ARTICLES

Physiological consequences of loss
of plasminogen activator gene

function in mice

Peter Carmeliet !, Luc Schoonjans', Lena Kieckens'*, Beverly Ream’,
Jay Degen’, Roderick Bronson', Rita De Vos', Joost J. van den Oord’,
Désiré Collen’” & Richard C. Mulligan *

* Whitehead Institute of Biomedical Research and the Department of Biology, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02142, USA

T Center for Molecular and Vascular Biology, University of Leuven, B-3000 Leuven, Belgium
§ Children’s Hospital Research Foundation, University of Cincinnati, Ohio 45229-3039, USA
|| School of Veterinary Medicine, Tufts University, Boston, Massachusetts 01536, USA

9 Laboratory of Histo- and Cytochemistry, University of Leuven, B-3000 Leuven, Belgium

Indirect evidence suggests a crucial role for the fibrinolytic system and its physiological triggers,
tissue-type (t-PA) and urokinase-type (u-PA) plasminogen activator, in many proteolytic pro-
cesses. Inactivation of the t-PA gene impairs clot lysis and inactivation of the u-PA gene results
in occasional fibrin deposition. Mice with combined t-PA and u-PA deficiency suffer extensive
spontaneous fibrin deposition, with its associated effects on growth, fertility and survival.

MAMMALIAN blood contains an enzymatic system, called the
fibrinolytic system or the plasminogen/plasmin system, which
has been claimed to play a role in a variety of phenomena associ-
ated with proteolysis, including blood clot dissolution (throm-
bolysis), ovulation, embryo implantation, embryogenesis, cell
invasion and brain function'~*. The fibrinolytic system comprises
an inactive proenzyme, plasminogen, which is activated to the
proteolytic enzyme plasmin by two physiological plasminogen
activators, tissue-type plasminogen activator (t-PA) and
urokinase-type plasminogen activator (u-PA). These are pro-
ducts of two separate genes with different genomic organization
and chromosome localization®.

t-PA is believed to be primarily responsible for removal of
fibrin from the vascular tree’; it has a specific affinity for fibrin
and produces clot-restricted plasminogen activation. The role of
u-PA in thrombolysis is less well defined; it lacks affinity for
fibrin and requires conversion from an inactive single-chain
precursor to a catalytically active two-chain derivative®. Whether
other plasminogen activation pathways, such as the ‘intrinsic’
pathway (involving blood coagulation factor XII, high-molecu-
lar-mass kininogen, prekallikrein, and possibly u-PA*) contri-
bute to clot lysis, remains to be established.

Urokinase-type plasminogen activator binds to a specific cell-
surface receptor’ and is believed to be primarily involved in cell-
mediated proteolysis by activation of latent matrix-degrading
proteinases or growth factors®”. Its localization on the migrating
front of cells suggests involvement in cell invasion through extra-
cellular matrices™®. Directional proteolysis could play a role in
physiological processes such as macrophage invasion® ',
ovulation'"""?, angiogenesis™'®> and wound healing”'¥, and in
pathological cell invasion in neoplasia and metastasis'’.

Fibrinolysis has been claimed to be involved in ovulation,
fertilization, embryo implantation and embryogenesis, on the
basis of its expression in ovulating oocytes® '°, in migrating
sperm cells'®, in invading trophoblasts'’ and in several primitive
organs during embryogenesis'®'?. In addition, serine-proteinase
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inhibitors and/or plasminogen-activator-specific antisera sup-
press ovulation'? and embryo implantation™.

The fibrinolytic system may also contribute to several patho-
logical processes such as thrombosis”, atherosclerosis®,
glomerulonephritis®®, acute respiratory distress syndrome®*
haemangioma formation'® and metastasis'>. To date, genetic
deficiencies of t-PA or u-PA have not been reported in man.
Consequently, the implied role of the fibrinolytic system in vivo
is deduced from correlations between fibrinolytic activity and
(patho)physiological phenomena, which does not allow a caus-
ative role of the fibrinolytic system in these disorders to be
established.

To investigate the role of t-PA- and u-PA-mediated plasmin-
ogen activation in development, reproduction, thrombolysis,
thrombosis and macrophage function, we have generated mice
with single and combined inactivation of the t-PA and/or u-PA
genes. Mice with single deficiencies of t-PA or u-PA develop
normally, are fertile and have a normal life span. t-PA-deficient
mice had a reduced thrombolytic potential and increased inci-
dence of endotoxin-induced thrombosis. u-PA-deficient mice
occasionally developed spontaneous fibrin deposits in normal
and inflamed tissues, revealed a higher incidence of endotoxin-
induced thrombosis and displayed deficient plasmin-mediated
macrophage function. Mice with combined deficiency of t-PA
and u-PA survived embryonic development but suffered retarded
postnatal growth, markedly reduced fertility and shortened life
span. Furthermore, spontaneous fibrin deposition occurred
more extensively, at an earlier age and in more organs than in
mice with single u-PA deficiency.

Targeting of the t-PA and u-PA genes

To disrupt the t-PA gene, the targeting vector pNT.t-PA was
constructed in which a cassette expressing the neomycin-resist-
ance gene (neo) replaced the genomic sequences encoding most
of the kringle-2 domain and part of the proteinase domain,
including the catalytically essential histidine residue at position
326 (Fig. la). In the targeting vector used to disrupt the u-PA
gene, pNT.u-PA, neo replaced the genomic sequences encom-
passing all but 23 amino acids of the coding sequence (Fig. 2a).
Thus, the correct homologous recombination resulted in total
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FIG. 1 Outline of the strategy used to disrupt a

the t-PA gene, and Southern blot analysis of TARGETING VECTOR
genomic DNA. a, Schematic representation of pNT  f-PA

the targeting vector pNT.t-PA used for disrup-
tion of the t-PA gene, of the wild-type t-PA allele
and of the homologously recombined t-PA
allele. pNT.3't-PA was generated by cloning a
2.0-kilobase (kb) 3'-flanking Xbal-Hindllt frag-
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Hindlll fragment used for the targeting con-
struct. Probe ‘e’ is a 600-bp Pstl fragment from
the neo gene. b, Southern blot analysis of genomic DNA from Ds;
embryonic stem cells, digested with EcoRl and hybridized to the 3’ t-
PA flanking probe ‘d’, showing two t-PA*/~ ES cell colonies, harbouring
a 6.0-kb EcoRI fragment of the wild-type allele and a 9.7-kb EcoRI
fragment of the mutated t-PA allele. t-PA™'~ ES cell clones were identi-
fied in 10% of all double-resistant ES cell clones, electroporated with
pNT.t-PA. ¢, d, Southern blot analysis of genomic tail-tip DNA of t-PA™/"

inactivation of the t-PA and u-PA genes, respectively. Site-speci-
fic and single homologous recombination at the t-PA and u-PA
locus, respectively, were verified by Southern blot analysis of
genomic DNA, using external and internal t-PA or u-PA probes,
respectively, and a neo-specific probe (Figs 1 and 2).

Generation of mice with deficiencies

Mice with a single deficiency of t-PA or u-PA were generated
by blastocyst injection of embryonic stem cell clones, harbouring
a homologously recombined t-PA allele (heterozygous t-PA-
deficient cells, t-PA™’7; Fig. 1) or u-PA allele (heterozygous
u-PA-deficient cells, u-PA*/~; Fig. 2b), respectively. Genotyping
of 1,610 progeny from t-PA*/~ and of 703 offspring from
u-PA™/" breeding pairs by Southern blot analysis of tail DNA,
obtained at three weeks of age (Figs l¢, d and 2c¢, d), revealed
independent autosomal mendelian inheritance of the mutated
t-PA and u-PA alleles. No differences in the litter size, the fre-
quency of litters, the body weight of mice at 5 weeks of age or
in the lifespan were found between t-PA wild-type (t-PA™/™)
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and t-PA™/" littermates, digested with Sacl and EcoRl, and hybridized
to probe ‘a’. The observed sizes of the restriction fragments correspond
to those expected for homologous recombination of the targeting vector
pNT.t-PA into the t-PA locus.

METHODS. Culture, transfection and selection of embryonic stem cells,
and isolation, restriction digestion and Southern blot analysis of
genomic DNA were as previously described®’.

and homozygous t-PA-deficient (t-PA™/7) mice and between
u-PA wild-type (u-PA*'") and homozygous u-PA-deficient
(u-PA™/") mice (see supplementary information).

Correct targeting of the t-PA and u-PA genes was confirmed
by the absence of detectable t-PA-specific or u-PA-specific mes-
senger RNA and immunoreactivity (see supplementary informa-
tion) and functional activity (Table 1). The t-PA activity in lung
extracts and u-PA activity in kidney extracts and urine correlated
closely with the numbers of functional t-PA or u-PA alleles,
respectively. A compensatory increase of t-PA activity in brain
extracts from u-PA™/~ mice or of u-PA activity in 24-h urine
samples from t-PA™/" mice could not be documented.

To examine the effect of a combined deficiency of t-PA and
u-PA on viability, genotypes of 489 progeny from double hetero-
zygous breeding pairs (t-PA™/~:u-PA*/ ") were determined by
Southern blot analysis at 3 weeks of age. Independent autosomal
mendelian inheritance of the mutated t-PA and u-PA alleles was
observed (see supplementary information). Compared to wild-
type mice or mice with single deficiencies, mice with combined
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FIG. 2 Outline of the strategy to disrupt the a
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and u-PA™/" littermates, digested with Spel and
Hindlll, and hybridized to probe ‘a’ and ‘d’,
respectively. The observed sizes of the restriction fragments correspond
to those expected for homologous recombination of the targeting vector
pNT.u-PA into the u-PA locus.

homozygous deficiency of t-PA and u-PA (t-PA™" :u-PA™/")
had a shorter lifespan (9 of 22 t-PA™" " :u-PA™ ™ mice but all of
15 wild-type mice survived until the end of an observation period
of 30 to 40 weeks, whereas 3 of 10 double-deficient and all of
25 wild-type mice survived for 40 to 50 weeks; P <0.001, by chi-
square analysis). Double-deficient mice suffered growth retarda-
tion beyond the age of 3 weeks (body weights were 22+1.5 g,
n=14, for t-PA™'":u-PA~/~ mice versus 33+2.2 g, n=11, for
t-PA™/*:u-PA™/* mice at 23 weeks, P <0.0001). They were also
significantly less fertile: of the 19 double-deficient breeding pairs
that were test-bred for at least 10 weeks, 6 did not produce any
litter, 4 produced 1 litter, 7 produced 2 litters and 2 produced 3
litters. In contrast, 6 of 9 wild-type breeding pairs produced 2
litters and 3 of 9 wild-type breeding pairs produced 3 litters
during similar breeding periods (see supplementary informa-
tion). t-PA™/7:u-PA™/~ breeding pairs produced slightly fewer
offspring per litter than t-PA™/":u-PA*/* breeding pairs:
4.8+0.4 (n=30) versus 6.24+0.3 mice per litter (n=53; P=
0.007).

Macroscopic and microscopic analysis

No macroscopic abnormalities were observed in t-PA™'" mice
up to an age of 14 months. u-PA~’" mice developed rectal pro-
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METHODS. Culture, transfection and selection of embryonic stem cells,
and isolation, restriction digestion and Southern blot analysis of
genomic DNA were as previously described®®.

lapse of a non-infectious origin (6 out of 281 mice of 22+£0.8
weeks of age; 9%) and/or suffered extensive non-healing ulcera-
tions at the eyelids, the ears around the eartag and the face,
possibly resulting from the tagging trauma or scratching against
the cage grid during feeding (12 of 281 mice of 26 + 4 weeks of
age; 5%).

From the age of 8 to 12 weeks on, t-PA~"":u-PA™/" mice
developed the following pathological conditions with variable
penetrance and onset. Rectal prolapse developed in t-PA™" " : u-
PA™'~ mice at a significantly higher incidence than in u-PA™"~
mice (22 of 59 mice; 37%, P<0.001 versus u-PA~/~ mice) and
at an earlier age (12+0.8 weeks; P<0.001). As observed in u-
PA™'" mice, a small percentage of t-PA™/" :u-PA™’" mice (3 of
59 of 24 £ 1 weeks; 5%) had extensive non-healing ulcerations.
A significant number of t-PA™/~:u-PA™'~ mice (10 of 59; 17%)
became runted, cachectic, dyspneic and died at 17+2 weeks of
age (the microscopical analysis of 6 of those is presented below).
Such severe illness and early death was not observed in wild-
type mice nor in mice with single inactivation of the t-PA or
u-PA genes.

No histological abnormalities could be documented in any of
the t-PA~/" mice. u-PA /" mice displayed occasional occurrence
of small, focal fibrin deposits in the intestines and in the sinusoids
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FIG. 3 Light microscopic analysis of liver,
colon, uterus and lung of preterminal t-PA™/":
u-PA™" mice (3 males of 8 to 15 weeks; 3
females of 12 to 23 weeks). a, Liver section
revealing amorphous fibrin deposition (arrow)
under the liver capsula (observed in all mice;
haematoxylin—eosin  staining; maghnification,
x195). Calcification (asterisk) of the fibrin
deposits was frequently observed. b, Adjacent
liver section stained according to von Kossa
revealing black calcified lesions throughout the
subcapsular liver parenchyma (maghnification,
x79). ¢, Immunostaining of a liver section with
a murine fibrinogen/fibrin-specific antiserum
(magnification, x79), revealing fibrin deposit.
Specificity of the immunohistochemical stain-
ing was confirmed by preadsorption of the anti-
serum with murine fibrinogen which abolished
positive staining, by the absence of similar
fibrin-immunoreactive deposits in liver sections
of wild-type mice and by the lack of staining
with irrelevant primary antisera (data not
shown). d, e, Colon sections stained with
haematoxylin—eosin, revealing a superficial
epithelial ulceration covered with fibrin (arrows
in d; magnification, x79) and a subepithelial
fibrin deposition {arrow in e; magnification,
x195) (observed in 4 of 5 preterminal
t-PA™ Tiu-PAT mice). f, Uterine section
stained with haematoxylin—eosin revealing a
large, subepithelial fibrin deposition (arrow)
which extends in the stroma (asterisk) of the
uterus (observed in 2 of 3 examined t-PA™ "
u-PA™/" female mice; magnification, x195).
g, Lung section stained with haematoxylin—
eosin, revealing a triangular collapsed region
of lung parenchyma, containing abundant fibrin
deposition, which stained specifically with the
murine fibrinogen/fibrin-specific  antiserum
(data not shown) (observed in 5 of 6 examined
t-PA77:u-PA”"  preterminal mice; magn-
ification, x79).

METHODS. Preparation, fixation and staining
of the tissues was as previously described®’.
For immunohistochemistry, 5-um sections from
snap frozen liver and lung tissue were stained
with a three-step indirect immunoperoxidase-
method using primary goat anti-mouse fibrin-
ogen/fibrin antibody, followed by peroxidase-
conjugated rabbit anti-goat, and swine anti-
rabbit immunoglobulins as second and third layers, respectively. Each
incubation was at room temperature and followed by a 15-min wash
in three changes of PBS, pH 7.2. The reaction product was developed
by incubation for 15 min in 0.05 M acetate buffer (pH 4.9) containing

of the liver and excessive fibrin deposits in the ulcerated skin,
ear or prolapsed rectum (not shown). Histological abnormalities
were only documented in t-PA™"":u-PA™"" mice beyond 2 to 3
months of age, with variable onset and penetrance and most
prominently in preterminal t-PA™"" :u-PA™’" mice. Preterminal
t-PA™":u-PA™/" mice revealed spontaneous fibrin deposits in
liver, intestines, gonads, lungs (Fig. 3), in non-healing ulcerative
lesions of the skin, ears and prolapsed rectum and occasionally
in the kidneys (not shown). The fibrinous nature of the deposits
was confirmed by immunostaining of frozen sections with a goat
fibrinogen/fibrin-specific antiserum (Fig. 3¢) and by electron-
microscope analysis, which revealed the typical fibrillar structure
and periodicity of fibrin polymers (not shown). Intestinal
adhesions and occasionally ischaemic tissue necrosis (uterus and
intestines), possibly resulting from thrombosis, were observed
(not shown). The incidence of fibrin deposition in liver, intes-
tines, gonads and lung was significantly higher in t-PA™": u-
PA ™/~ mice than in mice with any of the other genotypes studied
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0.05% 3-amino-9-ethylcarbazole and 0.01% H,0,, resulting in a
red staining of immunoreactive sites. The sections were briefly
counterstained with Harris’ haematoxylin, and mounted with
glycerin jelly.

(P<0.001 to P<0.05) (see supplementary information).

Thrombolysis and thrombosis

The role of t-PA and u-PA in spontaneous clot lysis was evalua-
ted by determining the ex vive lysis of '*’I-fibrin-labelled plasma
clots, which were injected through the jugular vein and embol-
ized into the pulmonary arteries”. No difference in the rate of
spontaneous plasma clot lysis was observed between the wild-
type and u-PA™'" mice (85+4% versus 83+ 9% lysis over 24 h,
respectively; P not significant) (Fig. 4). In contrast, t-PA™/"~
mice lysed pulmonary plasma clots at a significantly reduced
rate (21 £3% lysis over 24 h, P<0.001 versus wild-type mice)
but pulmonary clot lysis was most prominently reduced in the
t-PA™/7:u-PA™'" mice (34 3% lysis within 24 h in t-PA™/ :u-
PA™'" mice, P<0.002 versus versus t-PA™"~ mice). Pulmonary
plasma clot lysis remained significantly lower in the combined
t-PA™/ " :u-PA™/" mice than in the t-PA™"" mice for up to 48 h,
but was not significantly different after 72 h (Fig. 4).

NATURE - VOL 368 - 31 MARCH 1994

© 1994 Nature Publishing Group



ARTICLES

_. 100
€ wPa upR”
3 / 11
5 80 [ |- = %
R wpa”” &
@ i
g 60 ] wr
°
©
© 40
E
o
2 *f
8 20
1=
g :
[72])

0

1 4 16 24 48 72
Time (h)

FIG. 4 Spontaneous lysis of a *2°I-fibrin-labelled puimonary plasma clot.
A 25 pl “*)fibrin-labelled plasma clot was injected into the jugular vein
and the residual radioactivity in heart and lungs measured ex vivo at
the indicated time points. Values are expressed as a per cent of total
radioactivity injected. t-PA™  mice lysed **°I-fibrin-labelled plasma clots
more slowly than u-PA™~ or wild-type mice; lysis of the plasma clots
was slowest in t-PA™ ":u-PA /™ mice. ¥, P<0.001 versus wild-type and
versus U-PA™ mice. T, P<0.00z, O,P=0.01 versus t-PA~/~ mice.
Preparation in vitro and lysis in vivo of *®-fibrin-labelled plasma clots
in mice was as previously described.?®

t-PA- and u-PA-deficient mice were tested tor their suscept-
ibility to venous thrombosis after local injection of proinflam-
matory endotoxin in the footpad, a model which is sensitive to
alterations of the fibrinolytic system™. Injection of 10 or 20 pg
endotoxin (endotoxin W. from Escherichia coli 0111:B4 or from
Salmonella typhosa 908) induced venous thrombosis in 29 of 54
wild-type mice (54%), in 29 out of 38 t-PA-deficient mice (76%,
P=0.046 versus wild-type mice, by chi-square analysis) and in
27 out of 30 u-PA-deficient mice (90%, P=10.002 versus wild-
type mice). The extent of venous thrombosis, as estimated from
the number of veins with visible thrombi, was significantly higher
in the t-PA™" and u-PA™/" mice. Only 15% of the wild-type
but 55% of the t-PA~/~ mice (P<0.001) and 60% of the u-
PA™’" mice (P<0.001) contained more than 4 thrombosed veins
per analysed tissue section.

Macrophage function

To examine whether u-PA might allow extracellular matrix
degradation®?’, lysis of '*I-fibrin-labelled matrix and of *H-
proline-labelled subendothelial matrix by thioglycollate-stimula-
ted macrophages (which have a 10- to 100-fold enhanced pro-
duction of u-PA®) was studied. Disruption of the u-PA genes
specifically abolished plasminogen-dependent breakdown of '**I-
fibrin-labelled matrix and of *H-proline-labelled subendothelial
matrix breakdown by thioglycollate-activated macrophages
(Fig. 5), but u-PA deficiency did not affect invasion of macro-
phages into the peritoneal cavity after thioglycollate injection
(Fig. 5). Matrix degradation by thioglycollate-activated macro-
phages was not affected by inactivation of the t-PA genes (Fig.
5). These results indicate that u-PA-mediated plasmin formation
may aid in breakdown of fibrin deposits or matrix components,
but that in the absence of u-PA, invasion by macrophages is
unaltered under the present experimental conditions.

Discussion

The physiological plasminogen activators t-PA and u-PA share
the characteristic ability to activate plasminogen, but have dis-
tinct protein structures, tissue-specific expression and biological
activities, suggesting that these molecules may play distinct roles
in different biological processes' *. Much circumstantial evidence
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FIG. 5 Matrix degradation and invasion into the perionteal cavity by
thioglycollate-stimulated macrophages. a, b, Lysis of "*®I-fibrin matrix
(@) and of *H-proline-labelled subendothelial matrix (b) by thioglycollate-
stimulated macrophages from wild-type, t-PA~~ and u-PA /™ mice. PLG
(+): with 16 pg ml~! plasminogen in the culture medium; PLG (—):
without plasminogen; WT: wild-type. The data represent mean+s.e.m.
of triplicate measurements of 5 or 6 independent experiments. P<0.05
versus PLG (+). ¢, Invasion into the peritoneal cavity of thioglycolla e-
stimulated macrophages from u-PA™ ™ and u-PA™'~ mice. Macrophages
from u-PA™" mice invaded the peritoneal cavity equally well as macro-
phages from u-PA™' mice, both with or without thioglycollate injection.
The data represent mean +s.e.m. of 6 experiments. Cell counts were
done on at least 200 cells. TG, with intraperitoneal injection of 0.5 m!
thioglycollate; *, P<0.05 versus control.

METHODS. Preparation and lysis of **I-fibrin and *H-proline subendo-
thelial matrix by thioglycollate-stimulated peritoneal macrophages was
as described™®. Invasion was evaluated by injecting mice intraperitone-
ally with 0.5 ml thioglycollate and counting, after 3 days, the number
of different cell types in the peritoneal Iavageg.

implicates these plasminogen activators in ovulation'"'?, sperm
migration and fertilization'®, embryo implantation'”?,
embryogenesis'™'® and associated tissue remodelling of the
ovary' %, prostate, and mammary gland®°, but no genectic
deficiencies involving either gene product have been described
in man. Thus, inactivation of t-PA or u-PA genes in mice might
have been anticipated to result in a lethal phenotype. Surpris-
ingly, single- and double-deficient mice appear normal at birth,
suggesting that neither t-PA nor u-PA, individually or in combi-
nation, is required for normal embryonic development.
Although doubly deficient mice are able to reproduce, they are
significantly less fertile than wild-type mice or mice with a single
deficiency of t-PA or u-PA, possibly because of the poor general
health of these animals (low body weight, dyspnoea, rectal pro-
lapse and cachexia) or to the large fibrin deposits in their gonads.
These data suggest that proteinases®' other than t-PA and u-PA
may be more essential in reproduction and embryonic develop-
ment than previously suspected.

These targeting experiments reveal a divergent and specific
role for each plasminogen activator in fibrinolysis and macro-
phage function. The role of t-PA and u-PA in the normal surv-
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TABLE 1 t-PA and u-PA activity in wild-type and homozygous
t-PA-deficient (t-PA™'7) or u-PA-deficient (u-PA™"") mice

t-PA activity u-PA activity
Lung Brain Kidney Urine
Mice (Wmg Y  (umg™h) (Wmg™ (V)
t-PA** 5.0+0.8(5) 56+0.4(5) ND 99+ 35 (8)
t-PAT/ 1.7+0.3*(5) ND ND ND
t-PA" <0.1(5) <0.3(5) ND 120+23(9)
u-PA*/* ND 56+08(5) 046+0.1(5) 131+19(9)
u-PA"” ND ND 0.22 £ 0.02* (5) ND
u-PA" ND 57+1.3(3) <0.05 (5) <31

Values represent mean +s.e.m. of activities from the number of ani-
mals indicated in brackets. t-PA and u-PA activities are expressed as
IU of murine t-PA or murine u-PA per mg protein in the tissue extracts
(lung, brain, kidney) or as total units in 24-h urine samples. t-PA and
u-PA activities were determined by the fibrin plate method®® (lung and
kidney) or by a chromogenic substrate assay>® (brain and urine) in the
presence of 1 mM amiloride (which blocks murine u-PA) or of
200 pg mi~* murine t-PA-specific |gGs, respectively. The specific activity
of murine u-PA, purified from endothelioma-conditioned medium*®, was
26,000 IUmg™* and that of recombinant murine t-PA was 475,000
IUmg™", by comparison with the human standards, obtained from the
National Institute for Biological Standards and Control (Hertford, UK).
ND, not determined.

*P<0.05 versus wild-type mice. A direct correlation is observed
between t-PA or u-PA activity in different tissues and the number of
functional t-PA or u-PA alleles, respectively. No compensatory increase
of t-PA or u-PA activity is observed in u-PA- or t-PA-deficient mice,
respectively. t-PA or u-PA activities in tissue extracts from t-PA*/" or
u-PA*’* mice, respectively, were not reduced by addition of tissue
extracts from t-PA~~ or u-PA”/~ mice, respectively (data not shown),
indicating that absence of detectable t-PA or u-PA activity in tissue
extracts from t-PA™/~ or u-PA / mice, respectively, did not resuit from
increased proteinase inhibitor activity.

eillance of spontaneous fibrin deposition is supported by the
observation that t-PA™'~ and t-PA™/~:u-PA™'" mice displayed
a reduced or virtually absent endogenous lysis of '**I-fibrin-
labelled plasma clots, respectively, and the finding that u-PA-
deficient and doubly deficient mice suffered occasional or exten-
sive spontaneous fibrin deposition, respectively. In addition, in
response to proinflammatory endotoxin injection in vive, overt
thrombosis was observed in both t-PA- and u-PA-deficient mice
at a significantly increased incidence and to a larger extent than

in wild-type mice. Possibly, impaired fibrin dissolution by
u-PA-deficient macrophages may constitute a mechanism for
the increased occurrence of venous thrombosis after endotoxin
injection and the abnormal fibrin deposition in liver, skin and
intestine in u-PA™'~ and t-PA™/" :u-PA™/~ mice. Collectively,
these data confirm the role of the fibrinolytic system in maintain-
ing vascular patency’ and suggest that fibrinolysis may play a
significant role in preventing thrombosis in conditions of
inflammation and injury. Further examination of the effect of
t-PA and u-PA gene disruption in pathological disorders such
as atherosclerosis®, glomerulonephritis®® and malignancy'’
seems to be warranted.

One unresolved issue is whether the observed phenotype of
spontaneous fibrin deposition in t-PA™'~:u-PA™'~ mice occurs
as a result of the markedly reduced thrombolytic potential or
secondary to deficient tissue remodelling. u-PA has been pro-
posed to modulate tissue remodelling through activation of
matrix-degrading proteinases and growth factors®’. Finally, the
apparently normal invasiveness of u-PA™/~ macrophages and
trophoblasts (as revealed by the normal reproduction of
u-PA™/" mice) might suggest a less prominent role of u-PA in
cellular invasion than previously suspected. Other processes of
cellular invasion such as in tumorigenesis'> and endothelial or
vascular smooth muscle cell migration™®” still need to be exam-
ined further.

The phenotypes of mice with a single deficiency of t-PA or
u-PA would appear to result, at least in part, from the ability
of one plasminogen activator to complement the other. Mice
with a combined deficiency of t-PA and u-PA present with spon-
taneous fibrin depositions at a significantly increased incidence,
to a larger extent, and in more organs than observed in the single
mutants, and suffer retarded postnatal growth and a markedly
reduced fertility and life expectancy. The almost total lack of
endogenous lysis of a '*’I-fibrin plasma clot and the higher inci-
dence and earlier occurrence of the rectal prolapse in the doubly
deficient mice further support the notion that u-PA and t-PA
cooperate in a variety of biological phenomena, possibly related
to fibrin degradation, matrix remodelling and/or growth factor
activation®’,

This study indicates that the t-PA and u-PA gene products
have divergent roles in fibrinolysis and macrophage function and
that they cooperate in a number of complex biological processes.
Although their combined deficiency results in increased mor-
bidity and mortality, it does not appear to affect embryonic
development. O
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