied af-
ter cultures were changed from the original serum-rich
medium to BNvIE, 1-4 wk after implantation. In serum-
free medium, cells frequently continued to divide for
several days and survived for periods up to 8 wk. Ac-
tivator activity was detected in the supernates begin-

!of human kidney tissue. After 10 min incubation with
lysis have formed around some of the cells, indicating

matoxylin stain.

ning 1-3 days after the change of medium. The amounts
increased thereafter, ranging from 1.0 to 10 CTA U/ml
per day (Fig. 3). Activity reaccumulated in the media
after each refeeding until cells began to die towards the
end of the culture period. With death of cells, activator
content in the media dropped. The correlation among
activity in the medium, viability of cells, and time of
exposure of medium to cells was similar to that ob-
served previously in cultures of adult human kidney
(9).

Neutralization assays with the anti-UK sera revealed
that activator in supernates of adult and neonatal kid-
ney cultures was antigenically identical to UK. 6-12
samples from each culture, containing 1.5-70 CTA U/ml
were assayed. There was 100% neutralization of activator
activity as compared to that of UK standards. Such
complete neutralization was observed both in fresh sam-
ples of media and in media that had been stored, al-
though with repeated thawing there was up to 30%
loss of activity.

In media obtained towards the end of the culture
period when cells began to die and activity in the super-
nates decreased, neutralization by the anti-UK sera was
not complete, but ranged from 80 to 90%. To test if in-
complete neutralization was related to cell injury or
death, kidney cultures were studied after cells were sub-
jected to mechanical traumia. The results of these ex-
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FIGURE 2
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CULTUREMATERIAL
No.

KIDNEY
Fresh fragments
Fresh fragments, stimulated
Primary cultures
Traumatized primary explants

RENALBLOODVESSELS
Fresh fragments

Primary cultures

BLADDER
Fresh f ragments
Primary cultures

LUNG
Fresh fragments
Primary cultures

5
3

30
3

2
3

4
4

4
15

CT A UNITS/ML/DAY
Average

0 1 2 3 4 5 6 7

123456

I

FIGURE 3 Plasminogen activator activity in the supernates of cultures from
postnatal tissues. Horizontal bars represent average amounts of activator in
CTA units/ml per day. Ranges are given in the column on the right. Activity
that was neutralized specifically by antisera to human urokinase is shown as

solid bars. * = 30 min samples; t = plasminogen activator activity demonstrated
in cells but not in supernates; § = inhibitory activity present in supernates; 11 =

exposed to vasoactive drugs (nicotinic acid or acetylcholine).

periments are summarized in Fig. 3. Five tube cultures
of primary explants of adult kidney, yielding 4-5 CTA
U/ml per day and showving complete (100%) neutrali-
zation by anti-UK sera, were selected for study. After
assaying the supernatant media daily for 1 wk, explants
were removed from three of the tubes and were minced
in a quartered Petri dish containing HBSS. The freshly
cut pieces were allowed to sit in HBSS for 15-20 min
at room temperature. The cell-free supernatant HBSS
was assayed and was found to contain activator activity.
However, only 30-40% of the activity was neutralized
by the antisera indicating that cell injury or death medi-
ate release of activator other than UK. Incomplete neu-

tralization persisted after cut fragments were reimplanted
and until outgrowth reappeared. Activity in the medium
then began to increase and complete neutralization by
the antisera was noted again. In contrast, when reim-

planted tissue failed to survive and grow, yield of acti-
vator in supernates remained low (1.0 CTA U/ml or

less) and partial neutralization persisted.
Activator activity that differed from that of UK in

immunoassays also was found in fresh kidney specimens

before the tissue was cultured, as shown in Fig. 3. The

specimens were cut, washed, and then incubated for 10-

30 min in HBSSand in HBSScontaining nicotinic acid
(0.1 mg/ml) or acetylcholine (20 ug/ml) which have
been shown to stimulate the release of plasminogen
activator in vivo (6, 8) and in isolated organs in vitro

(32). All fragments yielded activator activity in super-

natant HBSS, but those stimulated with nicotinic acid
or acetylcholine released 3- to 5-fold greater activity,
particularly when fragments were derived from the
medulla. Activity failed to be neutralized specifically
by the anti-UK sera, although that released through
stimulation was inhibited by normal, control sera in
dilutions up to 1: 5000. As shown in Fig. 3, kidney
cells began to yield activator antigenically identical to
UK after the tissue was implanted in primary culture
and cells survived or grew. During culture, exposure to
vasoactive drugs (acetylcholine and nicotinic acid) no

longer elicited either increase in activator activity or

activity that differed from that of UK in immunoassays.
Primary cultures of fetal kidneys. Studies were made

using tissue from three different stages of development:

FIGURE 2 Cells from a living culture of human kidney tissue after ex-

posure to plasminogen-rich fibrin. Arrows point to a zone of lysis in the
center of the field. The lytic areas is enlarging rapidly and shows poorly
defined borders of fibrin. 15 sec have elapsed between each sequence.
Phase-contrast photomicrographs.
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CULTURE MATERIAL

KIDNEY
Fresh fragments
Primary cultures

26-32 week feti
16-20 week feti
12-14 week feti

Cell line:
Diploid
Heteroploid

URETER, Primary cultures

LUNG
Fresh fragments
Primary cultures
Subcultures

Ours (to 20th passage)
Wi 38 (26-45th passages)

HEART, Subcultures

CT A UNITS/ML/DAY
No. Average Ronge

0 2 3 4 5 6 7

4

10
16
16

5
15

3

4
15

35
35

10

___*

*

0.5-1.0

0.5-1.0
0.5-3.0

0.5-2.0
0.5-2.5

FIGURE 4 Plasminogen activator activity in the supernates of cultures from
fetal tissues. Horizontal bars represent average amounts of activator in CTA
units/ml per day. Ranges are given in the column on the right. Activity that
was neutralized specifically by antisera to human urokinase is shown as solid
bars. * =30-min samples; t = plasminogen activator activity demonstrated in
cells but not in supernates; § = inhibitory activity present in supernates.

26-32 wk, 16-20 wk, and 12-14 wk of gestation. Plas-
minogen activator activity was demonstrated in super-

natant HBSS of freshly cut fragments before culture,
and in cells and media during culture. The findings are

summarized in Fig. 4. As in the adult kidney, UK type
activator activity was elicited by immunoassays only
after cells were implanted and survived or grew in cul-
ture. Activity which accumulated in supernates during
culture of fetal kidney cells was neutralized by anti-UK
sera though the degree of neutralization and amounts of
neutralized activity varied with the gestational age, as

shown in Fig. 4.
In cultures from 26- to 32-wk fetuses, activator ac-

tivity was similar to that of neonatal and adult kidney
tissue. Activity was detected in the supernates 1-2 days
after cultures received BME, and then continued to ac-

cumulate for 4l6 wk in amounts ranging from 1.5 to 20
CTA U/ml per day (average 6.5). The degree of neu-

tralization by the antisera ranged from 70 to 95% (av-
erage 90%).

In cultures from 16- to 20-wk fetuses, activator ac-

tivity accumulated in the media in lesser amounts, 0.5-
6.0 CTA U/ml per day (average 3.0). Degree of neu-

tralization also was less complete than in cultures of 26-

32 wk fetuses and ranged from 50 to 85% (average
75%).

In cultures from 12- to 14-wk fetuses, activator ac-

tivity also was demonstrated in cells and in supernatant
media. However, activity in the supernates was elicited
only after cultures were refed serum-free medium sev-

eral times. During the first two to four refeedings, su-

pernates yielded inhibitory activity which was directed
against UK. Supernates that were exposed to cells for
periods ranging from 1 to 3 days completely inhibited
the activity of UK standards of 1.2-0.6 CTA U/ml.
Supernates showed no inhibitory activity against plasmin
or against activator extracted from human heart tissue.
After cultures were refed with BMEtwo or more times,
inhibitory activity in the supernates dropped and acti-
vator activity began to accumulate in amounts up to
2.5 CTA U/ml per day. Degree of neutralization by
anti-UK sera ranged from 30 to 70% (average 60%).

Cell lines from fetal kidneys. Diploid and heteroploid
cell lines were investigated for plasminogen activator
activity after cells had been subcultured for 30 or more

passages. Both lines exhibited active cells though the
number of such cells was small, 0.1% or less of the total
population. Both lines also yielded activator activity in

1746 M. B. Bernik and H. C. Kwaan
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the supernates when cultures were changed from their
regular medium to BME or to BME containing 2%
serum. Results are summarized in Fig. 4.

The heteroploid line survived only 1-3 days in serum-
free medium but when 2% serum was added to BME
the cells were maintained in culture for 2-4 months and
activator activity accumulated in supernates in amounts
up to 1.5 CTA U/ml per day. D~ploid line survived in
BMEfor 3-5 wk and activator activity was demonstrated
in 5 of 15 culture supernates. The remaining cultures
yielded inhibitory activity which was directed against
UK, and which continued to accumulate in supernates
throughout the culture period.

Activator activity of the two cell lines differed im-
munologically when assayed with anti-UK sera. As
shown in Fig. 4. activity from the diploid line was simi-
lar to that of primary fetal cultures and was neutralized
by the antisera indicating that, after repeated sub-
cultures, cells had retained ability to form activator anti-
genically identical to UK. In contrast, heteroploid line
appeared to have lost such ability and yielded activator
whose fibrinolytic activity was not neutralized by the
anti-UK sera.

Primary culdtures of ureter. Explants of fetal ureters
began to show outgrowth within 16 hr of implantation.
Outgrowths consisted of mixed populations of cells from
all layers, predominantly from the mucosa and submu-
cosa. As shown by summary of results in Fig. 4. plas-
minogen activator activity from the ureter was similar
to that observed in cultures of fetal kidneys of the same
gestational age, 16-20 wk. In serum-free medium, cul-
tures of ureter yielded activator activity in amounts up
to 3.0 CTA U/ml per day. Activity was neutralized by
the anti-UK sera. The degree of neutralization ranged
from 30 to 90% (average 70%).

Primary cudltures of renal blood vessels. Renal ar-
teries and veins were studied jointly since amounts of
tissue material did not permit separate investigation.
Plasminogen activator activity was demonstrated in
supernatant HBSS of freshly cut fragments before cul-
ture as well as in cells and media during culture. The
findings are summarized in Fig. 3. Activity from freshly
cut fragments was similar to that of other tissues before
culture and was not neutralized by anti-UK sera. How-
ever, activator activity antigenically identical to that
of UK accumulated in supernates after the blood vessels
were implanted and cells survived or grew in culture.

Outgrowth from explants of renal vessels usually was
scant and consisted of a mixture of cells, macrophage,
fibroblast, and epithelioid. However, large numbers of
cells remained viable within explants as observed by
time-lapse cinematography. Plasminogen activator ac-
tivity was demonstrated in supernates when cultures
were changed from their regular serum-rich medium

to BME, 2-3 wk after implantation. Although super-
nates first yielded inhibitory activity, activator activity
began to accumulate after the second or third, and then
after each subsequent refeeding with BMEuntil cultures
died 3-4 wk after the change of medium. Activator ac-
tivity which accumulated in supernates was neutralized
almost completely by anti-UK sera, as shown in Fig. 3,
indicating that cells from blood vessels produce and re-
lease UK type activator.

Primary cultures of bladder. Explants of adult bladder
tissue began to show outgrowth 2-3 days after implan-
tation. Cells emerged from the epithelial layer and the
lamina propria and, to a lesser extent, from the submu-
cosa, giving rise to a heterogeneous population of cells.

Freshly cut fragments of bladder yielded plasminogen
activator activity in supernatant HBSS before culture.
as shown in Fig. 3. In living cultures, however, activator
activity was demonstrated only in cells while super-
nates showed inhibitory activity which was directed
against UK. Serum-free supernates that were exposed
to bladder cells for 1-7 days were found to inhibit com-
pletely the activity of UK standards of 4.8-1.2 CTA
U/ml. The supernates were not inhibitory towards
plasmin or towards activator extracted from human
heart tissue. Inhibitory activity against UK continued
to accumulate until bladder cells died, 2-3 wk after they
received serum-free medium.

Primary cultures of postnatal lung. Plasminogen ac-
tivator activity was studied both before and after the
tissue was grown in primary culture as shown in Fig. 3.
Activator activity was readily demonstrated in super-
natant HBSS of freshly cut fragments. Such activity
was similar to that found in other tissues before culture.
i.e. kidney and bladder, and was not neutralized by the
anti-UK sera. During culture, however, lung tissue
yielded marked inhibitory activity which hindered as-
says of activator in the supernates, although activator
activity was demonstrated locally in lung cells.

Primary explants of adult and neonatal lung began to
show outgrowth 2-5 days after implantation. Outgrowths
consisted of a mixture of cells-macrophages, leuko-
cytes, ciliated cells, contractile cells, epithelioid, and
fibroblast-like cells. After 7-10 days of culture, fibro-
blast-like cells frequently began to predominate in the
outgrowths. Time-lapse records indicated, however,
that the cell population remained heterogeneous.

Supernates of lung cultures were examined for ac-
tivator activity beginning 5-7 days after implantation.
Cultures were then changed from their regular serum-
rich medium to BME. Some mitosis continued for sev-
eral days and cells survived in serum-free medium up
to 4 wk. Supernates failed to yield activator activity but
showed marked inhibitory activity which was directed
against UK. Serum-free supernatant media that were
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FIGURE 5
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exposed to lung cells for 1-5 days completely inhibited
the activity of UK standards of 4.8-1.2 CTA U/ml.
Supernates were not inhibitory towards plasmin or to-
wards activator extracted from human heart tissue.
Inhibitory activity against UK continued to accumulate
until the cells died and activator activiy could not be
demonstrated in any of the supernates.

Plasminogen activator activity was demonstrated,
however, in lung cells throughout the culture period,
although the number of active cells usually was small,
1% or less of the total population in living cultures.
Lung cells lysed plasminogen-rich but not plasminogen-
free fibrin indicating that activity was due to plasmino-
gen activator. In lung cultures, the pattern of lysis dif-
fered from that in the kidney and was characterized by
a later onset, slower progression, and more sharply de-
marcated borders around the lytic areas (Fig. 5 a, b, c).
Such pattern of lysis was peculiar to cultures of lung
and other tissues which exhibited inhibitory activity.

Primary cultures of fetal lung. Results of these stud-
ies are summarized in Fig. 4. Plasminogen activator ac-
tivity was demonstrated in fresh fragments before cul-
ture and in cells and media during culture. As in other
tissues, activator activity from freshly cut fragments of
fetal lung was not neutralized by the anti-UK sera.
However, activator activity antigenically identical to
that of UKbegan to accumulate after lung cells were im-
planted and survived or grew in culture.

The cultures contained mixed populations of cells
which formed confluent sheets in 3-4 (lays. Cultures
were then changed to BMEand cells survived in this
medium for 2-4 wk. Fibrinolytically active cells num-
bered up to 5-10% of the total cell population when
living cultures were exposed to plasminogen-rich fibrin
layers. Plasminogen-free fibrin was not lysed indicating
that activity of lung cells was due to plasminogen
activator.

Activator activity was detected in the supernates be-
ginning 1-3 days after the cultures were changed to
serum-free medium. The amounts increased thereafter,
ranging from 0.5 to 3.0 CTA U/ml per day. Activity
continued to accumulate in the media after each refeed-
ing until the cells died. Upon assay, nearly all of the
activity was found to be neutralized by the anti-UK
sera as shown in Fig. 4. Degree of neutralization
ranged from 70 to 90% (average 85%).

Random cultures, usually one of three or four, failed
to yield activator activity or showed only traces of ac-

tivity in the supernates despite continued viability of
cells and prolonged exposure of media to cells. In these
cultures fibrinolytically active cells were few, 0.1% or
less of the total population. In addition, inhibitory ac-
tivity was demonstrated in some of the supernates.
When tested against UK standards, supernates inhibited
the activity of 0.6-0.3 CTA U/ml, but showed no in-
hibitory activity towards plasmin or towards activator
extracted from human heart tissue.

Suibcultures of fetal lung. Primary cultures were sub-
cultivated and were studied after each passage for up to
20 passages. Our subcultures were similar to those previ-
ously described (19). The cell population appeared to be
predominantly fibroblast-like, although time-lapse rec-
ords showed cells of varied morphology and behavior.
Rapid growth of cells allowed splitting and replanting
of cultures at 3- to 4-day intervals. After each passage,
half of the cells were changed from their regular me-
dium to BME, while the remaining cells were subculti-
vated further. Cultures received BMEwhen cells formed
large sheets, 2-3 days after trypsinization and passage.
In serum-free medium, mitosis continued for 1-2 days
and cells survived for periods up to 2 wk.

Plasminogen activator activity persisted in subcul-
tures and continued to be neutralized by anti-UK sera.
although to a lesser extent than in primary cultures.
Summary of findings in Fig. 4 shows that activity ac-
cumulated in the supernates of subcultures in amounts
up to 2.0 CTA U/ml per day. Degree of neutralization
ranged from 20 to 70% (average 50%). Inhibitory ac-
tivity similar to that of primary cultures also was de-
tected in supernates of random subcultures.

Wi 38 diploid fetal lung cells (19) were studied
serially from the 26th to 45th subculture. Morphology,
growth, and survival of cells from Wi 38 were compara-
ble with those of our subcultures. Plasminogen activator
activity was demonstrated in cells and media of Wi 38
after each passage, in amounts similar to those observed
in our subcultures, as shown by results summarized
in Fig. 4. Activity accumulated in the media of Wi 38 up
to 2.5 CTA U/ml per day and was neutralized partially
by the anti-UK sera. Degree of neutralization ranged
from 30 to 70% (average 55%).

Subcultures of fetal heart. Fetal heart cells were stud-
ied after the 3rd, 12th, and 13th passages. Cultures from
each passage were changed from their regular serum-
rich medium to BMEwhen cells formed confluent sheets,
2-3 days after trypsinization. Heart cells continued to

FIGURE 5 Cells from a living culture of human lung tissue after ex-
posure to plasminogen-rich fibrin. Arrows point to a lytic area in the
center of the field. In contrast to the kidney culture in Fig. 2, the lytic
area is enlarging slowly and shows sharply demarcated borders of fibrin.
5 min have elapsed between each sequence. Frames obtained from a phase-
contrast time-lapse cinematographic record.
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(livicle for 1-2 days and they survived in serum-free
medium up to 2 wk. Cell populations from fetal heart
were epithelioid in appearance but exhibited variabilities
in morphology and behavior when observed by time-lapse
cinematography.

Plasminogen activator activity was demonstrated in
cells but could not be elicited in the supernates (Fig. 4)
even after the cell: medium ratio was increased, the cells
were exposed to serum-free medium for up to 7 days,
or were refed several times. When tested for the
presence of inhibitors, supernates that were exposed to
cells for periods ranging from 6 hr to 5 days completely
inhibited the activity of UK standards of 0.6-4.8 CTA
U/ml. Inhibitory activity against plasmin was elicited
but in random supernates, one of two or three. These
supernates inhibited the activity of 0.1 or less Remmert
and Cohen U of plasmin.

Heart cells, however, exhibited fibrinolytic activity
when living cultures were exposed to plasminogen-
rich fibrin layers. Pattern of lysis was similar to that
observed in other cultures, such as those from lung,
that were rich in inhibitory activity. Lytic areas were
observed in up to 5% of the heart cells and were charac-
terized by slow progression, sharply demarcated borders,
and, frequently, complete arrest of lysis after 20-30 min.
There was no lysis of plasminogen-free fibrin indicating
that lytic activity of heart cells was due to plasminogen
activator.

DISCUSSION

Lysis of fibrin coagula in tissue culture was observed
by early workers (33-36) who attributed this activity
to the release of fibrinolytic enzymes from injured or
dead cells (34). Later studies demonstrated that lytic
activity is due to plasminogen activator (13-15) and
indicated that live, metabolizing cultures are a richer
source of activator than disrupted cells or dying cul-
tures (9, 13-15). Histochemical and immunological
techniques facilitated further investigation of activator
activity in culture. Histochemical methods provided
means to study local fibrinolytic activity of cells (9)
whereas specific antisera permitted immunologic identi-
fication of activator in the supernates (8, 9). Thus, it
was observed that cells from the adult human kidney not
only retain activator activity in culture, but continue to
produce activator antigenically identical to that formed
in the body in vivo and excreted in the urine, urokinase.
The present study confirms these observations and yields
further information on activator activity in the kidney
and other human tissues from pre- and postnatal life.

Plasminogen activator was detected in supernatant
fluids of cultures when serum was omitted and cells
were fed a chemically defined medium such as Eagle's
basal medium. Although serum was omitted primarily

because of its content of inhibitors of fibrinolysis (37,
38) which interfered with the assays, use of media with
defined components also permits more precise investiga-
tion of metabolic aspects of cells (18, 20) and may fa-
cilitate study of the formation of biological material in
vitro. Whereas chemically defined serum-free media are
seldom capable of sustaining growth of cells in continu-
ous culture (20), previous studies (9, 19) and our
present observations indicate that cells can survive and
metabolize for prolonged periods of time in such media.
In addition, our observations indicate that in serum-
free medium cells continue to form biologically active
material, plasminogen activator, and that some of this
material is antigenically identical with that produced in
the body in vivo.

Two antisera which were used to identify plasminogen
activator in the supernates of cultures have been de-
scribed previously by Kucinski, Fletcher, and Sherry
(8) and by White, Barlow, and Mozen (31). The anti-
sera were found to neutralize the activity of UK (8, 31)
but not that of activator extracted from human tissues,
tissue type activator, or that of a labile activator released
in blood in vivo with various stimuli, plasma activator
(8). The third antiserum, prepared by us in rabbits, ex-
hibited similar characteristics, both in its neutralizing
effect on UK and in its failure to react with other acti-
vator such as that extracted from human heart tissue and
that obtained through stimulation with vasoactive drugs.
Thus, the three antisera were specific for UKand capable
of detecting activator antigenically identical with UK
in culture fluids.

In vivo, UK is found in urine while tissues and other
body fluids yield activators that differ from UK im-
munologically (8) and in other properties (3, 12).
Although precise origin and interrelationship of the
various naturally occurring activators in man, particu-
larly tissue, plasma, and urine activators have not been
entirely clarified, it has been shown that UK is pro-
duced by kidney cells (8, 9). Our present study con-
firms these observations. In living cultures of kidneys,
activator antigenically identical with UK accumulated
in the supernates after many complete changes of media,
indicating continuous production of UK by the cultured
cells.

Synthesis by kidney cells thus may account for UK
that is found in the urine. However, whether and to
what extent cells in tissues other than the kidney pos-
sess the ability to form UK type activator has not been
hitherto established. Although UK has not been demon-
strated in circulating blood (8), this does not exclude
either local production of UK by cells in various organs
or the presence of UK in the circulation, in amount or
form that may not be easily detected by available tech-
niques. The precise chain of events in the production,
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release, and fate of locally formed plasminogen activa-
tor(s) is still largely unknown. Limitations in tech-
niques further hinder in vivo investigation of small
amounts of activator (8, 39) or of activator that may be
bound to inhibitor (39). Tissues and cells, living in
artificially controlled environments, were therefore used
in the present study to investigate plasminogen activator
produced in various organs and to determine whether
UK type activator is formed in tissues other than the
kidney.

In some of the cultures, particularly those from fetal
heart and adult lung and bladder, investigation of plas-
minogen activator was hindered by inhibitory activity
which was derived from cells and which accumulated in
supernates. Although study of local fibrinolytic activity
in these cultures showed cells with activator activity,
presence of inhibitor prevented us from eliciting acti-
vator in the supernates and from establishing its iden-
tity. However, other tissues, both fetal and adult, yielded
plasminogen activator in supernates and demonstrated
that the ability to form UK type activator is not limited
to the kidney. Thus, activator antigenically identical
with UK accumulated in cultures of fetal lung and
ureter indicating that cells from these tissues are ca-
pable of forming UK and that UK producing cells are
distributed widely in the body. In the adult, activator
antigenically identical with UK was demonstrated in
culture supernates of renal blood vessels. In these cul-
tures, activator activity was neutralized almost com-
pletely by the specific antisera and activity reaccumu-
lated after many refeedings indicating continuous for-
mation of UK by cells. Findings in renal blood vessels
not only confirm studies of fetal cultures which show
that cells other than those from kidneys possess the
function of producing UK but also provide the first di-
rect evidence which permits us to attribute such func-
tion to cells of blood vessels.

To assess the physiological significance of UK pro-
duction in body tissues, particularly in blood vessels,
it is pertinent to consider the fact that tissues are also
a source of inhibitor(s) of UK activity. In the present
study, inhibitory activity was demonstrated not only in
cultures of adult lung and bladder and fetal heart, where
rich inhibitor content appeared to have masked the pres-
ence of activator and may have reflected preferential
survival or growth of inhibitor producing cells, but
also in cultures of other tissues which yielded both UK
type activator and inhibition of UK activity.

Inhibitors of fibrinolysis which act either on activa-
tor (28, 40) or on plasmin (41) have been studied in
body fluids and tissues although little is known about
origin and nature of inhibitory substances, particularly
of those acting against native activators of man. Thus,
selective inhibition of UK has been investigated pri-

marily in pregnancy (28, 40) where it is thought to de-
rive from the placenta (40). Our observations indicate,
however, that such inhibitory activity is generally
present in the body and that it is produced by cells of
various organs both in fetal and adult life. Inhibitory
activity accumulated in supernates of fetal lung, heart,
and kidney, and in adult lung and bladder after many
complete changes of serum-free medium. Such activity
was directed selectively against UK and was found to
mask the presence of UK type activator in at least
two of the tissues in culture, fetal lung and kidney. In-
hibitor may also hinder the detection of UK in blood
or body tissues particularly if such activator is present
in small amounts, or is in balance with or bound to inhibi-
tor. While this concept is still hypothetical for events
in vivo, it is consistent with our present observations
in vitro which show that both UK and inhibitor are
produced and released by cells from various organs
beginning from the early stages of gestation.

Fetal cultures also clarified some aspects of the
ontogeny of UK. Studies of plasminogen activator in
prenatal life have indicated that activator is present in
tissues during early periods of gestation (42) and that
activity increases with growth and development of or-
gans (42, 43). In the human fetus, plasminogen activa-
tor has been demonstrated in lung extracts (42) and in
cultures of a lung cell line, Wi 38 (16). Little is known,
however, about activator activity in other fetal organs,
identity of fetal activator, and its relationship to that
of adult life. In the present study, cells from the kidney,
ureter, lung, and heart produced plasminogen activator
as early as the 12th wrk of gestation and thereafter.
Furthermore, activator from these tissues showed reac-
tion of identity with UK of adult origin when assayed
with the antisera, indicating that cells in fetal life
already possess the ability to form UK type activator.
Studies of kidneys at progressive stages of gestation sug-
gest, in addition, that the ability to produce UK parallels
the development and maturation of fetal organs. In-
complete neutralization by anti-UK sera of activity
from kidney and other fetal tissues in culture may be
due to partial identity of fetal UK to UK of adults, or
to the presence of more than one type of activator.

Plasminogen activator activity that differed from
UK in immunoassays was elicited in supernates of
freshly cut fragments of all tissues, fetal and adult,
before culture and in supernates of mechanically trau-
matized explants during culture. Activator from these
sources may be identical to that observed previously in
fresh tissue fragments (2) and to "fibrinolysins" de-
scribed by early workers in explants from various organs
in vitro (34). Such activity may represent tissue type
activator which differs immunologically from UK (8),
and is found in nearly all tissues (1, 2), and is believed
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to be released through injury or death of cells (2). In
contrast, UK appears to be primarily a product of living
cells. In the present study, UK type activator began to
accumulate in supernates only after cells survived or
grew in culture and decreased sharply when cells were
injured and died.

Activity differing from UK in immunoassays also
was demonstrated after stimulation of fresh kidney frag-
ments with vasoactive drugs, i.e., acetylcholine and nico-
tinic acid. Such activity may be identical with that of
a labile activator, plasma type activator, which differs
immunologically from UK (8) and is elicited in blood
in vivo (4-8) and in the isolated kidney in vitro (32)
after stimuli similar to those of our experiments. Stimu-
latory response was no longer demonstrated after tis-
sue was cultured, although it was not apparent whether
cells in culture failed to produce appropriate activator
or lacked mechanism for its release.

While primary cultures exhibit specific function and
generally reflect the enzyme pattern of the tissues of
origin (18), such cultures from human sources are not
always readily available in adequate numbers for biologi-
cal studies in vitro. Serially propagated cells were there-
fore investigated to determine whether and to what ex-
tent they provide a suitable tool for the study of native
activator activity of man. Since diploid and heteroploid
cells may differ markedly in functional and other as-
pects (18-21), both types of cells were examined.

Diploid cells in serial culture have been shown to
retain many of the characteristics of the tissue and cells
of origin (19, 21). Our present study demonstrates that
such cells also retain specific functions. Wi 38 diploid
line, our lung subcultures, and diploid kidney line pro-
duced biological material antigenically similar to that
formed in the body and in primary culture. Diploid lung
and kidney subcultures continued to produce UK type
activator after prolonged culture and many passages.
In addition, subcultures continued to yield selective in-
hibition of UK activity. Serially propagated diploid
cells are easily accessible in large numbers for biologi-
cal studies in vitro (19, 21) and may facilitate investi-
gation of the fibrinolytic system of man.

In contrast to diploid subcultures and primary cells,
heteroploid cell lines retain few if any characteristics
of the tissues of origin (18-21). Although activator
activity has been described in cultures of several cell
lines (13-15), identity of activator and its relationship
to that in the original tissues and cells have not been
explored. In the present study, heteroploid kidney line
retained activator activity after prolonged subculture
but, unlike diploid line and primary cells, did not yield
UK type activator. Ability to produce such activator may
have been lost in the process of cell alteration (18), ac-
tivator may have been modified in culture, or new type

of activator may have been acquired by the altered cells.
Since cell lines have been regarded as a potentially rich
source of plasminogen activator (13-15), it is pertinent
to consider the fact that activator in heteroploid lines
may differ from native activator in antigenic or other
properties.

Study of local fibrinolytic activity in various tissues
has been facilitated by histochemical techniques (44)
which allow investigation of activator at the cellular
level in fixed specimens (9, 44). In the present study,
local fibrinolytic activity was explored further using
living culture preparations which permitted direct and
prolonged observation of cells and of dynamic aspects of
lysis. Exposure of living cells to fibrin clots not only
elicited greater activator activity but also revealed dif-
ferent patterns of lysis which appeared to be related to
the presence or absence of local inhibitory activity.
Slow progression or arrest of lysis in cultures that were
rich in inhibitor, such as lung and heart, contrasted
sharply with rapid spread of lytic areas in kidney cul-
tures, particularly medulla. These observations suggest
that living preparations reflect more precisely local
fibrinolytic events than do fixed specimens and thus
provide an additional model for the study of such events
at the cellular level.
In conclusion, cells from human tissues are capable of
specific functions in culture and are a source not only
of fibrinolytic but also of inhibitory activity. Cells in
culture thus provide means to investigate various aspects
of the fibrinolytic system, particularly of features that
may not be easily accessible for studies in vivo, but can
be explored in tissues and cells living in artificially con-
trolled environments in vitro.
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