
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Plasminogen activator inhibitor type 1: function in fibrinolysis and
atherosclerosis

Stoop, A.A.

Publication date
2000

Link to publication

Citation for published version (APA):
Stoop, A. A. (2000). Plasminogen activator inhibitor type 1: function in fibrinolysis and
atherosclerosis. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/plasminogen-activator-inhibitor-type-1-function-in-fibrinolysis-and-atherosclerosis(ffabdfc2-199f-42ca-ac9b-f484ff87055d).html


Chapterr 7 

Co-localizationn of Thrombin, Plasminogen Activator 

Inhibitorr 1 (PAI-1) and Vitronectin in the Atherosclerotic 

Vessell Wall: a Potential Regulatory Mechanism of 

Thrombinn Activity by PAI-1/Vitronectin Complexes 

A.. Allart Stoop1, Florea Lupu2 and Hans Pannekoek1 

'Departmentt of Biochemistry, Academic Medical Center, University of Amsterdam, 

Amsterdam,, The Netherlands and 2Vascular Biology Laboratory, Weston Centre for 

Experimentall  Research, Thrombosis Research Institute, London, U.K. 

(Arteriosclerosis(Arteriosclerosis Thrombosis and Vascular Biology (2000), 20, 1J43-1149) 



ChapterChapter 7 

Abstract t 

Thee serine protease thrombin is a mitogen for vascular smooth muscle cells. To that 
end,, thrombin cleaves the surface-exposed protease-activated receptor type 1 (PAR-1), 
resultingg in signal transduction and ultimately, proliferation of these cells. Regulation 
off  thrombin activity in the human atherosclerotic vessel wall has not been studied in 
greatt detail, conceivably because the traditional plasma thrombin inhibitor, anti-
thrombinn III,  is not encountered at this location. By using immunofluorescence 
confocall  microscopy, we demonstrate that the antigens of thrombin, plasminogen 
activatorr inhibitor 1 (PAI-1), and vitronectin (Vn) co-localize in human neointimal 
atheroscleroticc arterial tissue. Furthermore, it is shown by in situ reverse zymography 
thatt these specimens harbor the active form of PAI-1, which is the only configuration 
off  PAI-1 capable of complexing with Vn and inhibiting serine proteases e.g. thrombin. 
TwoTwo different criteria were used to establish that neointimal atherosclerotic material 
containss active a-thrombin, namely, its ability to bind to the thrombin inhibitor hirudin 
andd to convert the thrombin-specific chromogenic substrate S2238. The latter activity 
couldd be fully prevented by preincubation with the thrombin-specific inhibitor, phenyl-
prolyl-argenyl-chloromethyll  ketone. The thrombin concentration measured by 
conversionn of the chromogenic substrate was 7 to 12 nmol/L in the vascular specimens 
studied.. This concentration range suffices to activate the PAR-1 receptor on vascular 
smoothh muscle cells and cause neointimal proliferation. It is concluded that the human 
atheroscleroticc arterial vessel wall provides conditions that favor a regulatory 
mechanismm of thrombin activity by PAI-1 /Vn complexes. 
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Introduction n 

Plasminogenn activator inhibitor type 1 (PAI-1) is a multifunctional glycoprotein that 
belongss to the serine protease inhibitor (serpin) superfamily (Huber & Carrell, 1989). 
Itt regulates the fibrinolytic system by rapid formation of inactive, equimolar complexes 
withh its target serine proteases tissue-type (t-PA) and urokinase-type (u-PA) 
plasminogenn activator (reviewed in Deng et at., 1995; van Meijer & Pannekoek, 1995). 
Thee spectrum of PAI-1 target specificity is expanded by defined co-factors. 
Particularlyy in the presence of the glycoprotein vitronectin (Vn) or the 
glycosaminoglycann heparin, PAI-1 efficiently inhibits the serine protease thrombin 
(Shubeitaa et al, 1990; Ehrlich et al, 1990,1991a; Klein Gebbink et al., 1993). In vitro, 
thee presence of either one of these cofactors accelerates the rate of thrombin inhibition 
byy PAI-1 at least two orders of magnitude (Ehrlich et al., 1990; Naski et al., 1993). 
Thee interplay between PAI-1, thrombin, and Vn has been studied in detail, and these 
interactionss are typified by a so-called 'branched suicide substrate' mechanism (van 
Meijerr et al, 1997a). According to this mechanism, the initial enzyme/inhibitor 
Michaeliss complex is converted, presumably via a number of intermediates, into either 
ann inactive thrombin/PAI-1 complex (suicide pathway) or a mixture of cleaved PAI-1 
andd regenerated active thrombin (substrate pathway). The partition ratio for these 
pathwayss depends on the nature of the reactants, their relative concentration, and, in 
definedd cases, the presence of cofactors that may specifically promote one of these two 
reactionss (van Meijer et al, 1997a). 
AA number of arguments can be advanced suggesting that regulation of thrombin 

activityy by PAI-1 /Vn complexes might be relevant in the context of the (diseased) 
vessell  wall. First, administration of thrombin to endothelial cell matrixes results in the 
releasee of SDS-stable thrombin/PAI-1 complexes, depending on the availability of Vn 
(Ehrlichh et al, 19916). Apparently these matrixes are devoid of other thrombin-
bindingg serpins, since only SDS-stable thrombin/PAI-1 complexes are encountered. 
Second,, the apparent concentration of the reactants in the vessel wall is sufficiently 
elevatedd for an efficient interaction among the three components. Notably, it has been 
reportedd that the concentration of active PAI-1 in the atherosclerotic vessel wall is 10 
too 23 nmol/L (Padro et al, 1995; Shireman et al, 1996), which is similar to the 
concentrationn of active thrombin as determined in this study. It is expected that the 
concentrationn of vitronectin in the vessel wall exceeds that of PAI-1 and thrombin, 
sincee the plasma concentration of Vn is relatively high (3-6 umol/L) (Preissner & 
Seiffert,, 1998). Most plasma proteins are encountered in both normal and 
atheroscleroticc intima, and their concentration in interstitial fluid is usually 
proportionall  to their concentration and size (Smith et al, 1996). Third, different cell 
types,, among which are the monocyte/macrophage and the smooth muscle cell that are 
presentt in the atherosclerotic vessel wall, are equipped to remove thrombin/PAI-1 
complexess by surface exposure of low-density lipoprotein receptor-related protein 
(LRP)) (Lupu et al, 1994). Interestingly, LRP-mediated clearance of thrombin/PAI-1 
complexess is promoted by Vn (Stefansson et al, 1996). This finding agrees with our in 
vitroo study showing that PAI-1, thrombin and Vn form a ternary complex (van Meijer 
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etet al, 1997/»), Taken together, these observations support the hypothesis that thrombin 
activityy in the vessel wall is controlled by PAI-1 /Vn complexes. 

Thee presence and the generation of PAI-1 (Schneiderman et ah, 1992; Lupu et al, 
1993;; Chomiki et al, 1994) and Vn (van Aken et al, 1997) in the vessel wall, 
particularlyy in atherosclerotic lesions, have been reported in several studies. 
Specifically,, an increase of PAI-1 mRNA and antigen in human vascular specimens 
hass been correlated with the progression of atherosclerosis. In those studies, it was 
assumedd that endothelial cells and vascular smooth muscle cells were the primary 
sourcee of PAI-1 biosynthesis. In addition, evidence has recently been presented that 
vascularr smooth muscle cells in the intima and media of human atherosclerotic plaques 
fromfrom carotid arteries synthesize Vn mRNA (Dufourcq et al, 1998). 

Thee presence of active thrombin in the vessel wall has been demonstrated by 
preparingg extracts of atherosclerotic lesions (Smith et al, 1996). In addition, its 
presencee can also be inferred from several independent observations. Specifically, 
vascularr smooth muscle cells in human atherosclerotic arteries express the protease-
activatedd receptor type 1 (PAR-1) on their surface (Nelken et al, 1992), a receptor that 
iss preferentially activated by thrombin. Accordingly, thrombin stimulates proliferation 
off  cultured smooth muscle cells (McNamara et al, 1993) and induces PAR-1-mediated 
productionn of cytokines (Kranzhofer et al, 1996). Presumably these effects result in 
thee formation of neointima in vivo. Direct evidence for the importance of thrombin-
promotedd neointima formation comes from experiments in the rat carotid artery 
balloonn injury model. (Rade et al, 1996). Infection with an adenoviral vector encoding 
thee thrombin inhibitor hirudin demonstrated that thrombin-induced neointima 
formationn could be significantly reduced. In aggregate, these observations indicate that 
thrombin,, PAI-1 and Vn are present in the vessel wall, especially under atherosclerotic 
conditions. . 

Thee issue of regulation of thrombin activity in the vessel wall has not been 
addressedd in great detail. In this respect, it is interesting to note that although low 
levelss of antithrombin III (ATIII ) have been localized in the subendothelium (Xu & 
Slayter,, 1994; Smith et al, 1996), neither ATII I nor thrombin/ATIII complexes are 
presentt in the deeper regions of the lesion (Smith et al, 1996). In this article, data are 
presentedd that support the hypothesis that PAI-1 /Vn complexes may act as 
physiologicall  inhibitors of active thrombin in the atherosclerotic vessel wall. To that 
end,, we examined whether the PAI-1, Vn and thrombin proteins co-localize in human 
atheroscleroticc specimens by using immunofluorescence microscopy. Furthermore, we 
establishedd by in situ activity assays that thrombin and PAI-1 occur in an active 
configurationn in these specimens. On the basis of these results, we postulate that PAI-
1/Vnn complexes regulate thrombin-induced neointima formation. 
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Results s 

Co-localizationn of PAI-1, Vn, and thrombin in vascular specimens 

Too determine the localization of PAI-1, Vn, and thrombin in human carotid arteries, we 
usedused immunofluorescence confocal microscopy. To simultaneously localize these three 
components,, sections were incubated with primary antibodies directed against PAI-1 
(monoclonall  anti-PAI-1; 7F5), Vn (polyclonal anti-Vn antiserum), and thrombin 
(polyclonall  anti-thrombin antiserum; SHAT-AP), followed by incubation with the 
respectivee secondary antibodies, each of which was coupled to a different fluorescent 
label.. This triple-labeling analysis revealed that PAI-1 was present throughout the 
neointima,, whereas the most intense staining was encountered in the subendothelium 
(Figuree 1A). The most intense staining for Vn (Figure IB) and thrombin (Figure 1C) 
wass observed in distinct areas within the neointima. When all three staining patterns 
weree superimposed, co-localization of the three antigens, visualized by the appearance 
off  a white to pink color, was observed (Figure ID). Extensive colocalization studies 
weree also performed on consecutive sections by using double labeling for Vn/PAI-1 
andd Vn/thrombin. A considerable extent of colocalization of the three proteins was 
found.. To confirm the validity of these observations, a series of different antibodies 
wass used against PAI-1, Vn, and thrombin as indicated in the Methods section. In 
controll  experiments, either omitting the primary antibody or replacing the primary 
antibodyy by an isotope-matched, nonimmune IgG, we observed only autofluorescence 
off  the internal elastic lamina. In the normal vessel wall, co-localization of PAI-1, Vn, 
andd thrombin was not observed. This is explained by the lower levels of PAI-1 in the 
normall  vessel wall (Schneiderman et ah, 1992; Lupu et ai, 1993; Chomiki et aL, 
1994)) and the lack of thrombin generation, although high amounts of prothrombin 
weree found (F.L., unpublished observations, 1999). 

Localizationn of PAI-1 activity 

Too determine PAI-1 activity, we used immunofluorescent staining for PAI-1 in 
combinationn with in situ reverse zymography. The distribution of PAI-1 antigen was 
detectedd by immunofluorescence (Figure 2A) and was comparable to that found in 
otherr single and triple PAI-1 immunostaining experiments (e.g. Figure 1A). In a 
consecutivee section of the same specimen, PAI-1 activity was detected by in situ 
reversee zymography (Figure 2B). For the latter purpose, a cryosection of unfixed 
saphenouss vein or aortic tissue was preincubated with u-PA. Subsequently, an overlay 
wass added that contained plasminogen and casein, conjugated to FITC. Caseinolysis, 
visualizedd as dark areas due to diffusion of released FITC, is mediated by plasmin that 
iss generated by limited proteolysis of plasminogen by u-PA. Inhibition of u-PA by 
activee PAI-1 results in opaque fluorescent areas due to the lysis resistance of FITC-
conjugatedd casein. In the representative section displayed, we observed a large, lysis-
resistantt neointimal area, while other parts of the section displayed smaller, lysis-
resistantt spots. Clearly, the presence of PAI-1 antigen co-localizes with zones of lysis 
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Figuree 1. Co-localization of PAI-1, Vn and thrombin in atherosclerotic arteries 
visualizedd by triple immunofluorescent staining. An 8 um cryosection of a carotid artery 
wass simultaneously incubated with the murine anti-PAI-1 monoclonal antibody 7F5 
(panell  a), a rabbit polyclonal anti-Vn antiserum (panel b) and the sheep polyclonal anti-
thrombinn antiserum SAHT-AP (panel c) and, subsequently, the section was incubated 
withh the matching secondary antibodies, conjugated to different fluorescent labels as 
describedd in Methods. To visualize co-localization of the three antigens, the separate 
imagess were superimposed (panel d). White and pink areas represent co-localization of 
alll  three antigens and are indicated by arrows. Each immunofluorescent staining was 
performedd with at least five different cryosections. Autofluorescence is indicated with an 
asterisk.. Magnification is 120 fold. 

resistance,, conceivably due to active PAI-1. Because most of the PAI-1 antigen co-
localizess with this inhibitory activity, we deduced that the majority of PAI-1 in the 
vessell  wall was present in an active configuration. Furthermore, we concluded that 
activee PAI-1 is cell associated, as suggested by the distinct lysis-resistant entities, 
presentt in predominantly lysed areas (e.g., the left part of Figure 2B), and by co-
localizationn with ethidium bromide-stained nuclei (data not shown). 

Localizationn and quantification of thrombin activity 

Too determine whether vascular specimens contain active thrombin, we incubated 
unfixedd sections with the specific, high-affinity thrombin inhibitor hirudin. Complex 
formationn was subsequently monitored with a rabbit anti-hirudin antiserum, followed 
byy an incubation with a fluorescently labeled secondary antibody. Our results 
demonstratee that thrombin activity was encountered at the center of the neointima, 
whereass only minor staining of active thrombin was found in the media (Figure 3). 
Significantly,, the distribution of thrombin activity was comparable to that of 
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Figuree 2. Localization of PAI-1 activity in atherosclerotic specimens. In panel a, a 
sectionn was studied by immunofluorescent staining for PAI-1 with the anti-PAI-1 
monoclonall  antibody 7F5 and the corresponding secondary antibody conjugated to 
FITCC as described in Methods. The area with the largest extent of PAI-1 staining is 
indicatedd with an arrow, the lumen of the section with a L and a fold in the tissue with 
ann asterisk. In panel b, a representative example is given of an in situ reverse 
zymographyy to detect PAI-1 activity. Experimental details and analysis by confocal 
microscopyy is described in Methods. The area, that displays the most pronounced lysis 
resistance,, is depicted by an arrow. The image is displayed using pseudocolor banding 
approachh to emphasize the differences in the extent of lysis. The 256 gray levels scale of 
ann 8 bit image was divided into 9 color-encoded bands (top left-hand corner). The 
lowestt fluorescence levels, equivalent to total lysis of the fluorescent substrate, are 
shownn in dark blue, while the highest fluorescence representing the lysis-resistant areas 
aree shown in white. Panels a and b are consecutive sections of the same specimen. The 
magnificationn is 145 fold. 

Figuree 3. Localization of thrombin 
activity.. An 8 |im cryosection of 
aortaa tissue was incubated with 
hirudinn and, subsequently, stained 
withh an anti-hirudin antiserum and 
withh the corresponding secondary 
antibodyy conjugated to Texas Red as 
describedd in Methods. Staining 
representss active thrombin and is 
localizedd within the neointima 
(indicatedd by n.i.), being between the 

lumenn (indicated with L) and the internal elastic lamina (indicated with an asterisk). For 
consistency,, the image is pseudocolored in blue. The magnification is 150 fold. 

thrombinn antigen found in single- and triple-stained sections (e.g. Figure 1C). No 
stainingg of active thrombin was observed when the incubation with hirudin was 
omitted. . 

Next,, we established whether the amount of active thrombin generated in the vessel 
walll  would be adequate for the activation of PAR-1, which is present on the surface of 
vascularr smooth muscle cells in atherosclerotic lesions (Nelken et at, 
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1992).. For that purpose, cryosections of unfixed saphenous vein or aortic tissue were 
preincubatedd in either the presence or absence of 10 nmol/L of the thrombin inhibitor 
PPACK.. Subsequently, the tissue sections were incubated with the thrombin-specific 
chromogenicc substrate S2238, and the optical density at 405 nm was measured at 
differentt intervals. It should be mentioned that at the relatively low concentration of 
PPACKK used (10 nmol/L), thrombin is virtually the only serine protease present in the 
arteriall  specimens that will  be effectively inhibited (Kettner & Shaw, 1981). 
Preincubationn with PPACK of specimens derived either from saphenous vein or aorta 
resultedd in virtually no thrombin activity (change in absorbance per 3 hours was 1.3 x 
10"33  5.8 x 10"4 and 1.7 x 10"3  5.8 x 10"4, respectively; Figure 4). A preincubation in 
thee absence of PPACK resulted in an increase of the optical density at 405 nm in 3 
hourss of 0.111  0.021 and 0.062  0.014, respectively. We verified that the increase 
inn optical density developed linearly over time. Thrombin activity was quantified by 
calibrationn with a standard a-thrombin preparation and calculated per volume unit of 
tissue.. Consequently, it was determined that the saphenous vein tissue used contained a 
thrombinn concentration of about 7 to 12 nmol/L, whereas the aortic tissue harbored 
approximatelyy 8 to 12 nmol/L thrombin. Clearly, the determined a-thrombin 
concentrationss coincided with the range of concentrations that is required (1 to 10 
nmol/L)) to optimally activate PAR-1 (McNamara et al, 1993). 

Figuree 4. Quantification of 
a-thrombinn activity in 
atheroscleroticc saphenous 
veinn and aorta. Cryosections 
(88 urn) of saphenous vein or 
aorta,, respectively, were pre-
incubatedd for 30 min at 37°C 
inn PBS in the presence (+) or 
absencee (-) of 10 nmol/L 
PPACK.. The chromogenic 
substratee S2238 was then 
addedd (final concentration 
0.33 mM) and sections were 
incubatedd for 3 h at 37°C. 

Q Q 
O O 
<J J 

venaa saphena aorta a 

Subsequently,, supernatants were analyzed by measuring the optical density at 405 nm. 
Thee data, that have been corrected for the optical density at 405 nm at t = 0, are the 
meann of at least nine determinations and are given with their standard deviation 
(indicatedd by  SD). 

Discussion n 

Wee have previously reported that thrombin is efficiently inhibited in vitro by PAI-1, 
providedd that the inhibitor is complexed to Vn (Ehrlich et al, 1990,199lb). In general, 
thee in vivo relevance of interactions between serine proteases and serpins is governed 
byy a number of criteria, namely, (1) the presence of the target protease, its cognate 
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inhibitor,, and cofactor in the same compartment; (2) the rate of inhibition; and (3) the 
concentrationn of the reactants. According to these criteria, an efficient interaction 
betweenn thrombin and PAI-1 /Vn complexes in the plasma compartment is unlikely due 
too the low concentration of biologically active PAI-1 (Kruithof et al, 1984), in contrast 
too that of the traditional thrombin inhibitor AT-II I (Colman et al, 1994). Instead, we 
hypothesizedd that regulation of thrombin activity by PAI-1 /Vn complexes might be a 
relevantt mechanism within the arterial vessel wall. The presence of active thrombin is 
anticipatedd in the neointima, in view of its assumed role as a potent mitogen for smooth 
musclee cells and the occurrence of fibrin deposits within atherosclerotic plaques. 
Accordingly,, by using two different assays, we show here that active thrombin can be 
easilyy demonstrated in atherosclerotic tissue. Actually, most plasma (precursor) 
proteinss are present in both normal and atherosclerotic intima, and usually their 
concentrationss in interstitial fluid are related to their plasma concentration and size 
(Smithh et al., 1996). The generation of thrombin is thought to be initiated by 
coagulationn factor VII/VII a bound to tissue factor, which is exposed on the surface of 
infiltratingg cells (Taubman et al., 1997). Our findings on active thrombin in the vessel 
walll  confirm a previous study on the presence of free a-thrombin in extracts of human 
atheroscleroticc lesions (Smith et al, 1996). Interestingly, thrombin activity is 
predominantlyy detected in the neointima. This observation is consistent with a role for 
thrombinn in the proliferation of smooth muscle cells, which are preferentially present in 
thee neointima. 

Inn this study, we analyzed human arterial specimens by immunofluorescence to 
providee support for the regulatory scheme deduced from in vitro experiments, 
indicatingg that thrombin activity is regulated by PAI-1 /Vn complexes. As contingent 
aidd for this proposal, it should be mentioned that although low levels of the thrombin 
inhibitorr ATII I have been localized in the subendothelial space (Xu & Slayter, 1994), 
noo thrombin/ATIII complexes could be detected in the vessel wall (Smith et al, 1996). 
Thesee observations virtually exclude ATII I as a potential regulator in the 
atheroscleroticc vessel wall in contrast to PAI-1 and Vn, which are abundantly present 
inn this environment. Indeed, we show that thrombin, PAI-1, and Vn co-localize in 
neointimaa of human atherosclerotic arteries, suggesting that this location provides the 
appropriatee conditions for thrombin inhibition by PAI-1/Vn complexes. Obviously, 
thesee observations do not constitute direct evidence for the actual presence of inactive 
ternaryy complexes that are typical for thrombin inhibition (van Meijer et al, 1997b). 
Wee have not attempted to demonstrate the occurrence of ternary complexes in these 
tissues,, since it cannot be excluded that complex formation is generated during 
extractionn of the specimens. Furthermore, active PAI-1 might be converted into its 
latentt (inactive) form during tissue-extraction procedures, as has been experienced by 
otherr investigators (Padro et al, 1995,1997) To prevent potential artifacts, we 
refrainedd from tissue extraction procedures and performed in situ reverse zymography 
onn intact tissues. Consequently, we demonstrated that active PAI-1 is abundantly 
presentt in the arterial vessel wall. As expected, most of the PAI-1 does not co-localize 
withh thrombin, since PAI-1 is synthesized and secreted by endothelial and smooth 
musclee cells and, subsequently, is bound to heparin-containing proteoglycans and 
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vitronectinn (Ehrlich et al, 1990, 1991a). In contrast, active thrombin wil l be generated 
inn the vicinity of infiltrating cells (Taubman et al, 1997), thereby explaining that the 
majorityy of these reactants will be present in different intravascular compartments. In 
aggregate,, the observed co-localization of thrombin, PAI-1, and Vn in the neointima of 
atheroscleroticc arteries by immunofluorescence analysis and the demonstration of the 
activee forms of PAI-1 and thrombin are consistent with a regulatory mechanism of 
thrombinn activity by PAI-1 /Vn complexes. 

Ourr previous in vitro studies on the interaction between thrombin and an excess of 
PAI-11 /Vn complexes have taught us that thrombin inhibition, accompanied by the 
formationn of ternary complexes, is actually a minor reaction pathway (van Meijer et 
al,al, 1997a). The major reaction constitutes the substrate pathway, resulting in cleavage 
off  PAI-1 by thrombin and regeneration of the active protease. We appreciate that this 
branchedd suicide substrate mechanism may have profound effects on the progression of 
atherogenesis,, as exemplified by migration and proliferation of smooth muscle cells. 
First,, direct inhibition of thrombin by PAI-1/Vn complexes would eliminate thrombin 
ass an important trigger for proliferation of smooth muscle cells. The resulting ternary 
thrombin/PAI-1/Vnn complexes are bound by the LRP (Stefansson et al, 1996) that is 
exposedd on the surface of these cells (Lupu et al, 1994) and wil l be subsequently 
internalizedd and degraded. Hence, it is expected that this pathway efficiently attenuates 
proliferationn of smooth muscle cells. Second, solid evidence has been reported that 
PAI-11 is an essential inhibitor of u-PA-mediated migration of murine smooth muscle 
cellss in both an electric injury model of carotid arteries and in a wound healing model 
(Carmeliett et al, 1997). Accordingly, PAI-1-deficient mice display more pronounced 
neointimaa formation than wild-type mice. In addition, neointima formation of PAI-1-
deficientt mice can be restored on infection with an adenovirus preparation that harbors 
andd expresses intact PAI-1 cDNA. Taking together these observations and our 
previouss findings on the predominance of PAI-1 cleavage by thrombin, it is concluded 
thatt thrombin generation would largely result in PAI-1 degradation, ultimately favoring 
u-PA-mediatedd smooth muscle cell migration. Thus, paradoxically, we predict that the 
generationn of thrombin in the vessel wall and the subsequent regulation of its activity 
byy PAI-1/Vn according to the branched suicide substrate mechanism promote 
migrationn but reduce proliferation of smooth muscle cells. Evidence for this prediction 
mayy come from studies with mice that are deficient in one or more of the components 
describedd in this study and are thus challenged for the development of a neointima. As 
mentionedd before, PAI-1-deficient mice have been generated and display increased 
neointimaa formation (Carmeliet et al, 1997). At present, this phenotype has not been 
analyzedd in Vn-deficient mice in comparison with wild-type mice (Zheng et al, 1995). 
Unfortunately,, direct studies on the effect of thrombin generation on migration and 
proliferationn of smooth muscle cells are not feasible, since homozygous thrombin-
deficientt mice are not viable (Sun et al, 1998). In that case, valuable information 
mightt be obtained by studying mice that are deficient in PAR-1 (Connolly et al, 1996), 
whichh is present on smooth muscle cells and is responsible for thrombin-induced 
proliferation.. We expect that future studies with the indicated genetically modified 
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experimentall  animals may provide further insight into the mechanism and 
consequencess of the regulation of thrombin activity by PAI-1 /Vn complexes. 

Materialss and Methods 

Vascularr Tissue 

Humann vascular specimens were acquired from four different anatomical locations, 
namely,, coronary arteries obtained after heart transplantation, carotid arteries after 
endartectomies,, saphenous veins that had been used as a coronary bypass conduit, and 
aortass obtained after vascular surgery. Each of these specimens displayed 
atheroscleroticc lesions, although neither necrotic cores nor massive lipid deposits were 
present.. The coronary and carotid arteries were used for immunofluorescent staining. 
Forr that purpose, the tissues were fixed for 2 h at 4 °C by immersion in 4% (v/v) 
paraformaldehydee in phosphate-buffered saline (PBS). The tissues were then 
embeddedd in OCT® medium (Miles Scientific, Elkhart, IN) and frozen by immersion 
inn liquid nitrogen-cooled isopentane. The saphenous veins and aortas were used for in 
situu reverse zymography, localization of active thrombin and thrombin activity 
measurements.. This material was embedded without fixation in OCT® medium and 
frozenn by immersion in liquid nitrogen-cooled isopentane. Al l human specimens were 
obtainedd with informed consent of patients or relatives, according to a protocol 
approvedapproved by the institutional ethical committee. 

Antibodies s 

TwoTwo different antibody preparations were used for the detection of thrombin antigen, 
namelyy a sheep polyclonal anti-human thrombin immunoglobulin (IgG) preparation, 
thatt had been affinity purified (SAHT-AP; Kordia, Leiden, the Netherlands), and a 
murinee monoclonal anti-human thrombin antibody (EST-4; American Diagnostica Inc., 
Greenwich,, CT). The polyclonal antiserum SAHT-AP binds both free thrombin and 
thrombin-thrombinn inhibitor complexes and was used at a 25-fold dilution. For the 
detectionn of PAI-1 antigen, two murine monoclonal anti-human PAI-1 antibodies, 7F5 
andd 12H15, respectively, (kind gifts from dr. P. Declerck, University of Leuven, 
Belgium)) and a rabbit polyclonal anti-human PAI-1 antiserum (American Diagnostica 
Inc.)) were used. Each of these antibodies binds to PAI-1 and to serine protease/PAI-1 
complexess and were used at a 50- to 100-fold dilution. For the detection of Vn antigen, 
aa rabbit polyclonal anti-human Vn antiserum and three murine monoclonal anti-human 
Vnn antibodies (VN7, VN9 and 13H1, generously donated by dr. K.T. Preissner, Max-
Planck-Institute,, Bad Nauheim, Germany) were used. These mono- and polyclonal 
antibodiess bind to human Vn and were used at a 50- to 100-fold dilution. For the 
detectionn of hirudin antigen, a rabbit polyclonal anti-hirudin antiserum (American 
Diagnosticaa Inc.) was used at a 50-fold dilution. Three different fluorescently-labeled, 
secondaryy antibodies were used, namely horse anti-mouse IgG antiserum conjugated to 
FITC,, porcine anti-rabbit IgG antiserum conjugated to Texas Red and donkey anti-goat 
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IgGG antiserum conjugated to Cy5. Al l secondary antibodies were purchased from 
Vectorr Laboratories (Burlingame, CA) and were used at a 50-fold dilution. 

Immuno-fluorescentt staining 

Cryosectionss (8 ^m) of fixed tissue were cut and stained with the antibodies as 
describedd in the previous paragraph. To accurately detect and localize thrombin, PAI-1 
andd Vn, we used two to three different monoclonal and polyclonal antibodies that are 
specificc for each antigen. To further establish the specificity of staining, we performed 
thee following negative control experiments: 1) omission of the primary antibody, 2) 
replacementt of the primary antibody with equivalent amounts of isotype matched non-
immunee IgG or non-immune serum, 3) incubation with an antibody preparation that 
hadd been pre-absorbed with the purified antigens. Initially, the staining pattern for each 
antigenn was established in single labeling experiments. Immunofluorescent staining 
wass essentially performed as described before (Lijnen et al, 1999). For a simultaneous 
stainingg of thrombin, Vn and PAI-1, the incubations were done as follows: 1) with a 
mixturee of rabbit anti-human Vn antiserum and murine monoclonal anti-human PAI-1 
antibodyy 7F5, 2) with sheep anti-human thrombin antiserum; 3) with a mixture of 
porcinee anti-rabbit IgG conjugated to TexasRed and horse anti-mouse IgG conjugated 
too FITC; and 4) with donkey anti-goat IgG conjugated to Cy5. Each incubation was 
donee for 1 h at room temperature, followed by extensive washing with PBS. 

Confocall Microscopy 

Sections,, stained by immuno-fluorescence, were analyzed with a BioRad MRC 600 
confocall  laser scanning unit attached to a Nikon Diaphot inverted microscope (Bio-
Radd Microscience Ltd., Hemel Hempstead, Hertfordshire, U.K.). The light source was 
aa Krypton/Argon laser (Ion Laser Technology, Salt Lake City, Utah) with principal 
lineslines at 488, 568 and 674 nm. In the triple labeling procedure, we have used the Kl , 
K22 and RHS filter blocks for visualization of fluorescein isothiocyanate (FITC), 
Rhodamine/Texass Red and Cy5 staining. The signals of the three fluorophores were 
sequentiallyy collected, using appropriate excitation filters. FITC staining appears in 
green,, Texas Red in red and Cy5 in dark red light. For convenience, the latter was 
pseudo-colouredd in blue. The three 8-bit images were merged using confocal assistant 
softwaree (Bio-Rad Microscience), leading to 24-bit color image. 

Inn situ reverse zymography 

Forr in situ reverse zymography, cryosections (8 [im) were cut from non-fixed tissue 
andd air-dried for 30 min. The sections were pre-incubated for 30 min at room 
temperaturee with 0.1 U/ml u-PA (Ukidan®; Serono laboratories Ltd., Hertfordshire, 
U.K.)) in PBS. Then, a casein overlay was added at 37 °C, containing 1.8% (w/v) 
casein,, 0.2% (w/v) casein-FITC, 1% (w/v) low-melting agarose and 40 u.g/ml 
plasminogenn in PBS. Each of these reagents was purchased from Sigma (St. Louis, 
MO).. For the localization of nuclei, 50 ng/ml ethidium bromide was included in the 
caseinn overlay. A coverslip was mounted on the section and the section was incubated 
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forr 10 min at 4 °C to polymerize the casein overlay. Progression of caseinolysis was 
thenn observed for 60 min at room temperature by confocal microscopy. A consecutive 
sectionn of the same tissue was cut, air dried and fixed for 10 min in ice-cold acetone. 
Subsequently,, this section was used for the localization of PAI-1 antigen by immuno-
fluorescence,, according to protocol described above. 

Localizationn of active thrombin 

Forr the localization of active thrombin, cryosections (8 Jim) of non-fixed tissue were 
air-driedd for 30 min. These sections were incubated for 60 min at room temperature 
withh 0.02 IU/ml hirudin (Sigma) in blocking solution and then fixed in ice-cold 
acetone.. Subsequent immuno-fluorescent staining was done as described above. 

Thrombinn activity assay 

Forr thrombin activity measurements, cryosections (8 pm) of non-fixed vena saphena or 
aortaa were cut, mounted on circular coverslips coated with poly-L-lysine (Fluka, 
Buchs,, Switserland) and applied to a 24-well plate (Falcon®; Becton Dickinson 
Labware,, Lincoln Park, NJ). Sections were air dried and incubated for 30 min at 37 °C 
inn either 10 nmol/L phenyl-propyl-argenyl-chloromethyl ketone (PPACK) (Bachem 
AG,, Bubendorf, Switserland) in PBS or in PBS alone. After the incubation, the 
thrombin-specificc chromogenic substrate S2238 (Chromogenix, Mölndal, Sweden) was 
addedd at a final concentration of 0.3 mM in PBS. The absorption at 405 nm of the 
supernatantt was determined at 60 min intervals. To quantify the thrombin activity, a 
calibrationn curve of serial dilutions of a standard preparation of a-thrombin was 
composed. . 
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