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Abstract

Homozygous plasminogen activator inhibitor-i (PAI-1 )-defi-
cient (PAI-1 /-I) mice were generated by homologous recombi-
nation in D3 embryonic stem cells. Deletion of the genomic
sequences encompassing the transcription initiation site and
the entire coding regions of murine PAI-i was demonstrated by
Southern blot analysis. A 3.0-kb PAI-i-specific mRNAwas
identified by Northern blot analysis in liver from PAI-1 wild
type (PAI-i +1+) but not from PAI-1i-- mice. Plasma PAI-i
levels, measured 2-4 h after endotoxin (2.0 mg/kg) injection
were 63±2 ng/ml, 30±10 ng/ml, and undetectable (< 2 ng/
ml) in PAl-i ++, heterozygous (PA-i +/-) and PAMl-/-
mice, respectively (mean±SEM, n = 4-11). PAI-1-specific
immunoreactivity was demonstrable in kidneys of PAI-1 +/+
but not of PAl-i- - mice. SDS-gel electrophoresis of plasma
incubated with '25I-labeled recombinant human tissue-type
plasminogen activator revealed an 115,000-M, component
with plasma from endotoxin-stimulated (0.5 mg/kg) PA-i +/+
but not from PAM- -/- mice, which could be precipitated with a
polyclonal anti-PAI-1 antiserum. PAM-i- mice were viable,
produced similar sizes of litters as PA- +/+ mice, and showed
no apparent macroscopic or microscopic histological abnormali-
ties. (J. Clin. Invest. 1993. 92:2746-2755.) Key words: em-
bryonic stem cells * gene targeting * development * fertility-
fibrinolysis

Introduction

The fibrinolytic system has been claimed to play a role in a
variety of biological phenomena ( 1, 2). Activation of plasmin-
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ogen by tissue-type plasminogen activator (t-PA)' is believed
to be responsible not only for fibrin-specific clot lysis and main-
tenance of vascular patency (2), but it is also believed to be
involved in ovulation (3-5), embryogenesis (6), and brain
function (7). Plasmin generation by urokinase-type plasmino-
gen activator (u-PA) is believed to play a role in a variety of
tissue remodeling processes, such as embryo implantation and
embryogenesis (3, 6, 8), angiogenesis (3, 9), inflammation
(I ), cell invasion, and metastasis ( 10).

Inhibition of the fibrinolytic system may occur at the level
of plasmin, mainly by a2-antiplasmin or at the level of the
plasminogen activators by specific plasminogen activator inhib-
itors (PAls) (11, 12). Of those, endothelial or type 1 PAI (PAI-
1 ) appears to be the primary physiological inhibitor of plas-
minogen activation ( i 1, 12). It inactivates both t-PA and two-
chain u-PA by rapid formation of inactive 1:1 stoichiometric
complexes. PAI- 1 is synthesized in several tissues and its ex-
pression is highly regulated by various hormones and growth
factors ( 12).

Despite extensive biochemical characterization, the role of
PAl- 1 in vivo is poorly documented. The evidence for its pre-
sumed role in hemostasis, thrombosis, and thrombolysis is dis-
cussed in the accompanying paper ( 13 ), but its role in other
phenomena is less well documented. Several lines of evidence
suggest that PAI- 1 plays a role in gonadotropin-induced ovula-
tion, healing of the ruptured follicle, and development of the
corpus luteum (3, 4). PAI-1 may also modulate embryo im-
plantation via expression in the invasive trophoblast ( 14) and
in the decidua (8), where it may control excessive proteolysis.
Serine protease inhibitors indeed suppress embryo implanta-
tion in rodents, supporting the implication of the fibrinolytic
system in this phenomenon ( 15 ).

To obtain new information on the role of PAI- 1 in vivo, we
have disrupted the PAI- 1 gene in mice by homologous recombi-
nation in embryonic stem cells, whereby the entire coding re-
gion was deleted, and we have investigated its effects on organ
development and reproduction.

Methods
Animals and blood collection. The mice were kept in microisolation
cages on a 12-h day/ night cycle and were fed a regular chow. Unless
otherwise stated, the mice were anesthetized by intraperitoneal injec-
tion of 60 mg/ kg Nembutal (Abbott Laboratories, North Chicago, IL),
and blood was collected by vena cava puncture with a 24-gauge needle.

Construction of the gene targeting vector. The PAI- 1 gene was iso-
lated from a BALB/c genomic library (Clontech Laboratories, Palo
Alto, CA) (Prendergast, G., and M. Cole); 8.1 kb of total homology
was included in the parental pNT-vector that contains a neomycin and
a Herpes simplex virus thymidine kinase expression cassette ( 16), as
schematically represented in Fig. 1. Initially, a 4.5-kb SalI-XhoI frag-
ment from plasmid pX5.4, containing the 5'-flanking XbaI-XhoI geno-
mic sequences, was ligated into the XhoI-site of the pNT vector to
produce pNT.PAI5' (not shown). The XhoI-site is 1.0 kb upstream
of the transcription initiation site of the PAI- 1 promoter. In a second
step, the 3.6-kb BamHI-EcoRI fragment from plasmid pH4, contain-

2746 Carmeliet et al.

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/93/12/2746/10 $2.00
Volume 92, December 1993, 2746-2755



// X
Xbai1 XhoI,'

&{ORI TSjl IlJJJ'Zd7" I&@
i I

A*l e&Okb a

EoR I &85 kb

/-7
/e

BamHl

_~~II Iu
b as is~~~wi

_m
C d

Pin 7.2 kb

- Xmnl-Bam~i 74kb

SpeI P&lamHl E&oRl
EORI Si I I I PstI Xmnl
i Y. YYAA 0Y ni- f 555JE Xmn

a

.Sp kb

vr ~ c I StiP 4Dkb

Xmnl -BamHl 4.2 kb

1kb

Figure 1. Outline of the strategy used to disrupt the murine PAI- I gene. Schematic representation of the targeting vector pNT.PAI- I used for the
disruption of the PAI- I gene, of the wild type PAI- I allele, and of the homologously recombined allele. The targeting vector contains the neo-

mycin resistance gene (neo) and the Herpes simplex virus thymidine kinase gene (tk) to allow for double selection of homologous recombinant
events (33). Expression of the neo and tk genes was under the control of the phosphoglycerokinase promoter ( 16). Transcription of both resis-
tance genes was in the same direction as the endogenous PAI- 1 gene. The neo gene, inserted between the XhoI site in the PAI- 1 promoter region
and the Hindlll site in the last exon, replaces the genomic sequences encompassing all coding regions of PAI- 1. Upon homologous recombina-
tion, the disrupted PAI- I allele acquires an additional BamHI site. The expected restriction fragments of the wild type and the targeted mutated
allele are indicated with their relative sizes by underlining. Black bars denote the probes used for Southern blotting. Hatched bars represent the
5' and 3' flanks used for homologous recombination.

ing the 3'-flanking HindIII-EcoRI genomic sequences, was cloned into
the BamHI-EcoRI restricted pNT.PAI5' to generate pNT.PAI-l (Fig.
I ). As a result of the cloning strategy, a novel BamHI site downstream
of the neomycin gene would be generated upon recombination of the
targeting vector at the PAI-l locus in the embryonic stem cells. The
upstream HindlII site in the 3-flanking region is located at basepair
2,636 of the PAI-l cDNA, 1,297 bp downstream of the stop codon
( 17). As such, the neomycin expression cassette in the gene targeting
vector was flanked by 5'- and 3'-untranslated PAI- 1 sequences, but the
vector did not contain the transcription initiation site nor any of the
coding sequences of PAI-1.

Embryonic stem cell culture and transfection. D3 embryonic stem
cells ( 1 8) (obtained from R. Hynes, Massachusetts Institute ofTechnol-
ogy, Cambridge, MA), were cultured ( 19) in embryonic stem cell me-

dium (Dulbecco's modified Eagle's medium containing 4.5 g/liter glu-
cose; Hazleton Laboratories, Lenexa, KS) and 15% heat-inactivated
fetal bovine serum (Hyclone Laboratories, Salt Lake City, UT) supple-
mented with nonessential amino acids (GIBCO BRL, Gaithersburg,
MD), 2 mMglutamine (GIBCO BRL), 0.1 mMfl-mercaptoethanol
(Sigma Immunochemicals, St. Louis, MO), 100 U/ml penicillin/0.1
mg/ml streptomycin, and 1,000 U/ml recombinant leukemia inhibi-
tory factor (Esgro; GIBCO BRL). The cells were grown on lethally
irradiated (1,500 rad for 30 min) primary mouse embryonic fibro-
blasts, prepared from neomycin-resistant, f2m-deficient mice (pro-
vided by R. Jaenisch, Whitehead Institute, Cambridge, MA). Approxi-
mately 108 embryonic stem cells were electroporated with an electro-
porator from Bio-Rad Laboratories (Richmond, CA) (400 V, 25 ,uF,
room temperature) with 100 j.g of NotI-linearized targeting vector in
electroporation buffer (20 mMHepes buffer, pH 7.2, containing 6 mM
dextrose, 0.7 mMNa2HPO4, 5 mMKCI, 137 mMNaCl, and 0.1 mM
f3-mercaptoethanol).

The cells were plated immediately after DNAtransfer on 90-mm
cell culture dishes containing embryonic fibroblast feeder layer cells,
and selection was started 24 h later with 300 ,g/ml G418 (Geneticin;
GIBCO BRL) and 0.2 IAM FIAU (1-[2-deoxy, 2-fluoro-f3-D-arabino-
furanosyl]-5 iodouracil, Bristol-Meyers Squibb, Princeton, NJ). 5 d

later, selection was continued with 300 ,og/ml G418 only. After 8-10 d
in selection medium, visible colonies were isolated and transferred to
48-well cell culture dishes. At confluency, 80% of the cells of each
48-well cell culture dish were frozen in embryonic stem cell culture
medium containing 10% DMSO,and the remaining cells were grown
in 24-well cell culture dishes for genomic Southern blot analysis carried
out as described below.

Generation of chimeric and PAIl- deficient mice. Targeted clones
containing a disrupted PAI-1 gene were injected into C57BL/6J (Jack-
son Laboratories, Bar Harbor, ME) host blastocysts as described by
Bradley (20). Injected embryos were transferred into pseudopregnant
B6D2F, (Jackson Laboratories) foster mothers. Generated chimeric
animals were back-crossed to C57BL/6J mice and germline transmis-
sion of embryonic stem cell DNAwas scored by coat pigment. Hetero-
zygous PAI- I -deficient mutants were identified by Southern blot analy-
sis of tail tip genomic DNAas described below. Brother-sister mating
was carried out to generate homozygous PAI- 1-deficient mutants.

Southern blot analysis of genomic DNA. DNAwas isolated from
cultured cells and mouse tail tips as previously described (21 ). Briefly,
cells or tail tips were incubated overnight in lysis buffer (1% SDS, 500
or 100 ,g/ml, respectively, of proteinase K, 100 mMNaCI, 1 mM
EDTA, 10 mMTris.HCI buffer, pH 7.5), at 370C (cultured cells) or

550C (tail tips) and genomic DNAwas spooled after precipitation with
an equal volume of isopropylalcohol. Embryonic stem cell and tail tip
DNAwas digested with the indicated restriction enzymes and analyzed
by genomic Southern blotting procedures as described elsewhere (22).

To screen for embryonic stem cell colonies harboring a recombined
PAI- 1 gene, a SpeI-XbaI probe (Fig. 1, probe a) was used, which en-

compasses a 700-bp genomic fragment adjacent to the 5' XbaI-XhoI
fragment of the targeting construct. This 5' external probe detects a

8.5-kb EcoRI fragment of the wild type allele and a 13.0-kb EcoRI
fragment of the mutated allele, and a 15.0-kb Spel fragment of the wild
type and the 6.0-kb Spel fragment of the mutated allele.

To document correct homologous recombination at the 3' end, a

550-bp NheI fragment of the 3' HindIII-EcoRI flank used in the target-

ing construct (Fig. 1, probe c), and a 200-bp HindIII-PstI fragment
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adjacent to the 3' HindIII-EcoRI targeting flank (Fig. 1, probe d) were
used. These probes detect a 7.2-kb PstI fragment of the wild type and a
4.0-kb PstI fragment of the mutated allele, and a 7.4-kb XmnI-BamHI
fragment of the wild type and a 4.2-kb XmnI-BamHI fragment of the
mutated allele. To exclude additional random integration of the target-
ing vector, a 600-bp PstI fragment of the neomycin gene (Fig. 1, probe
b) was used, which detects a 13.0-kb EcoRI fragment of the homolo-
gously recombined gene.

Northern blot analysis. Total RNAfrom liver of wild type (PAI-
1+1+) and homozygous PAI-I-deficient (PAI-I -I-) mice, pretreated 4
h earlier with 0.5 mg/kg endotoxin (Difco Laboratories, Detroit, MI)
was isolated with the guanidinium thiocyanate-phenol-chloroform sin-
gle-step extraction method according to Chomczynski and Sacchi
(23). 20 Mg of denatured total RNAwas separated by formaldehyde-
agarose gel electrophoresis and bound to a Zetabind nylon membrane
(Zetaprobe; Bio-Rad, Brussels, Belgium) by capillary transfer, using
standard procedures (22). Blots were prehybridized for 6-12 h and
hybridized for 48 h at 420C in a hybridization solution containing 1.0
MNa-phosphate buffer, pH 7.2, containing 0.25 MNaCi, 7%(wt/vol)
SDS, 1 mMEDTA, 50% formamide, 5%(wt/vol) dextran sulfate and
0.01 mg/ml denatured herring sperm DNA. After hybridization, blots
were washed in 2 x SSC, containing 0.1 %SDSfor 2 X 5 min at room
temperature, followed by two 30-min washes with 0.5 X SSCcontain-
ing 0.1% SDS, at 650C. A 900-bp NcoI-HindIII fragment of the PAI-I
cDNA(17) was used as a probe.

Expression and purification of PAI-I and production of antibodies.
The PAI-1 expression vector was constructed as follows: A 1,074-bp
PstI-DraI fragment (PstI site at basepair 340, Dral site at basepair
1,414, numbering according to reference 17), of which the Dral site
was HindIII-linkered, was cloned into pGEM-4Z (Promega Biotec,
Madison, WI) to yield pGEM-mPAIPsh. This plasmid contains part of
the PAI-I coding sequence and 74 bp of 3'-untranslated PAI-I se-
quence. To obtain cytoplasmic expression, an ATGcodon was intro-
duced by PCRmutagenesis in front of the Leu24-codon of the pre-
sumed NH2-terminal residue of mature PAI-1, as deduced by align-
ment of the murine PAI-1 cDNA sequence with the human PAI-1
cDNA sequence (24). Mutagenesis was performed using PCRwith
full-length PAI-1 cDNA and the GAGAGGGATCCATGTTACC-
CCTCCGAGAAT(the engineered ATGcodon upstream of nucleo-
tides 201-216 is underlined) and ATAGCATCTTGGATCTG(nu-
cleotides 385-369) primers. After digestion with BamHI and PstI, the
restricted PCRproduct containing the ATGcodon and 140 nucleo-
tides of PAI- I coding sequence up to the PstI site at basepair 340, was
ligated with a 1,076-bp PstI-HindIII fragment from pGEM-mPAIPsh,
containing the remainder of the PAI- I coding sequence, and with the
BamHI-HindIII-linearized plasmid pMC5-19 (25), to yield pMCPAI-
PCR15. Mutagenesis was confirmed by sequencing of the final expres-
sion plasmid. After cotransfection of the expression plasmid pMCPAI-
PCR15 and pUBS520 (25) (obtained from S. Fisher, Boehringer
Mannheim GmbH,Mannheim, Germany) into Escherichia coli WK6
cells (25), chloramphenicol-resistant (50 Mg/ml), and kanamycin-re-
sistant (70 ,g/ml) bacterial clones were cultivated in liquid culture.
Recombinant PAI-I (rPAI-1) expression was induced by adding iso-
propylthio-fl-D-galactoside (1 mMfinal concentration). After 4 h, E.
coli cells were centrifuged for 15 min at 3,500 rpm and at 4°C, and the
cell pellet was resuspended in 10 ml 25% sucrose, 15 mMNa-phos-
phate buffer, pH 6.0, to which the following reagents were added: 5 ml
0.25 MEDTA, 5,l aprotinin (750 U/ml), 5,l leupepsin (10 mg/ml),
260 Ml PMSF( 10 mg/ml), 26 Ml DTT( 10 mg/ml), 26 Ml pepstatin A
(0.7 mg/ml), 26 Ml benzamidine/HCI (1 mM), 26 Ml antipain (10
mg/ml), and 8 ml of a solution containing 0.2% Nonidet P-40, 0.25
mMEDTA, and 50 mMNa-phosphate buffer, pH 6.0. After incuba-
tion for 10 min on ice, cells were sonicated on ice for 3 min with a
sonifier (model no. 250, position no. 8; Branson Ultrasonics Corp.,
Danbury, CT), and the lysate was centrifuged at 20,000 rpm for 20 min
at 40C.

Recombinant murine PAI- I (rPAI-l ) from E. coli lysates was puri-
fied as described by Seetharam et al. (26) with minor modifications.

Briefly, the E. coli supernatant (- 200 ml) was passed through a Q-
Sepharose column (2.5 X 10 cm) (Pharmacia, Uppsala, Sweden) equili-
brated with 0.1 MNaCl, 0.05 MNa-phosphate buffer, pH 7.5, at a flow
rate of25 ml/h. The rPAI- 1 containing flow through from the Q-Sepha-
rose column was adjusted to pH 6.0 and dialyzed against 0.1 MNaCl,
0.05 M Na-phosphate buffer, pH 6.0, before loading onto an SP-
Sepharose column (2.5 X 12 cm) (Pharmacia) equilibrated with 0.1 M
NaCl, 0.05 MNa-phosphate buffer, pH 6.0, at a flow rate of 30 ml/h.
rPAI- I was eluted from the column using 0.05 MNa-phosphate buffer,
pH 8.0. rPAI-l containing fractions were collected into 1 Macetate
buffer, pH 4.5 (1/ 10 vol). Pooled fractions were adjusted to 0.3 M
NaCl and to pH 5.5 and loaded onto a heparin-Sepharose column (0.9
x 15 cm) (Pharmacia) equilibrated with 0.3 MNaCl, 0.05 Macetate
buffer, pH 5.5, at a flow rate of 10 ml/h. The bound rPAI-1 was then
eluted using a NaCl gradient (0.3-1.1 M) in 0.05 Macetate buffer, pH
5.5. The purified material migrated as a single component with an
apparent relative molecular mass of 45 kD on SDS-gels and reacted
with anti-human PAI-I antibodies on Western blotting (data not
shown). The purified rPAI- I was primarily obtained in the latent form,
with a specific activity of 7,000 U/mg (representing -1% of the theo-
retical maximal specific activity calculated on the basis of a specific
activity for t-PA of 500,000 U/mg and relative molecular mass of
70,000 and 45,000 for recombinant human t-PA (rt-PA) and rPAI-l,
respectively). The rPAI-l could be reactivated by incubation with urea
or guanidium hydrochloride according to the method of Hekman and
Loskutoff (27). After reactivation and extensive dialysis against cold
phosphate-buffered saline (0.04 Mphosphate, 0.14 MNaCl, pH 7.4),
the reactivated rPAI-l had a specific activity of 180,000 U/mg.

Antibodies against purified rPAI-l were produced by immuniza-
tion of rabbits. The IgG fraction, purified by chromatography on Pro-
tein A Sepharose (Pharmacia) recognized the 45-kD murine and the
50-kD human PAI-I on Western blotting (data not shown). Alterna-
tively, murine monoclonal antibodies raised against human PAI- I
were screened for their cross-reactivity with murine PAI- 1. Out of 81
antibodies, 24 were found to exhibit significant cross-reactivity.

Histopathologic examination. Three PAI- I +1+ and three PAI- I
mice of either sex, aged 7 mo, were killed with an overdose of Avertin
(2,2,2-tribromoethanol; Aldrich Chemie, Bornem, Belgium) and per-
fusion-fixed with cold 10 mMNa-phosphate buffer, pH 7.4, followed
by Bouin's fixative. Whole fixed mice were postfixed in Bouin's fixative
until use. Representative sections of all tissues were selected for histo-
pathological examination. The tissues included five cross sections of
brain, two cross sections of spine with spinal cord, a section of knee
with leg muscle, lung, heart, kidney, liver, intestinal tissues, stomach,
reproductive organs, thyroid, adrenal, eye, and pancreas.

Immunocytochemistry. Male and female mice were anesthetized
with a mixture of Rompun(Bayer, Leverkusen, Germany) and Ketalar
(Warner-Lambert, Zaventem, Belgium) and perfusion-fixed with cold
(4°C) 0.01 MNa-phosphate buffer, pH 7.4, followed by 1% (wt/vol)
paraformaldehyde in 0.1 MNa-phosphate buffer, pH 7.4. Tissues were
dissected and immediately (without postfixation) submerged for 36 h
in 0.1 MNa-phosphate buffer, pH 7.4, containing 20% (wt/vol) su-
crose. Tissues were then frozen in liquid 2-methylbutane, and cryostat
sections (15-25 Am) were produced at -26°C and were mounted on
chromealum-gelatin-coated slides. Cryostat sections were soaked in
0.01 MTris/HCl buffer, pH 7.6, containing 0.15 MNaCl and 0.1%
(vol/vol) Triton X- 100 (TBS-Triton) for 10 min, exposed to 20%nor-
mal goat serum (Department of Zoology, University of Leuven, Bel-
gium) for 45 min, briefly rinsed in TBS-Triton, and exposed to varying
concentrations of rabbit anti-PAI- 1 antibodies obtained as described
above, or of rabbit anti-human PAI-I antibodies (American Diagnos-
tica Inc., Greenwich, CT). Optimal IgG concentrations for staining
were found to be 1-2 ,g/ml when incubated at room temperature for
14 h. After incubation, the slides were treated with goat anti-rabbit
IgGs (diluted 1:20 in TBS-Triton) for 30 min at room temperature,
and then with rabbit peroxidase/antiperoxidase complexes (diluted
1:300 in TBS-Triton) for 30 min at room temperature. Peroxidase
activity was revealed with 3,3'-diamino benzidine tetrahydrochloride
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(25 mgdissolved in 200 ml 0.05 MTris/HCl buffer, pH 7.6, contain-
ing 75 Al of 30% hydrogen peroxide). Between incubations, the sec-
tions were rinsed extensively with TBS-Triton. Controls included (a)
omission of either the first, second, or third layer of antiserum; and (b)
absorption of the primary rabbit anti-PAI-I antibodies with highly
purified recombinant human PAI- l, coupled to CNBr-activated Sepha-
rose beads, as described below.

PAI activity. PAI activity in plasma samples was determined ac-
cording to Verheijen et al. with minor modifications (28). Briefly,
samples were diluted at least twofold in 0.05 MTris/HCl, 0.1 MNaCl
buffer, pH 7.4, containing 0.0 1%Triton X-100, (Tris-buffer) and incu-
bated for 5 min at 370C with an equal volume of rt-PA (20 IU/ml).
The samples were then acidified with an equal volume of 0.16 MHCl,
incubated for 10 min at room temperature, followed by addition of 1
vol of 0. 16 MNaOHand 7 vol of Tris-buffer. This procedure resulted
in neutralization of most of the plasmin inhibitor activity in plasma.
Then 100 ,l of this mixture was incubated in the wells of a microtiter
plate with an equal volume of a solution containing plasminogen (final
concentration 1 gM), CNBr-digested fibrinogen (final concentration 1
,gM), and S-2251 (final concentration 0.6 mM). Residual rt-PA activ-
ity was quantified by recording the change in absorbance at 405 nm. 1
U PAI- I was defined as the amount that inhibited 1 IU of rt-PA.

Active PAI- 1 levels were also determined using a monoclonal anti-
body-based immunofunctional assay, specific for the PAI-1/rt-PA
complex (29). MA-16F1 1, a monoclonal antibody raised against hu-
man PAI- 1, which cross-reacted for - 30%with the recombinant mu-
rine PAI- I (rPAI-1 ) was used for capture, and a monoclonal antibody
directed against rt-PA (MA-62E8), which did not (< 1%) cross-react
with murine t-PA, was conjugated to horseradish peroxidase and used
for tagging. Alternatively, MA16F1 1 was replaced by polyclonal rabbit
anti-PAI- I antibodies, yielding similar results (data not shown).

Immunoprecipitation of PAI- I in plasma samples was achieved by
mixing 50 ,l plasma with 20 ,l CNBr-activated Sepharose beads, to
which rabbit anti-rPAI-l was coupled ( 1.25 mgIgG/ml gel), for 2 h at
room temperature, followed by removal of the beads by centrifugation.
A rabbit antistaphylokinase antiserum coupled to Sepharose beads was
used as a control antiserum.

Complex formation of PAI-I with '25I-rt-PA. Incubation of plasma
samples with '25I-rt-PA for generation of labeled PAI/rt-PA complexes
was carried out as previously described (30). Briefly, plasma samples,
obtained from mice injected 2 h previously with 0.5 mg/kg endotoxin
were incubated with rt-PA, which was radiolabeled with '25I using the
lodogen method. Active 125I-rt-PA was added in slight molar excess of
active PAI-I (as determined by the method by Verheyen) to the 10-fold
diluted plasma samples from PAI- I+/+ mice. An equal amount of '25I-
rt-PA was added to the 10-fold diluted plasma from PAI-I-/- mice.
After a 1 5-min incubation period at 37°C, the reaction was terminated
by the addition of 0.25 vol of 50 mMTris/HCl buffer, pH 8.0, contain-
ing 5 mMEDTA, 5% (wt/vol) SDS, 0.05% bromophenol blue, and
heating for 30 s at 100°C. The mixtures were subjected to electrophore-
sis on a 10-15% gradient SDS-polyacrylamide gel. The relative position
of the '251I-label was visualized by autoradiography. The autoradio-
grams were intentionally overexposed to obtain maximal sensitivity.
Immunoprecipitation of PAI-l in plasma was carried out as described
above in the section on PAI-I activity.

Statistical analysis. The statistical significance of differences be-
tween groups was determined using Student's t test for paired or un-
paired values and two-sided P values.

Results

Targeting of the PAI-I gene
To target the murine PAI- I gene, a replacement-type targeting
vector was constructed, in which a neomycin-expression cas-
sette replaced the genomic sequences encompassing the entire
coding regions of PAI- 1, as schematically represented in Fig. 1.
Correct homologous recombination would, thus, result in a
total absence of the PAI- I protein. After electroporation of the
linearized targeting construct in the D3 line of embryonic stem
cells ( 129 genetic background [18 ]), homologous integration
was observed in 17 out of 340 (5%) double-resistant (G148R-
FIAUR) clones that were analyzed by Southern blot analysis of
genomic DNA(Table I). As shown in Table I, the enrichment
obtained by double selection (G4 18 and FIAU) over the single
selection (G418 only) ranged in two experiments between 4.9-
fold and 6.0-fold. Genomic DNAfrom individual embryonic
stem cell clones was digested with EcoRI and hybridized to
probe a located adjacent to the 5' side of the homology region
present in the targeting construct (Fig. 1). Genomic DNA
from wild type cells yielded a 8.5-kb fragment after EcoRI di-
gestion, whereas the disrupted gene produced a 13.0-kb frag-
ment (Fig. 2 A).

After expansion of clonal populations of embryonic stem
cells containing the disrupted allele, additional Southern blot
analyses were performed on genomic DNAdigested with SpeT
(hybridized with probe a), PstI, and XmnI-BamHI (hybrid-
ized with probe c [Fig. 1]) to confirm site-specific recombina-
tion at the PAI-I locus (data not shown). Finally, hybridiza-
tion of EcoRT-restricted genomic DNAwith a neomycin-speci-
fic probe (Fig. 1, probe b) was used to reveal single integration
of the targeting construct at the PAI-I locus (Fig. 2 B), by
exclusive generation of a 13.0-kb fragment from the targeted
allele.

Germline transmission of the inactivated PAI-I gene
Two independent clones that had undergone homologous re-
combination (clones P176 and P292) were then injected into
C57BL/6J host blastocysts (Table IT). With clone P292, the
following chimeric animals were obtained: two males and one
female with < 30% chimerism, one male and one female with
30-70% chimerism, and three males with > 90% chimerism.
With clone P176, the corresponding numbers were: two males
and one female with < 30% chimerism, three males and two
females with 30-70% chimerism, three males and four females

Table I. Frequency of Gene Targeting

Enrichment Frequency of homologous
Number of ES cells Number of G41 8R Number of G41 8R and factor recombinants in G41 8R and

Experiment electroporated ES colonies FIAUR ES colonies (-fold) FIAUR colonies

I 1 x 107 1,020 208 4.9 ND
2 1 x i08 23,800 3,970 6.0 17/340 (5.0%)

Embryonic stem (ES) cells were transfected with linearized targeting vector as described in the text. G418R, G418 resistant; FIAUR, FIAU resis-
tant. The enrichment factor is the ratio of the number of G41 8R over G418R/FIAUR ES cell colonies. ND, not determined.
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Figure 2. Southern blot anal-
ysis of genomic DNA. (A)
Southern blot analysis of ge-
nomic DNAfrom D3 embry-
onic stem cells, digested with
EcoRI and hybridized to the
5'-PAI-I flanking probe a
(Fig. 1). The appearance of a
novel 13.0-kb EcoRI frag-
ment is indicative of a
correctly targeted mutant al-
lele. Genomic DNAfrom
two individual embryonic
stem cell clones was pooled
and electrophoresed, result-
ing in the unequal intensity
of the mutated versus the
wild type allele fragment. (B)
Southern blot analysis of ge-
nomic DNAfrom the ho-
mologously recombined em-
bryonic stem cell clones, di-
gested with EcoRI and
hybridized with the neo-spe-
cific probe (Fig. 1, probe c).
(C and D) Representative
example of Southern blot
analysis of genomic tail tip
DNAfrom PAI- I +/+, PAI-

+/-, and PAI- I/- mice (F3
generation), digested with
XmnI and BamHI (C) and
with PstI (D), respectively.
The PstI-digested and XmnI-
BamHI-digested genomic
DNAwere hybridized with
probe c(Fig. 1). WT, wild
type; HR, homologously re-
combined.

with 70-90% chimerism, and twelve males and five females
with > 90% chimerism. All these chimeras were tested for
germline transmission of the mutated allele, which was ob-
tained with three males obtained with clone P292 (P292-lA,
P292-5B, and P292-5E), and one male and one female ob-
tained with clone P176 (P176-12C and P176-13B). Thus, al-
though a significant number of chimeric animals with > 90%
coat color chimerism were obtained by injecting clone P176,
only one male and one female chimera transmitted the muta-
tion through the germline. Of the nongermline competent chi-
meras with > 90% chimerism, six males and two females were

sterile, and two males and two females produced only one lit-
ter, despite continued breeding efforts for more than 8 mo.

To accelerate expansion of the PAI- 1 transgenic colony, the
initial heterozygous PAI- -deficient (PAI- I+'-) F1 males were
mated with several C57BL/6J wild type PAI-l (PAI-lI 'I) fe-
males to produce more PAI- 1+"- male and female F2 offspring
that had a genetic background of 25% of 129 and 75% of
C57BL/6J. F3 PAI-l+'+ and homozygous PAI-l-deficient
mice (PAI-l-/-) littermates with the 25% of 129: 75% of
C57BL/6J genetic background were used throughout the pres-
ent study.

Viability, fertily, and growth of PAI-I deficient mice
Heterozygous PAI- 1 +/- mice (F2 generation) were intercrossed
and their F3 offspring were genotyped 3 wk after birth by

Table II. Frequency of Germline Transmission of Targeted ES Cell Lines

Number of chimeras Number of germline
Number of chimeras with >90% chimerism transmitting chimeras

Number of blastocysts Number of live
ES cell clone injected progeny Males Females Males Females Males Females

P292 150 48 6 2 3 0 3 0
P176 234 82 20 12 12 5 1 1

The individual ES cell clones were injected in the number of blastocysts indicated. Injected blastocysts were then transferred to pseudopregnant
females and the number of live progeny and of chimeras determined. The number of chimeras transmitting the mutated allele through the
germline is also indicated.
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Table IIIA. Genotype Distribution of 3 wk-old Littermates

PAI-1+/+ PAI-I+/- PAI-1-' Total

n Percent n Percent n Percent n

Male 96 (30) 162 (50) 66 (20) 324
Female 68 (23) 152 (51) 79 (26) 299
Total 164 (26) 314 (50) 145 (23) 623

F3 littermates, obtained by mating F2 PAI-1+/- mice with a 25% of
129 and a 75% of C57BL/6J genetic background (see text) were
genotyped by Southern blot analysis of genomic tail tip DNA.

Southern blot analysis of tail tip DNA, digested with XmnI and
BamHI or with PstI. A representative example of such a South-
ern blot analysis of genomic DNA, restricted with XmnI and
BamHI (Fig. 2 C) or with PstI (Fig. 2 D) from PAI- I+/+, PAI-
+/l , and PAI- -/- littermates is shown. Among the 623 F3
offspring tested, 164 were PAI- I+/+ (26.3%), 314 were PAI-l +/
(50.4%), and 145 were PAI- -/- (23.3%) (Table III A). This
distribution is not significantly different (chi-square test) from
the expected 1:2:1 frequencies assuming equal viability of PAI-
1 +/+, PAI-I +/-, and PAI-l -/- mice.

Also, PAI-l deficiency did not significantly alter the growth
of young animals; at 4 wk of age, the weight of PAI- I -/- and
PAI- 1 +/+ mice were similar ( 15.7±0.4 g (n = 11 ) vs 16.4±0.5 g
(n = 7), P= 0.31).

PAI- 1-/- mice were intercrossed to document the effect of
PAI- I gene disruption on reproduction. As shown in Table III
B, F3 PAI-l/- mice produced similar sizes and numbers of
litter (F4 generation) as F3 PAI-I +/+ mice. It appears, thus, that
disruption of the PAI- 1 gene did not significantly influence
viability, fertility, or development.

A PA1-4 B neo

Table IIIB. Size and Frequency of Litters
from F3 PAI-I Breeding Pairs

PAI-I+/+ PAI-1-/-

Size of litters (mice per litter) 7.3±0.5 (28) 6.2±0.4 (39)
Time between litters (d) 33±2 (25) 33±4 (15)

Size and frequency of litters from F3 PAI-I'/+ and F3 PAI-lI- breed-
ing pairs. The results represent mean±SEMof the number of data
points indicated between brackets.

Histological examination
No significant histological abnormalities could be documented
on microscopic examination ofthe tissues listed in the methods
section. No signs of bleeding were observed in any of the tissues
in PAI-I-/- mice. The oldest PAI- 1-/- mice presently avail-
able are 11 moold and still appear healthy.

RNAanalysis
Northern blot analysis of RNAprepared from liver of PAI-i +I+
and PAI- I / mice, pretreated 4 h earlier with 0.5 mg/kg en-
dotoxin, hybridized with a PAI-l-specific cDNA probe, re-
vealed the specific 3.0-kb mRNAin PAI- I+'+ mice, while no
such mRNAcould be detected in the PAI- I / mice (Fig. 3 A).
Rehybridization of the same blot with the neomycin-specific
probe revealed the presence of a 1.3-kb neomycin mRNAin
the PAI- I/-, but not in the PAI- I+'+ mice (Fig. 3 B).

Immunocytochemical analysis of PAI-I
Cryostat sections of the kidneys of PAI-l+/+ and PAI-l /-
mice were stained with a polyclonal rabbit anti-PAI-l anti-
serum, which recognized purified rPAI-1 on a Western blot
(data not shown). Very weak PAI-I immunoreactivity was ob-

Figure 3. Northern blot analysis of RNAfrom liver
after endotoxin stimulation of the mice. 20 ,g of total
RNA, prepared from liver was analyzed by Northern
blot analysis using a PAI-l-specific probe (A) or a

neomycin-specific probe (neo) (B). In PAI-I +1+

mice, a 3.0-kb PAl- I-specific mRNAis present,
which is not detectable in PAI-i I l mice. Conversely,
a 1.3-kb neo-specific mRNAwas only present in

RNAfrom PAI-I-I- mice.
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Figure 4. Immunostaining using polyclonal rabbit anti-PAI-I antibodies of cryostat sections of kidneys from PAI-I +"+ mice without (A) and
with an intraperitoneal injection of 0.5 mg/kg endotoxin (B) and from PAM-i- mice pretreated with 0.5 mg/kg endotoxin (C). In D, a section
of an endotoxin stimulated PAI- I +1+ mouse stained with preabsorbed antiserum is shown. The PAI- I reactivity appears to be localized in the
juxtaglomerular apparatus (without endotoxin, A) and in the glomerular structures (after induction by endotoxin, B).

served in structures, tentatively identified as the juxtaglomeru-
lar apparatus in the kidneys of PAI- I+'+, but not of PAI-I --

mice (Fig. 4 A; only PAI- I mice are shown). Intraperito-
neal injection of endotoxin (2 mg/kg) 4 h before killing the
animals revealed substantial induction of PAI- I immunoreac-

tivity in the glomeruli of PAI- I+1+ mice (Fig. 4 B), but not of
PAI-I1 - littermates (Fig. 4 C) (five animals checked), even
when the antiserum was used at a 500-fold higher concentra-
tion of anti-PAI- I IgGs (200 gsg/ml) than required to obtain a
positive signal in the PAI-i I + mice (0.4 Ag/ml). Preadsorp-
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tion of the antiserum with recombinant human PAI-I elimi-
nated positive staining in the wild type mice (Fig. 4 D). Similar
data were obtained using a cross-reacting rabbit anti-human
PAI-I antiserum (data not shown).

PAI activity assays
Amidolytic assay. Similar background PAI activities were ob-
tained in plasma from PAI-i +/+, PAI- +/-, and PAI- -/-
mice (Table IV A). 4-6 h after endotoxin injection (2.0 mg/
kg), PAI activity was however significantly increased in PAI-
I+/+ and PAI- +/- mice, but not in PAI-T-/- mice.

To check whether the observed PAI activity was related to
PAI- I and not to other protease inhibitors, plasma samples of
PAI-i +/+ and PAI-T-/- mice were preabsorbed with a
PAT-I-specific and with an irrelevant antiserum. Absorption
with the PAI- 1-specific antiserum, but not with the irrelevant
antiserum, of plasma from endotoxin-treated PAI- I+/+ mice
reduced the PAI activity to the levels observed in plasma from
untreated PAI-I +/+ mice. Importantly, the PAI-activity levels
in plasma from endotoxin-treated or untreated PAI- -/- mice
were not reduced after preadsorption with the PAI-l -specific
antiserum. These findings suggest that the PAI activity induced
with endotoxin in PAI-i +/+ is related to PAI-1, and that the
similar "baseline" activity observed in PAI- +/'+, PAI- +/-,
and PAI- -/- mice is not related to PAI-1.

Immunofunctional assay. The immunofunctional assay for
active PAI- I levels described in Methods was developed to im-
prove the specificity of the PAI assays for PAI- 1. Baseline PAI
levels were undetectable (< 2 ng/ml) in plasma from PAI- +'/+,
PAI- I +/-, and PAI- I -/- mice. 4-6 h after injection of 2 mg/kg
of endotoxin, an increase of the PAI- I plasma levels over back-
ground was only observed in PAI- I +/+ and PAI- I +/- mice (Ta-
ble IV B). Preadsorption of plasma from endotoxin-treated
PAI-I +/+ mice with PAI- 1-specific IgGs, but not with irrele-
vant IgGs, reversed the increased antigen levels to baseline.

Traces of reactivated rPAT- 1 added to PAI-I -I- plasma were
quantitatively recovered, indicating that the absence of detect-
able active PAT- I in plasma of PAI- I -- mice was not caused
by a higher degree of PAI- I inactivation (data not shown).

'25I-rt-PA: PAI-I complex formation
The reactivity of PAI in plasma of endotoxin-treated mice with
rt-PA was analyzed by SDS-gel electrophoresis using '25T-la-
beled rt-PA. Autoradiograms were overexposed to visualize the
formation of trace amounts of complexes in the plasma from
PAI- I -I- mice. When '25T-rt-PA was added to plasma of endo-
toxin-treated PAI-i +I+ mice (Fig. 5 A, lanes 1-3), a 1251-la-
beled complex with a similar apparent molecular weight as that
obtained with mixtures of reactivated rPAT- 1 and '25T-rt-PA
(Fig. 5 A, lane 5) was observed. The formation of this complex
was markedly reduced when plasma from endotoxin-treated
PAI- I ++ mice was adsorbed with a specific PAI-I (Fig. 5 B,
lane 1) but not with a control serum (Fig. 5 B, lane 3). In
plasma from endotoxin-treated PAI-I1-- mice, two very faint
'25T-labeled complexes with closely related relative molecular
weights were observed after incubation with '25T-rt-PA (Fig. 5
A, lane 4). Formation of these complexes could, however, not
be prevented by preadsorbing the plasma with either the PAI-
i-specific (Fig. 5 B, lane 2) or the control serum (Fig. 5 B, lane
4), suggesting that these compounds may represent complexes
of '25I-rt-PA with other protease inhibitors. Plasma of endo-
toxin treated PAI-i -- mice did not prevent the formation of
the complex between '25I-rt-PA and reactivated rPAT- 1 added
to the plasma (Fig. 5 B, lane 5).

Discussion

Despite extensive characterization of the biochemical and mo-
lecular properties of PAI- 1, much of our knowledge about its in

Table IV. PAI/PAI-I Activity in Plasma

Without endotoxin stimulation With endotoxin stimulation

PAI- I +1+ PAI- 1I' PAI- 1I PAl- 1+/+ PAl- I ' PAI- I1'

A. Amidolytic assays
Plasma samples 18±2 (6) 21±2 (3) 24±2 (7) 140±9 (9) 110±7* (6) 23±7 (10)
Plasma pool

Total 17±4 ND 17±3 130±19 ND 25±4
Adsorbed with

anti PAI-I IgG 18±3 ND 17±4 22±6§ ND 21±4
irrelevant IgG 19±4 ND 17±3 140±8 ND 24±3

B. Immunofunctional assays
Plasma samples <2 (8) <2 (3) <2 (8) 63±2 (11) 30±10* (4) <2 (11)
Plasma pool

Total <2 ND <2 56±13 ND <2
Adsorbed with

anti-PAI-I IgG <2 ND <2 2.8±0.5§ ND <2
irrelevant IgG <2 ND <2 49±12 ND <2

Data represent mean±SEMof PAI activity levels in individual plasma samples from the number of mice indicated (plasma samples) and of du-
plicate measurements of PAI levels in three independent plasma pools from three to five mice (plasma pool). Plasma samples were obtained
from untreated mice and from mice that received 4-6 h earlier an intraperitoneal injection of 2 mg/kg endotoxin. The plasma pool was assayed
as such (total) and after absorption with PAI- I specific and irrelevant IgGs, as described in the text. * P < 0.05 and * P = 0.06 (Student's t test)
vs plasma PAI- 1 levels from PAI- 1+/+ mice; § P < 0.05 (Student's ttest) vs plasma from PAI- 1+/' mice. ND, not determined.
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Figure 5. Autoradiogram of SDSgels of plasma of endotoxin-treated
PAl- I +1+ or PAI- I mice, incubated with 125I-rt-PA. A plasma pool
of five animals was used. The autoradiogram was overexposed to vi-
sualize trace amounts. (A) Lanes 1-3 represent plasma of PAI- 1+/+
mice was incubated with '25I-rt-PA and electrophoresed undiluted
(lane 1) or after 10-fold (lane 2) or 100-fold dilution (lane 3). (Lane
4) Plasma of PAI- 1 mice incubated with an equal amount of 12511
rt-PA as used for incubation of plasma from PAI- I +I+ mice, electro-
phoresed undiluted. (Lane 5) Mixture of reactivated rPAI-l and 1251-
rt-PA. (Lane 6) Free 1251I-rt-PA. (B) Lanes 1-3 represent plasma from
PAI-l ++ (lanes I and 3) and PAI- I'- (lanes 2 and 4) mice, ad-
sorbed with PAI-l-specific antiserum (lanes I and 2) or irrelevant
antiserum (lanes 3 and 4) before incubation with 1253-rt-PA. (Lane
5) Plasma from PAI- I-- mice to which rPAI-l and '251-rt-PA were
sequentially added. (Lane 6) Free 1251-rt-PA.

vivo role is deduced from correlation between elevated PAl-i
levels and a variety of pathological disorders.

To investigate the effect of PAI- I gene disruption on organ
development and reproduction, as well as on hemostasis,
thrombosis, and thrombolysis, PAI- 1-deficient mice were gen-
erated by homologous recombination in embryonic stem cells.
Inactivation of the PAI-l gene was demonstrated by Southern
blot analysis, and confirmed by the absence of detectable PAI-
1-specific mRNA,PAI- I -related antigen, and functional pro-
tein. The present study describes the generation of the PAI-l I"-
mice and the consequences of PAI- 1 gene disruption on organ
development and reproduction. In an accompanying paper
( 13), the biological effects of PAI-l gene disruption on hemo-
stasis, thrombosis, and thrombolysis are described.

The most surprising finding of the present study was that
PAI- I -deficient mice are viable, fertile, and without significant
abnormalities in organogenesis and development. Although pa-
tients with low or absent PAI-l levels have previously been
described (reviewed in reference 13), it remained unknown
whether PAI- 1-deficient females can ovulate and support nor-
mal embryonic growth. Maternal expression of PAI-l in the
decidual cells is indeed believed to control invasion of the u-PA

expressing trophoblasts ( 3, 8), whereas PAI- I expression in the
maternal ovarian cells around the time of ovulation, is thought
to control follicular rupture (4) and remodeling ofthe postovu-
latory ovary (4). The present findings, however, demonstrate
that reproduction and development proceed normally, also in
the absence of PAI-1. Possibly, other protease inhibitors, such
as PAI-2, a2-antiplasmin, a2-macroglobulin, C,-esterase inhibi-
tor, or ax-antitrypsin, which are known to reduce plasminogen
activation and/or plasmin activity, might compensate for PAI-
1 deficiency. In view of the potential hazards of uncontrolled
plasminogen activation for bleeding and tissue destruction,
functional redundancy of protease inhibitors might indeed be
advantageous. Another plausible explanation for the lack of
major abnormalities in reproduction and development is, how-
ever, that PAI-l deficiency in mice induces only a mild hyperfi-
brinolytic state, as detailed in the accompanying paper ( 13 ).

Although we did not use isogenic targeting DNA, which
improves the frequency of gene targeting ( 31 ), an acceptable
targeting frequency (5%; 17 out of 340 double-resistant EScolo-
nies) was obtained. This may have been caused by the incorpo-
ration of a fairly large amount of homologous DNAsequence
( - 8 kb) into the targeting construct. In addition, three homol-
ogously recombined ES cell colonies were obtained, which also
comprised one or more randomly integrated copies of the tar-
geting construct (data not shown), and which were, therefore,
discarded. It is not obvious why a number of chimeras with
> 90% coat color chimerism did not transmit the inactivated
PAI- 1 gene. Possibly, poor germ cell chimerism despite signifi-
cant coat color chimerism ( 19, 20) and/or sex conversion of
female host embryo's by male ES cells (32) may explain the
observed sterility.

It is interesting to note that disruption of the PAI-l gene did
not provoke any "spontaneous" apparent functional or histo-
logical abnormalities. It should be noted, however, that PAI- 1
gene expression is highly regulated by a variety of growth fac-
tors, hormones, and cytokines involved in inflammation and
tissue remodeling ( 12). Thus, the biological consequences of
PAI- 1 gene disruption might be more apparent after chronic
stimulation of PAI- 1 gene expression.

In conclusion, disruption of the PAI-l gene is compatible
with normal viability, development and fertility. Its conse-
quences on the development of disease states with a disturbed
coagulation/fibrinolytic balance, such as atherosclerosis, glo-
merulonephritis, and malignancy, need to be further explored.
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