HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

Vascular release of plasminogen activator inhibitor-1 impairs fibrinolysis
during acute arterial thrombosis in mice

Tomihisa Kawasaki, Mieke Dewerchin, Henri R. Lijnen, Jos Vermylen, and Marc F. Hoylaerts

The role of plasminogen activator inhibi-
tor-1 (PAI-1) in the plasma, blood plate-
lets, and vessel wall during acute arterial
thrombus formation was investigated in
gene-deficient mice. Photochemically in-
duced thrombosis in the carotid artery
was analyzed via transillumination. In
comparison to thrombosis in C57BL/6J
wild-type (wt) mice (113 = 19 x 10° arbi-
trary light units [AU] n =15, mean %
SEM), thrombosis in PAI-1 /= mice
(40 = 10 x 108 AU, n = 13) was inhibited
(P < .01), indicating that PAI-1 controls
fibrinolysis during thrombus formation.

thrombotic response. Occurrence of fibri-
nolytic activity was confirmed in -
antiplasmin ( a,-AP)—deficient mice. The
sizes of thrombi developing in wt mice, in
a,-AP*~ and a,-AP~/~ mice were 102 = 35,
65+ 8.1, and 13 +6.1 x 10° AU, respec-
tively (n = 6 each) (P < .05), compatible
with functional plasmin inhibition by
ay-AP. In contrast, thrombi in wt mice,
t-PA~/~ and u-PA ~/~ mice were compa-
rable, substantiating efficient inhibition

of fibrinolysis by the combined PAI-1/
a,-AP action. Platelet depletion and recon-
stitution confirmed a normal thrombotic

PAI-1~/~ mice reconstituted with wt plate-
lets. Accordingly, murine (wt) PAI-1 levels

in platelet lysates and releasates were
0.43 £ 0.09 ng/10° platelets and plasma
concentrations equaled 0.73 = 0.13 ng/mL.
After photochemical injury, plasma PAI-1
rose to 2.9 = 0.7 ng/mL (n =9, P < .01).
The plasma rise was prevented by ligat-
ing the carotid artery. Hence, during
acute thrombosis, fibrinolysis is effi-
ciently prevented by plasma  «-AP, but
also by vascular PAI-1, locally released
into the circulation after endothelial in-
jury. (Blood. 2000;96:153-160)

Systemic administration of murine PAI-1
into PAI-1 ~/~ mice led to a full recovery of

response in wt mice, reconstituted with

PAI-1-/~ platelets, but weak thrombosis in © 2000 by The American Society of Hematology

Introduction

Thrombi dissolve as a consequence of activation of the fibrinolytRAI-1, with up to 90% of the circulating human PAI-1 contained
system. The physiologic plasminogen activators tissue-type plagithin plateleta-granules? yielding up to 700 ng PAI-1 per 20
minogen activator (t-PA) and urokinase-type plasminogen activatolateletst® However, platelet PAI-1 exists predominantly in a latent
(u-PA) are serine proteinases activating the proenzyme plasmimo-inactive formt®> suggesting its effect on fibrinolysis to be rather
gen to the broad specificity enzyme plasrhirhe serpin plasmino- limited. Nevertheless, the inhibitory effect of platelets on clot
gen activator inhibitor-1 (PAI-1) is the main inhibitor of both t-PAlysis'®1” was proposed to be mediated partly by platelet PAI-1, a
and u-PA and constitutes a critical regulator of plasminogeronclusion supported by a differential clot lysis efficiency in the
activation? Several clinical studies have associated elevations fimesence of normal platelets or platelets derived from PAI-1-
plasma PAI-1 with increased risk for thrombo&fsyhereas a drop deficient patients?

in plasma PAI-1 levels may be a cause of recurrent bleeding. Different experimental conditions in various in vitro studies
Animal studies substantiated that increased circulating PAI-1 levetmy explain discordant results on the role of platelet PAI-1 in
are associated with a prothrombotic tendehaereas inhibition fibrinolysis1617:191n addition, important species differences were
of PAI-1 with monoclonal anti—-PAI-1 antibodi®$ or low- reported with respect to the relative concentrations of PAI-1 in
molecular weight compounéshas antithrombotic consequencesplasma, platelets, inside thrombi, and in tisstfed.Furthermore,
Plasmin is very rapidly and specifically inhibited by alpha species-dependent differences in the proportion of active versus
antiplasmin é,-AP), which circulates in plasma at a high concenlatent PAI-1 have been observ&dThe study of mouse gene
tration of 1 umol/L* The physiologic importance ok,-AP is knock-outs has made clear that a combined t-PA and u-PA gene
illustrated by the significant bleeding tendency in patients witteficiency leads to extensive spontaneous fibrin deposttibnt
homozygous,-AP deficiency; heterozygotes have no or only mildailso that in PAI-1/~ mice, lysis of pulmonary plasma clots is
bleeding complication& significantly enhance.

Whereasy,-AP is synthetized in the liver and released into the In a murine model of ferric chloride-induced arterial thrombo-
circulation, the origin of active PAI-1 in the circulation is lesssis, significantly smaller residual thrombosis was shown 24 hours
well-defined. PAI-1 is produced by several cell types, includingfter injury induction in PAI-1/~ mice than in wild-type (wt)
endothelial cells, smooth muscle cells, fibroblasts, and hepatoice26 In addition, from the shorter reperfusion times observed
cytes!® Two distinct pools of PAI-1 exist in the circulation, 1 induring thrombolytic therapy of platelet-rich arterial thrombi in
platelets and 1 in plasma. Human platelets are a major reservoiR#fl-1-/- mice, Zhu et & concluded that PAI-1 is a major
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determinant of the resistance to thrombolysis by pharmacologieunting and plasma PAI-1 measurements were collected at the end of the
t-PA concentrations. In more acute studies of photochemicakyperiment via the vena cava into a syringe containing 3.8% sodium citrate
induced arterial thrombosis, a significant prolongation of the tinf an anticoagulant (1/10 volume). After centrifugation at 3000 rpm for 10
required to occlude the vessels with thrombi was observed THnutes. the citrated plasma was stored @0°C.
PAI-1~/~ mice, whereas u-PA and t-PA deficiencies had no effect
closure time® highlighting the importance of PAI-1 during throm-
bus formation. Thombocytopenia was induced in wt mice and PAl=1mice via a triple

In this study, we have investigated the role of PAI-1 for théntraperitoneal injection of busulfan at 20 mgAéglissolved in polyethyl-
control of fibrinolysis during acute thrombosis, by focusing of§ne glycol 400 diluted vv_ith sali_neto 25% just before tha injaction,qn day 0,
PAI-1 present in different compartments. By performing PAI-P and 9. On day 21, circulating platelets _sar_npled V|a‘ta|I bleeding were
reconstitution experiments in plasma and platelets, this stug-nted on a Cell Dyn 1300 (Abbott, Ottignies/Louvain-la-Neuve, Bel-

. . . m), and mice were subdivided in groups to test thrombus induction
provides the first evidence that PAI-1 released from the Vascumt%&out and after reconstitution with murine washed platelets. Thrombocy-

partmpates .|n f[h.e co.nFr.oI _Of endogenous f|br|noly3|s In-mice, %penic animals were anesthetized as outlined above and reconstituted with
sites of arterial injury initiating acute thrombosis. 5 X 1C¢ platelets, prepared from wt or PAFT mice and injected as a bolus in a
volume of 200 pL into the jugular vein. For this purpose, platelete prepared
after sampling blood from the vena cava of donor mice on acid-citrate

?:l’?atelet reconstitution experiments

Materials and methods dextrose (ACD). Platelet-rich plasma (PRP) was prepared via 2 subsequent
centrifugations at 800 rpm for 5 minutes. Pooled PRP was then mixed with
Reagents an equal volume of ACD and centrifuged at 2000 rpm for 10 minutes to

ellet platelets. The platelet pellet was resuspended in saline at 28
latelets/pL. Platelets were counted at the end of the thrombosis experiment
in wt mice and in platelet-reconstituted thrombocytopenic mice.

Recombinant t-PA (Actilyse) was from Boehringer Ingelheim (Ingelhei
Germany). The chromogenic plasmin substrate S-2403 was purchased fi
Chromogenix (Antwerp, Belgium) and equine tendon collagen from
Nycomed (Munchen, Germany). Busulfan was acquired from Sigma (% . ’

) - . midolytic assa
Louis, MO). Recombinant murine and human PAI-1 were prepared as idolyti y

described elsewheré Other reagents were obtained commercially. Blood samples were collected from PAI/1 and PAI-I/~ mice (n= 2
) each) as described above, and washed platelets (prepared as above) were
Animals lysed with 1% Triton X-100 and 5 minutes later 10-fold diluted with

ar-AP, PAI-1, t-PA, or u-PA gene-deficient mice were generated Vigho_sphate-buffered saline (PBS). Active PAI-1 was evaluated by first
homologous recombination in embryonic stem cells, as descHFEd-20 adding human t-PA (23 pmol/L) to the platelet lysate (or dilutions) for 10

To avoid potential effects of strain differences, consecutive generatio'rvﬁ'éntuhtes att_ ro?m tefrml)eratgre, and_lf:en ]E)y m(;asurlngd resuljual F'PA aCtI\éIt%/
of mice carrying the null gene allele were backcrossed repeatedly \{gt the aclivation of plasminogen. Theretore, human Lys-p asminogen (0.

C57BL/6J mice. Only mice generated after 5 or more backcrosses w oliL) was incubatad with the treatad human t-PA sample at 37°C in the
used in this study. Genotyping of mice was performed by Souther bl esence of CNBr-digested human fibrinogen fragments (0.1 pmol/L) as
analysis of tail tip DNAZ? escribed* Generated plasmin was measured by the simultaneous addition

of S-2403 (0.5 mmol/L) and A(405 nm) was measured up to 40 minutes

with a multiscan spectrophotometer ELx808 (Bio-Tek Instruments, High-

land Park, Winooski, VT). t-PA activities were derived from plots of A(405

All animal experiments were reviewed and approved by the Institutiona) versus (time, which were proportional to the t-PA activity. Initial

Review Board of the University of Leuven and were performed imctivation rates of plasminogen by t-PA in the absence or presence of

accordance with protocols approved by the Institutional Animal Care amthtelet lysates/releasates were monitored in the same way. Measurements

Research Advisory Committee. Thrombus was induced as recently @@ere performed in duplicate.

scribed3! Mice (10 to 12 weeks old) of both sexes weighing 19 to 31 g were

anesthetized by intraperitoneal injection of sodium pentobarbital (Gfeparation of lysates and releasates from murine platelets for

mg/kg) and fixed on a heated operating table. Atropine sulfate was aisg|-1 dosage

injected and endotracheal intubation carried out. A 2F venous cathether was

inserted into the right jugular vein for injection of reagents and rose-beng¥yashed platelets prepared from vena cava blood of C57BL/6J miee)n

The left carotid artery was carefully exposed from the surrounding tissiéere resuspended up t0>51(® platelets/mL in PBS containing 0.002%

and mounted on a transilluminator. The exposed artery was irradiated wiifyeen 80, 5 mmol/L EDTA, and 0.1% bovine serum albumin (BSA). After

the green light (wavelength 540 nm) of a Xenon lamp (L4887, Hamamatsgntrifugation, platelets in the pellet were lysed with 1% Triton X-100 in

Photonics, Hamamatsu, Japan), equipped with a heat-absorbing filter ad®8 HL and, after 5 minutes of incubation, 10-fold diluted with buffer.

green filter. Irradiation was directed via a 3-mm diameter optic fibehlternatively, platelets were incubated for 10 minutes at 37°C with equine

attached to a manipulator. Just after the injection of rose-bengal (20 mg/kgpdon collagen (20 ug/mL; this concentration induced murine platelet

via the intravenous catheter, irradiation was started for various tin@@gregation during classical aggregometry). After centrifugation, platelet

intervals (1-4 minutes). lysates and releasates were immediately analyzed via enzyme-linked
The analytical procedures for the quantitation of mural thrombi in thhmunosorbent assay (ELISA) (see below).

mouse carotid artery have been descri#ethe total light intensity versus

time curve was established over 40 minutes, and thrombus formation wissue and plasma sampling after photochemical injury

measured by comparing the area under the curve and expressed in arbi

light units (AU).

Experimental thrombosis model

té?(%d samples were collected from the vena cava from C57BL/6J controls
and from mice 40 minutes after the 3-minute photochemical injury in wt
mice (n= 18), respectively, in thrombocytopenic mice, reconstituted with
wt platelets or PAI-1/~ platelets (3 groups of & 6). To delineate the
Immediately after a 3-minute photochemical injury, recombinant murinerigin of the plasma PAI-1 elevation after injury, blood sample controls
PAI-1, diluted with saline just before use, was injected into PAl-Imice  were prepared after injection of rose-bengal, but without injuring light
(n = 6) as a single bolus (35 ng), followed by a continuous infusion (7@radiation (n= 6) or after carotid artery ligation, with (& 6) or without
ng/h) for 40 minutes via a microinfusion pump (Perfusor, Braun, Melsurfp = 6) vessel wall injury. Citrated plasma was stored-a0°C. Carotid

gen, Germany) and an intravenous catheter. Blood samples for plateldgeries of both injured and noninjured sites were carefully dissected and

Administration of recombinant murine PAI-1
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rinsed with saline. Tissues (pooled from 3 arteries to raise the sensitivity) ¥ *

were homogenized with 100 pL of PBS containing 1% Triton X-100, I ¥ 1T L
diluted with 900 pL PBS, and stored a70°C. Tissue protein content was 200 —

determined using a dye-binding assay kit (Bio-Rad, Hercules, CA) with (8)

BSA as a standard. Measurements were performed in duplicate.

150 (15) [ I

PAI-1 antigen and activity determinations

106 A.U.)

X
—

Murine PAI-1 antigen levels in tissue and platelet extracts and in plasmaZ
withdrawn before/after photochemical injury were measured by a sensitiveZ' 100
combined monoclonal-polyclonal antibody assay, calibrated with recombi-2
nant murine PAI-B> For this purpose, the murine antimurine PAI-1
monoclonal antibody H34G6 (4 pg/mL) was coated on microtiter plates forZ
48 hours at 4°C. Bound PAI-1 in the samples was revealed using a5,
biotinylated and diluted (1:250) rabbit polyclonal antiserum raised in the S
laboratory against murine PAI-1, incubated for 1 hour at 37°C, and then by a
peroxidase-labeled avidin-biotin complex, according to standard protocols. 0-
In this assay, a linear relationship exists between A(492 nm) and antigen ++ +/- -/- -/-
concentrations between 0.03 ng/mL and 3 ng/mL PAI-1. Recovery experi-
ments validating the precision of the PAI-1 antigen determination in lysed Genotype PAI-1 Murine PAI-1
platelets consisted of the addition of known amounts of murine PAI-1 (0-3 administration
ng/mL) to the platelets before sample preparation via lysis. Figure 1. Thrombus generation in PAI-1 ~ */+, PAI-1*/~, and PAI-1 =/~ mice. Cumulative
For PAI-1 activity determinations, the monoclonal antihuman PAI-ihrombus formation over 40 minutes after a 3-minute carotid artery photochemical
antibody 16F11 (4 pg/mL), which cross-reacts with murine PAI-1, wasjury, expressed as total light intensity; */*: wild-type mice; */~: PAI-1 heterozygotes;
coated on microtiter plates, for 48 hours at ZF@CSampIes containing ~/=: PAl-1-deficient homozygotes; thrombus formation in PAI-1~/~ mice after an
t-PA—PAI-1 complexes were incubated as described above for the antiggﬂgvenous bolu_s (3_5 _ng) with recombinant .murine.PAI-'l, administered immediately
after photochemical injury, followed by continuous infusion (76 ng/h) for 40 minutes

ELISA, followed by addition of horseradish peroxidase (HRP)-conjugated ~_ ™. - .

X X X ol ) Via an intravenous catheter (n = 6). Data are the mean = SEM for the number of mice
monoclonal antibody 62E8 (directed against human t-PA; dilution 1:800Q)icated in parentheses. *P < .01 by Dunnett multiple comparison testand tP < .05.
for 2 hours at room temperature. For calibration, purified active recombi-

nant human PAI-1 was usé8lafter preincubation with an excess of t-PA.

All activity data are expressed in nanograms per milliliter (ng/mL}:an“y decreased (48 10 X 10°AU, n = 13,P < .01 by Dunnett
complex and all ELISA measurements were performed in duplicate. Wimu tiple range test). The average thrombus size in heterozygotes
the use of human t-PA-PAI-complexes, a linear dose-response was obser(\i 4+ 33 10° AU, n = 6) did not differ from that in wt mice

between 0.03 and 10 ng/mL of complex. b ltiol he th b .
Complex formation between t-PA and PAI-1 extracted or released bo%) < .05 by Dunnett multiple range test, versus the thrombus size

from human and murine platelets was performed as follows. t-PA (38 PAI-17/~ mice). Injection into PAI-1’~ mice of a bolus of
ng/mL) was added to washed platelets (8-3CP platelets/mL) anextraction ~fecombinant murine PAI-1 of 35 ng, followed by a continuous
was performed with 1% Triton X-100 for 5 minutes, followed by a 10-foldnfusion at 76 ng/h until the end of the 40-minute experiment,
dilution to reduce the Triton X-100 concentration, avoiding detergenfiormalized thrombus formation (Figure 1). The average thrombus
induced conformational changes in the exiracted PAl8eparate control size (137+ 30 X 1P AU, n = 6, P < .01 by Student test versus
experiments in which recombinant murine PAI-1 was preincubated with 1arombus size in nontreated PAIL mice) was comparable to that
Triton X-100 for 5 minutes confirmed that this treatment was without effe¢t, pa|-1+/+ mice. Plasma PAI-1 antigen levels at the end of the
on the PAI-1 activity. The addition of t-PA to the platelets before |n|t|at|or?m¢usi0n were 10+ 2.5 ng/mL (n= 6).

of lysis with Triton X-100 was likewise performed to shorten the exposure _. . . . . .

! ) -~ .~ Figure 2 shows representative tracings of the light intensity

time of released PAI-1 to the detergent. Recovery experiments validatin ) ) . ; . .
Egrsus time curves during thrombus formation in wt mice, in

ntel

(13)
50 T

the precision of the PAI-1 activity determination were performed by addin . . .
known amounts of murine PAI-1 to the platelets (0-3 ng/mL) beforEAl-1™/~ mice, and recombinant murine PAIl-1-treated gene-
addition of t-PA, sample preparation via lysis and ELISA. deficient PAI-I/~ mice. In wt mice, a cyclic flow pattern of
Plasma samples were measured 10-fold diluted, at which dilution maassive thrombus formation was induced immediately after the
plasma matrix-dependent effects were observed. Platelet lysates, platpledtochemical injury, leading to a slowly decreasing thrombus
releasates, and tissue extracts were measured 2-fold diluted, both in (l]h'g]ure 2A). In contrast, in PAI-1~ mice, thrombi only developed

antigen and in the activity ELISA. just after the photochemical injury and no stable thrombus was
o ' observed at later time points (Figure 2B). The injection of
Statistical analysis recombinant murine PAI-1 restored injury induced thrombus

Data are presented as meanSEM. Comparison between groups was performation in the later phase of the observation period (Figure 2C).
formed using the Dunnett multiple range test, Stutitst, Mann-Whitney test,
Dunn’s multiple comparison test, or Tukey-Kramer multiple compariso
test, as described in the teRtvalues of< .05 are considered significant. As shown in Figure 3, the absence of plasmaAP was also
associated with an apparent antithrombotic effect. The average
thrombus size in wt mice after a 3-minute photochemical injury
Results (102 + 35X 1P AU, n = 6) did not differ from that in wt controls

in Figure 1. The thrombus size, however, was gene dose-dependent. In
a-AP~/~ mice, it was greatly and significantly decreased+18.1 X

As shown in Figure 1, the absence of PAI-1 was associated with &f AU, n = 6, P < .05 by Dunnett multiple rangest). In heterozy-
apparent antithrombotic effect. The average thrombus size in gdtea,-AP*/~ mice, an intermediate intensity of thrombus genera-
mice after a 3-minute photochemical injury equaled ¥189 X 10° tion (65 + 8.1 X 10° AU, n = 6) was observed, in agreement with
AU (n = 15). Thrombus formation in PAI-1~ mice was signifi- the expression of intermediate plasma levelaoAP38

'Il;hrombus generation in  a-AP**, ap-AP+/~, and a,-AP~/~ mice

Thrombus generation in PAI-1  +/+ PAI-1+/~, and PAI-1 ~/~ mice
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20 picomolar concentrations of t-PA. In the presence of CNBr-
fibrinogen fragments, Lys-plasminogen (0.2 umol/L) was activated
in a time-dependent manner by t-PA (final concentration, 20
pmol/L), leading to an exponential increase with time of A(405
nm), after hydrolysis of the plasmin substrate S-2403 (not shown).
Control incubations of t-PA with recombinant human PAI-1 at 30
pmol/L inhibited subsequent plasminogen activation completely
(not shown). In the presence of platelet lysates (derived from
7.5-30% 10' platelets/pL), plasminogen activation was inhibited in
a dose-dependent manner, but to a comparable degree for lysates
from PAI-1*/* and PAI-I/~ mice (not shown). Because under
these conditions t-PA activity was influenced by other factors
0 500 1000 1500 2000 2500  present in the platelet lysate than the presence of PAI-1, this
20 approach was abandoned and further analyses were exclusively
made by ELISA.

Light intensity (x105A.U.) >

16 Murine PAI-1 antigen and activity levels in plasma and platelets

With the use of a sensitive sandwich ELISA (monoclonal-
polyclonal antibodies), PAI-1 antigen values measured in plasma
obtained from 9 wt C57BL/6J mice averaged 07®.13 ng/mL.
Recovery experiments, during which murine PAI-1 was added to
washed platelets before lysis, indicated that platelet membrane
components did not interfere with the detection of the PAI-1
antigen in ELISA and that added PAI-1 was fully detected. In
: ; iz — PAI-17/~ mice (n=4), PAI-1 antigen remained undetectable,
0 500 1000 1500 2000 2500 confirming the specificity of the ELISA, at least when analyzing
10-fold diluted plasma samples. In plasma from endotoxin-treated

12

Light intensity (x105 A.U.) ©@

C 20 mice (n= 6, pooled), PAI-1 antigen levels rose to 13620 ng/mL
5-‘ (n = 4), in agreement with intense vascular release of PAI-1 into
< 16 the circulation after endotoxin treatmeAtPAl-1 antigen levels in
S platelet lysates and releasates were @:58.19 ng/10 platelets
E 12 (n=6) and 0.34= 0.08 ng/18 platelets (n=9), respectively,
> yielding an average value of 0.430.09 ng/1@ platelets (n= 15).
e
2
[~
= 150 4 (6)
<
=y
-
0 500 1000 1500 2000 2500 oD
Time after photochemical injury (sec) :
Figure 2. Thrombus progression after photochemical injury. Typical patterns of S 1 00 1
light intensity recorded during 40 minutes after photochemical injury of the carotid »
artery of PAI-1*/* mice (A), PAI-1~/~ mice (B), and recombinant murine PAI-1 treated g
PAI-1~/~ mice (C). ..?
[T
c
Thrombus generation in t-PA  ~/~ and u-PA ~/~ mice 2
o - : : . £ 50
Thrombogenicity in these gene-deficient mice was investigated,,
after induction of a milder photochemical injury, consisting of a '5)
2-minute irradiation, because of the potential increase in thrombo-5
genicity. As shown in Figure 4, t-PA- mice were inclined to more
intense thrombosis (32 8.6 X 10° AU, n = 8) than wt mice
(15+4 X 10 AU, n=9, P =.078). In contrast, the average 0 -
thrombus size in u-PA~ mice (27+ 12X 10° AU, n = 7) was
almost identical to that in wt mice (2% 6.6 X 10° AU, n = 6). ++ +/- ~-
Comparison of all data revealed no significant differences between
wt mice and t-PA’~ or u-PA~/~ mice. Genotype o2-AP

Figure 3. Thrombus generation in  «ax-AP+*, «y-AP*/~, and «p-AP~/~ mice.
Cumulative thrombus formation over 40 minutes after a 3-minute carotid artery

To investigate whether physiologic t-PA concentrations are inhiBbotochemical injury, expressed as total light intensity; */*: wild-type mice; */~: ap-AP

. . . . . heterozygotes; ~/~: a-AP—deficient homozygotes. Data are the mean + SEM for the
ited by murine platelet PAI-1, a sensitive kinetic and Coupled aSS¥nber of mice indicated in parentheses (*P < .05 by Dunnett multiple comparison

of plasminogen activation was carried out, necessitating Orngtin comparison with the a,-AP*/* group).

Effect of PAI-1 on plasminogen activation by t-PA
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The feasibility of activity measurements for platelet PAI-1 in : * |
platelet lysates prepared via detergent extraction was first tested *
with human platelets. Analysis via the activity-ELISA yielded *
22+ 3.9 ng t-PA-PAI-1 complex per 20platelets for lysed % * T
platelets (n= 4) and 11+ 1.8 ng/10 platelets for the releasate of 2009 " ' ! !
collagen stimulated platelets én4), in agreement with known (8) (6)
activity levels for human platelet PAI-1. Further recovery experi- T T ™
ments during which murine PAI-1 was added to the platelets before 150 1

the addition of t-PA and lysis with Triton X-100, however, revealed
that only about 30% of the added reactive PAI-1 was detected in

complex with t-PA. Hence, similar to their effect during the t-PA— 100
induced plasminogen activation, platelet membrane components
interfere slightly with t-PA inhibition by PAI-1. However, no t-PA— 50

PAI-1 complexes could be detected in t-PA-treated mupilatelet
lysates. In view of the total antigen content of the platelet and the
sensitivity of the t-PA—PAI-1 complex assay (0.03 ng/patelets
to be multiplied with a correction factor of 3-4 for the presence of 0-
platelet membranes), this finding implies that at best 20% ofPAl-1 genotype  +/+ Hy o e+ -

Light intensity (x106 A.U.)

platelet PAI-1 is active. On the contrary, in plasma obtained from 7 Platelet depletion
wt C57BL/6J mice, the ELISA estimated PAI-1 activities equiva- pjatelet
lent to 0.40+ 0.10 ng/mL, whereas in PAI-I- mice (n=3),  reconstitution None PAI-1+/+ PAI-1-/- PAI-1++

PAI-1 a9t|V|ty rema”_]Ed undetectable. ln_plasma Obtameq Tro%ure 5. Thrombus generation in platelet reconstituted thrombocytopenic
endotoxin-treated mice (& 6, pooled), estimated PAI-1 activity PAI-1++and PAI-1~- mice. Cumulative thrombus formation over 40 minutes after a
values were 175 20 ng/mL (3 separate measurements). Thesaninute carotid artery photochemical injury, expressed as total light intensity; H

. . . EE . wild-type mice;~’~: PAI-1-deficient homozygotes. Thrombocytopenia was induced
data Imply that most of the C|rculat|ng plasma PAI-1is active. with busulfan in the groups indicated; mice were reconstituted with 5 X 108 PAI-1*/*+

or PAI-1/~ platelets and thrombosis was quantitated after injury induction. Data are
the mean = SEM for the number of mice indicated in parentheses. *P < .01 by

. . . Tukey-Kramer multiple comparison test in comparison with the groups indicated by
After treatment with busulfa?® circulating platelet numbers the horizontal brackets: 1P < 05,

dropped progressively as a result of inhibition of megakaryocyte
differentiation and simultaneous clearance of circulating platelets.
Platelet counts in wt mice averaged &3).4 X 10°/L blood, but the average thrombus size measured in the PAl-Jroup in
21 days after initiation of treatment, platelet numbers had droppEdjure 1 (35%* 8.8% of corresponding control group). These
to 1.4% 0.12X 10°/uL (n= 19) in the treated wt mice and to experiments confirmed that platelet PAI-1 is not the determinant of
1.7+ 0.23X 1®°/uL in the PAI-I/~ group (n= 7). Figure 5 the fibrinolytic control in vivo. Platelet numbers measured at the
shows that as a consequence of the thrombocytopenia, the threme of the thrombosis experiment averaged 2.6.24 X 10°/uL
botic response was greatly decreased in comparison to the respgnse 8) in PAI-1~/~ mice reconstituted with wt platelets, and
in untreated wt mice. Furthermore, reconstituting wt platelets &5+ 0.08 X 1C°/uL (n = 7) in PAI-1*/* mice reconstituted with
thrombocytopenic wt mice could restore thrombus formatioRAI-1-/~ platelets, respectively, 24 0.19X 1C°/uL (n = 8) in
completely. However, thrombus formation could be restored equafAl-17/+ mice reconstituted with PAI-1* platelets. Platelet num-
well in thrombocytopenic wt mice with PAI-1~ platelets. In bers in wt controls equaled 48 0.34 X 105/uL (n = 8) at the end
contrast, wt platelets were not capable of normalizing the throrof the thrombosis experiment. Therefore, reconstituted platelet
botic response in PAI-X~ mice. The thrombus size in this groupnumbers equal about 60% of the normal count (aboxt BF/uL
(39% = 12% of control thrombus) did not differ statistically frominitially), in agreement with the injected amount of>x510°
platelets per mouse.

Thrombosis after platelet reconstitution

A 1001 B 100, PAI-1 antigen levels in tissue and plasma after
- photochemical injury
2 75 751 PAI-1 antigen levels in plasma of wt mice 40 minutes after the
% photochemical injury were 2.& 0.7 ng/mL, compared with
= 504 0.57+ 0.09 ng/mL in the control group, exposed to the dye without
[ ®) injury (n = 9 each,P < .01 by Dunn’s multiple comparison test)
_E T (Figure 6). Because this increase could not be explained by release
E 25+ of the very low PAI-1 content in platelets (less than 1 ng per
= mouse), we investigated whether PAI-1 would be released by the
ol injured carotid artery. Figure 6 shows that a double ligation
e 4 e - (without photochemical injury) around the carotid artery hardly
_ triggers any increase of plasma PAI-1 by itself. However, prevent-
Genotype +-PA u-FA ing contact between the injured area and the circulation, by ligating

Figure 4. Thrombus generation in t-PA  */* and t-PA =/~ mice versus u-PA **and  the injured vessel area, almost completely abolishes the observed

u-PA /= mice. Cumulative thrombus formation over 40 minutes after a mild 2-minute rise of p|asma PAI-1 after injury Hence. these results substantiate
carotid artery photochemical injury, expressed as total light intensity; */*: wild-type ) '

mice;~/~: t-PA- or u-PA—deficient homozygotes. Data are the mean = SEM for the _that Sig_nifi('?ant amounts of P_Al'l are releasgd frc_)m the vessel wall
number of mice indicated in parentheses. in the vicinity of the developing thrombus. Likewise, PAI-1 levels
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RS of fibrinolysis, and more in particular to study the contribution of
f + ! ¥ PAI-1 presentin plasma, endothelial cells and platelets.
[ 1 1 The role of PAI-1 in controlling fibrinolysis in vivo has already
been investigated extensively. Thus, Fay & @cently reported a
significant decrease in residual thrombi 24 hours after vessel wall
“V injury with FeCk in PAI-17/~ mice, compared with wt mice.

=9
|

However, they reported similar initial thrombus formation in
PAI-17/= and PAI-I'* mice2642 In contrast, Matsuno et @&l
recently identified a delay in acute thrombus formation in PAI-1
mice, suggesting that PAI-1 controls fibrinolysis also in the early
phase of thrombus development. However, this interpretation is at
variance with a normal tail bleeding and blood loss after amputa-

w
|

(6) tion of the cecum in PAI-T~ mice? The spontaneous lysis of
(6) - 129-fibrin—labeled pulmonary emboli in PAI?1~ mice was not

1 4 ©) T different from that in PAI-1/* mice after 4 hours, but significantly
— weaker fibrinolysis was found in PAI¥1- mice after 8 hours®

During recent t-PA—induced thrombolysis studies in mice, reperfu-
sion occurred in all mice that received t-PA, but reperfusion times

Plasma PAI-1 antigen (ng/mL)
[\ ]
l

0 - were significantly shorter in PAI=1~ mice?’
Control Ligation Injury Injury Our current results indicate that baif3-AP and PAI-1 play a
Ligation determinant role in controlling acute arterial thrombus formation.

Inactivation of a,-AP indeed leads to a potent and gene dose-
Figure 6. Release of PAI from the vessel wall. ~ PAI-1 antigen levels in plasma 40 . . : : . 1
minutes after a 3-minute carotid artery photochemical injury, compared with control dEpen.dent aptlthrombotlc effect. Gene !nactlvathn of PAI-1 .IS
values (rose-bengal injection without injury); effect of ligation without injury (second ~ associated with a somewhat weaker antithrombotic effect, which
bar) and of ligation in combination with injury (fourth bar) on PAI-1 plasma was not gene dose-dependent; ie, heterozygous PAlthice
concentrations is also shown. Data are mean = SEM for the number of animals showed normal arterial thrombus formation. It has recently been
indicated between parenthesis. *P < .01 by Dunn’s multiple comparison test in . Qg ’ .
comparison with the groups indicated by the horizontal brackets; TP < .05; $P < .05 shown that“Z'AP cross-links to fibrirf: Therefore! theoretlcally,
by alternative t test for the direct comparison between the groups indicated; these  the reduced thrombus formation observed in PAI-1 aneAP
groups had unequal SD distribution. gene-deficient mice could be postulated to result from a reduced

contribution to thrombus formation of PAI-1, respectivelyAP.

in the injured carotid artery’ removed 40 minutes aﬂeﬁhﬂtochemi_ HOWeVer, the eﬁiciency of Spontaneous thrombolySiS seems to be
cal reaction, were 1.3 0.42 ng/mg protein extracted, comparedontrolled primarily by circulating,-AP and not by the amount of
with 4.9+ 15 ng/mg for control carotid arteries €n6 for 0L2'AP cross-linked to fibrif? and OLz'AP CrOSS'”nking does not
samples consisting of 3 pooled arteriBss< .05 by Student test). seem to affect the lysability of fibrin clots by the murine fibrinolytic

Separate measurements of plasma PAI-1 in thrombocytopeRkstem. These data support our interpretation &haAP plays a
mice at the end of the thrombosis induction confirmed that the rigelevant role in regulating thrombus formation, in relation to its
of PAI-1 did not depend on the presence of platelets. In comparisBigh plasma content, via controlling fibrinolysis, but not via
to plasma PAI-1 in nonthrombocytopenic and noninjured wt midéfluencing fibrin clot architecture. Because of the lack of a strict
injected with rose-bengal (0.350.04 ng/mL; n=6), plasma gene dose-dependent antithrombotic effect for PAI-1, its role in
PAI-1 rose to 1.76= 0.1 ng/mL after injury in thrombocytopenic acute thrombus formation appeared to be more complex, which
wt mice (n= 6) and to 1.79+ 0.12 ng/mL in thrombocytopenic wt findings were the basis for this study, that investigates contributions
mice reconstituted with wt platelets én 6), respectively, 2- 0.23 of PAI-1 present in different compartments to the control of
ng/mL in thrombocytopenic wt mice reconstituted with PAI-1  thrombosis. Our finding that thrombus generation in t-PAand
platelets (n= 6). Although these numbers are slightly lower thami-PA~/~ mice was equal to that in wt mice agrees with results of
those in Figure 6, these experiments confirm that the rise of plasMatsuno et af® It therefore seems that during an acute thrombotic
PAI-1 after vessel wall injury is not influenced by the PAI-1 conterfiesponse, t-PA—-and u-PA-induced plasmin formation in wt mice is
of the circulating platelets. efficiently inhibited by the combined action of PAI-1 ang-AP.

The intravenous injection of recombinant murine PAI-1, in
combination with a continuous PAI-1 infusion, fully restored
Discussion thrombus development in PAIFL" mice, at steady-state plasma

PAI-1 levels (at the end) equal to 102.5 ng/mL (equivalent to
Several models in mice have been reported, in which thrombosidslB-fold the wt plasma concentration). These findings confirm that
induced via a vascular injury, inflicting damage to endothelial cellspluble plasma PAI-1 is responsible for t-PA inhibition during
elastic lamina, and smooth muscle cé#4°The model used in this thrombus formation. In contrast to work performed by others,
study causes only mild damage to endothelial cells; thrombi astudying the effects of exogenous PAI-1 in thrombosis models at
platelet-rich and resemble clinical thrombi by electron microscopligh doses of PAI-¥-4°because of the short half-life in viv§ this
analysis** By combining transillumination and photochemicalkstudy shows that low plasma concentrations of active PAI-1 suffice
vessel wall injury in the mouse, it has become possible to link the restore inhibition of fibrinolysis. To investigate whether platelet
degree of vessel wall injury to the intensity of thrombosis, whicRAI-1 would be involved in t-PA inhibition during the continuous
develops as a consequence of endothelial cell destruétibhis deposition of platelets in a growing thrombus, crossover design
methodology was used in this study to investigate the consexperiments were performed, in which PAt.1 mice were recon-
guences for thrombus generation of gene inactivation of inhibitossituted with PAI-1/+ platelets and PAI-1'* mice with PAI-1-/~
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platelets. These experiments confirmed that thrombocytopen@present active PAI-1, as also observed in At&AMurine platelet
could be induced in mice using busulfan and that thrombocytopAI-1 antigen levels measured in lysates and releasates were
nia resulted in loss of a thrombotic response to vascular injuground 0.5 ng/10cells; ie, about 50-fold and 500-fold lower than
Furthermore, reconstitution with wt platelets in wt mice led to a fullh rat and human platelets, respectivéy?50.51We could easily
recovery of thrombus development, whereas reconstitution @étect active PAI-1 in human platelets, but not in murine platelets.
PAI-17~ mice with wt platelets could not restore thrombugrom the lack of reactivity with human t-PA, and correcting for
development. Because a normal thrombotic response was miggerferences during the detection, we estimate that at best 20% of
sured in wt mice reconstituted with PAI-1-deficient platelets, the PAI-1 antigen in murine platelets represents active PAI-1, as in
became clear that thrombosis was not controlled via platelet PAl{iJuman platelet4)-2corresponding to an active PAI-1 pool circulat-
Histologic and immunohistochemical studies confirmed ending in platelets equivalent to 100 pg only. These numbers explain in
thelial cell destruction by the photochemical injury, in agreemewiur cross-over thrombosis studies that platelet PAI-1 antigen levels
with earlier findings. Because large amounts of granulocytes weifd activity are too low to exert any effect during platelet
found in the vicinity of the injured site (not shown), we concludeiccumulation in developing thrombi. They also support our find-
that PAI-1 is released into the circulation after injury and things that it is the local release of vascular PAI-1 that controls
accompanying inflammatory reaction, generating high concentfrinolysis in the developing thrombus. They further explain the
tions of PAI-1 in the vicinity of the developing thrombus. Thislack of a gene-dose effect in the PA1 mice, because when
conclusion is supported by the 4- to 5-fold increase in plasma PAlrdleased from the vessel wall, locally high PAI-1 concentrations
after injury in wt mice but also in thrombocytopenic micecan be reached, even in heterozygous animals.
Accordingly, vascular tissue PAI-1 antigen concentrations were The currently described results do not detract from conclusions
reduced after injury, presumably as a consequence of the relegsgther animal models in which small amounts of active PAI-1 in
from the vessel into the circulation. Furthermore, ligating thgjatelets played a role in regulating fibrinolysis. The 500-fold lower
injured area could completely abrogate the rise of plasma PAI-1éyels of PAI-1 in mouse platelets compared with human platelets
mechanism for the regulation of thrombolysis in vivo has be%ther provided a unique opportunity to study the role of PAI-1
proposed in which PAI-1 released from endothelial cells i§om other sources in regulating fibrinolysis. Rather than diminish
incorporated into developing fibrin clotsOur own immunofiuo- the role of platelet PAI-1 for human biology, this study raises the

rescent PAI-1 staining of carotid artery cross sections was tp@ssibility that vascular release of PAI-1 may play a similar role
diffuse to conclude decisively whether PAI-1 would predominanth, humans.

be released from endothelial or from smooth muscle cells. Several | conclusion, this study confirms that, during acute thrombosis,

studies indicate, however, that mouse egndothelial cells do Rprinolysis is efficiently prevented by the combined action of
contain PAI-1 messenger RNA (mRN#&Y® and even take Up plasmaa,-AP and PAI-1. PAI-1 is released locally into the
PAI-1 from the circulation. Because these authors found faigfcylation from the vessel wall, as a consequence of the injury, and

PAI-1 expression by resting murine medial smooth muscle cellsaticipates in the control of thrombus formation. Thus, our
those findings are indicative of PAI-1 release from the media in thigigings show a role for the vessel wall in controlling the

study. Nevertheless, we can conclude that at sites of vascular injyiyrinolytic system during thrombosis in vivo.
thrombi develop in an antifibrinolytic microenvironment, due to
local secretion of PAI-1. The potent inhibition of plasmin by
circulatinga,-AP completes this antifibrinolytic a_ction. Acknowledgments
To understand the lack of effect on thrombosis of platelet PAI-1,
we adapted existing ELISA assays to accurately measure PAWAE thank Dr P. Declerck (Laboratory for Pharmaceutical Biology
antigen and activity levels in mouse platelets. The low murirend Phytopharmacology, Faculty of Pharmaceutical Sciences, KU
PAI-1 antigen concentrations measured in plasma (below 1 ng/mlguven) for generously providing some of the antibodies and the
are consistent with data described elsewR&#éThese levels are recombinant murine PAI-1 used in this study. The help of I. Vreys
more than 10-fold lower than in human plasff&but comparable (immunohistochemical studies) and H. Moreau (ELISAs for PAI-1)
to rat plasm&? At least half of this concentration was estimated tis greatly appreciated.

References

1. Collen D, Lijnen HR. Basic and clinical aspects of 7. Marsh JJ, Konopka RG, Lang IM, et al. Suppres- 11. Moroi M, Aoki N. Isolation and characterization of
fibrinolysis and thrombolysis. Blood. 1991;78: sion of thrombolysis in a canine model of pulmo- az-plasmin inhibitor from human plasma: a novel
3114. nary embolism. Circulation. 1994;90:3091. proteinase inhibitor which inhibits activator-in-

2. Sprengers ED, Kluft C. Plasminogen activator 8. Levi M, Biemond BJ, van Zonneveld AJ, ten Cate duced clot lysis. J Biol Chem. 1976;251:5956.
inhibitors. Blood. 1987;69:381. WJ, Pannekoek H. Inhibition of plasminogen acti- 12. Lijnen HR, Collen D. Congenital and acquired

3. Hamsten A, de Faire U, Walldius G, et al. Plasmino- vator inhibitor-1 activity results in promotion of deficiencies of components of the fibrinolytic sys-
gen activator inhibitor in plasma: risk factor for endogenous thrombolysis and inhibition of throm- tem and their relation to bleeding or thrombosis.
recurrent myocardial infarction. Lancet. 1987;2:3. bus extension in models of experimental throm- Fibrinolysis. 1989;3:67.

4. Juhan-Vague |, Valadier J, Alessi MC, et al. Defi- bosis. Circulation. 1992;85:305. 13. Kruithof EK. Plasminogen activator inhibitor type
cient t-PA release and elevated PA inhibitor levels 9. Braaten JV, Handt S, Jerome WG, Kirkpatrick J, 1: biochemical, biological and clinical aspects.
in patients with spontaneous or recurrent deep ve- Lewis JC, Hantgan RR. Regulation of fibrinolysis Fibrinolysis. 1988;2:59.
nous thrombosis. Thromb Haemost. 1987;57:67. by platelet-released plasminogen activator inhibi- 14. Erickson LA, Ginsberg MH, Loskutoff DJ. Detec-

5. Schleef RR, Higgins DL, Pillemer E, Levitt LJ. tor 1: light scattering and ultrastructural examina- tion and partial characterization of an inhibitor of
Bleeding diathesis due to decreased functional tion of lysis of a model platelet-fibrin thrombus. plasminogen activator in human platelets. J Clin
activity of type 1 plasminogen activator inhibitor. Blood. 1993;81:1290. Invest. 1984;74:1465.
J Clin Invest. 1989;83:1747. 10. Friederich PW, Levi M, Biemond BJ, et al. Novel 15. Declerck PJ, Alessi MC, Verstreken M, Kruithof

6. Fay WP, Shapiro AD, Shih JL, Schleef RR, Gins- low-molecular-weight inhibitor of PAI-1 (XR5118) EK, Juhan-Vague I, Collen D. Measurement of plas-
berg D. Complete deficiency of plasminogen-acti- promotes endogenous fibrinolysis and reduces minogen activator inhibitor 1 in biologic fluids with
vator inhibitor type 1 due to a frame-shift muta- postthrombolysis thrombus growth in rabbits. Cir- a murine monoclonal antibody-based enzyme-linked

tion. N Eng J Med. 1992;327:1729. culation. 1997;96:916. immunosorbent assay. Blood. 1988;71:220.



160

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

KAWASAKI et al

Serizawa K, Urano T, Kozima Y, Takada Y,
Takada A. The potential role of platelet PAI-1 in
t-PA mediated clot lysis of platelet rich plasma.
Thromb Res. 1993;71:289.

Stringer HA, van Swieten P, Heijnen HF, Sixma
JJ, Pannekoek H. Plasminogen activator inhibi-
tor-1 released from activated platelets plays a key
role in thrombolysis resistance. Arterioscler
Thromb. 1994;14:1452.

Fay WP, Eitzman DT, Shapiro AD, Madison EL,
Ginsburg D. Platelets inhibit fibrinolysis in vitro by
both plasminogen activator inhibitor-1-dependent
and -independent mechanisms. Blood. 1994;83:
351.

Kunitada S, Fitzgerald GA, Fitzgerald DJ. Inhibi-
tion of clot lysis and decreased binding of tissue-
type plasminogen activator as a consequence of
clot retraction. Blood. 1992;79:1420.

Keeton M, Eguchi Y, Sawdey M, Ahn C, Loskutoff
DJ. Cellular localization of type 1 plasminogen
activator inhibitor messenger RNA and protein in
murine renal tissue. Am J Pathol. 1993;142:59.

Padro T, Quax PH, van den Hoogen CM, Roholl
P, Verheijen JH, Emeis JJ. Tissue-type plasmino-
gen activator and its inhibitor in rat aorta: effect of
endotoxin. Arterioscler Thromb. 1994;14:1459.

Ngo TH, Verheyen S, Knockaert |, Declerck PJ.

Monoclonal antibody-based immunoassays for

the specific quantitation of rat PAI-1 antigen and
activity in biological samples. Thromb Haemost.
1998;79:808.

Fay WP, Murphy JG, Owen WG. High concentra-
tions of active plasminogen activator inhibitor-1 in
porcine coronary artery thrombi. Arterioscler
Thromb Vasc Biol. 1996;16:1277.

Carmeliet P, Schoonjans L, Kieckens L, et al.
Physiological consequences of loss of plasmino-
gen activator gene function in mice. Nature.
1994;368:419.

Carmeliet P, Stassen JM, Schoonjans L, et al.
Plasminogen activator inhibitor-1 gene-deficient
mice: Il, effects on hemostasis, thrombosis, and
thrombolysis. J Clin Invest. 1993;92:2756.

Farrehi PM, Ozaki CK, Carmeliet P, Fay WP.
Regulation of arterial thrombolysis by plasmino-
gen activator inhibitor-1 in mice. Circulation.
1998;97:1002.

Zhu Y, Carmeliet P, Fay WP. Plasminogen activa-
tor inhibitor-1 is a major determinant of arterial
thrombolysis resistance. Circulation. 1999;99:
3050.

Matsuno H, Kozawa O, Niwa M, et al. Differential
role of components of the fibrinolytic system in

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

the formation and removal of thrombus induced
by endothelial injury. Thromb Haemost. 1999;81:
601.

Carmeliet P, Kieckens L, Schoonjans L, et al.
Plasminogen activator inhibitor-1 gene-deficient
mice: |, generation by homologous recombination
and characterization. J Clin Invest. 1993;92:2746.

Okada K, Lijnen HR, Dewerchin M, et al. Charac-
terization and targeting of the murine a-antiplas-
min gene. Thromb Haemost. 1997;78:1104.

Kawasaki T, Kaida T, Arnout J, Vermylen J,
Hoylaerts MF. A new animal model of thrombo-
philia confirms that high plasma factor VIl levels
are thrombogenic. Thromb Haemost. 1999;81:
306.

Stockmans F, Stassen JM, Vermylen J, Hoylaerts
MF, Nystrom A. A technique to investigate mural
thrombus formation in small arteries and veins: |,
comparative morphometric and histological
analysis. Ann Plast Surg. 1997;38:56.

Sirois MG, Simons M, Kuter DJ, Rosenberg RD,
Edelman ER. Rat arterial wall retains myointimal
hyperplastic potential long after arterial injury. Cir-
culation. 1997;96:1291.

Lijnen HR, Van Hoef B, De Cock F, Collen D. The
mechanism of plasminogen activation and fibrin
dissolution by single-chain urokinase-type plas-
minogen activator in a plasma milieu in vitro.
Blood. 1989;73:1864.

Declerck PJ, Verstreken M, Collen D. Immunoas-
say of murine t-PA, u-PA and PAI-1 using mono-
clonal antibodies raised in gene-inactivated mice.
Thromb Haemost. 1995;74:1305.

Verheijen JH, Chang GT, Kluft C. Evidence for the
occurrence of a fast-acting inhibitor for tissue-
type plasminogen activator in human plasma.
Thromb Haemost. 1984;51:392.

Gils A, Declerck PJ. Modulation of plasminogen
activator inhibitor 1 by Triton X-100—identifica-
tion of two consecutive conformational transi-
tions. Thromb Haemost. 1998;80:286.

Lijnen HR, Okada K, Matsuo O, Collen D, Dewer-
chin M. az-Antiplasmin gene deficiency in mice is
associated with enhanced fibrinolytic potential
without overt bleeding. Blood. 1999;93:2274.
Pierangeli SS, Barker JH, Stikovac D, et al. Effect
of human 1gG antiphospholipid antibodies on an
in vivo thrombosis model in mice. Thromb Hae-
most. 1994,71:670.

Palabrica TM, Liu AC, Aronovitz MJ, Furie B,
Lawn RM, Furie BC. Antifibrinolytic activity of
apolipoprotein (a) in vivo: human apolipoprotein
(a) transgenic mice are resistant to tissue-plas-

BLOOD, 1 JULY 2000 « VOLUME 96, NUMBER 1

41.

42.

43.

44,

45.

46.

A7.

48.

49.

50.

51.

minogen activator-mediated thrombolysis. Nature
Med. 1995;1:256.

Matsuno H, Uematsu T, Nagashima S, Na-
kashima M. Photochemically induced thrombosis
model in rat femoral artery and evaluation of ef-
fects of heparin and tissue-type plasminogen acti-
vator with use of this model. J Pharmacol Meth-
ods. 1991;25:303.

Fay WP, Parker AC, Ansari MN, Zheng X, Gins-
burg D. Vitronectin inhibits the thrombotic re-
sponse to arterial injury in mice. Blood. 1999;93:
1825.

van Giezen JJ, Minkema J, Bouma BN, Jansen
JW. Cross-linking of alpha 2-antiplasmin to fibrin
is a key factor in regulating blood clot lysis: spe-
cies differences. Blood Coagul Fibrinolysis. 1993;
4:869.

Knabb RM, Chiu AT, Reilly TM. Effects of recom-
binant plasminogen activator inhibitor type 1 on
fibrinolysis in vitro and in vivo. Thromb Res. 1990;
59:309.

Vaughan DE, Declerck PJ, Van Houtte E, De Mol
M, Collen D. Reactivated recombinant plasmino-
gen activator inhibitor-1 (rPAI-1) effectively pre-
vents thrombolysis in vivo. Thromb Haemost.
1992;68:60.

Vaughan DE, Declerck PJ, Van Houtte E, De Mol
M, Collen D. Studies of recombinant plasminogen
activator inhibitor-1 in rabbits: pharmacokinetics
and evidence for reactivation of latent PAI-1 in
vivo. Circ Res. 1990;67:1281.

Handt S, Jerome WG, Braaten JV, Lewis JC,
Kirkpatrick CJ, Hantgan RR. PAI-1 released from
cultured human endothelial cells delays fibrinoly-
sis and is incorporated into the developing fibrin
clot. Fibrinolysis. 1994;8:104.

Samad F, Loskutoff DJ. Tissue distribution and
regulation of plasminogen activator inhibitor-1 in
obese mice. Mol Med. 1996;2:568.

Samad F, Yamamoto K, Loskutoff DJ. Distribution
and regulation of plasminogen activator inhibi-
tor-1 in murine adipose tissue in vivo: induction
by tumor necrosis factor-alpha and lipopolysac-
charide. J Clin Invest. 1996;97:37.

Booth NA, Simpson AJ, Croll A, Bennett B, Mac-
Gregor IR. Plasminogen activator inhibitor (PAI-1)
in plasma and platelets. Br J Haematol. 1988;70:
327.

Kruithof EK, Nicolosa G, Bachmann F. Plasmino-
gen activator inhibitor 1: development of a radio-
immunoassay and observations on its plasma
concentration during venous occlusion and after
platelet aggregation. Blood. 1987;70:1645.



