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SIELUNGEN 

1. The acute release of t-PA does not require ongoing protein synthesis thus one can 
condude that the t-PA released is derived from a stable endothelial storage pool. 
TTtis thesis. 

2. The acute release of both t-PA, a dot lysing agent and vWF, a platelet adhesion 
agent, is simultaneous and'involves the same release indudqg compounds, indicating 
the involvement of similar cellular pat^iways. This thesis. 

3. That sodium nitroprusside prolongs the fibrinofytic activity of t-PA as observed by 
Korbut et al., and the observation that sodium nitroprusside reduces the acute 
release of t-PA from endothelial cells (this theas) are not necessarily incompatible. 
Korbut et aL, The Lancet, 335: 669,1990. 

4. The discrepant relating to fibrinogen levels between the outcome of intervention 
studies using (fatty) fish or fish oil and of descriptive dietary surveys regarding daily 
fish consumption warns against drawing mechanistic condusions bova. large scale 
population studies. Lee et aL, J. Clin. E^idenUot., 43: 913-919,1990; Radack et aL, 
J. Amer. CtOL Nutn, 9:352-357,1990. 

5. The suggestion that oxidative inactivation of PAI-1 could, be physiologically 
important for the regulation of fibrinolysis cannot be justified on the basis of the 
experiments reported. Lawraice and Loskutcff, Biodianistry, 25: 6351-6355, 1986; 
Strandbag et aL, Fibrinofysis, 4, suppL 3:268, abstract, 1990. 

6. The aphysiological method to induce fayperlipaemia used by Okazaki et al. is not 
adequate to study hyperlipaemia related fibrinolytic changes. Padró and Etnas, 
Fibrinofyàs, 4:161-167,1990; Cfkmaki et aL, Jt^nm. J. PharmacoL 52: 353-361,1990. 

7. The general advice to the public concerning their dietary habits for the prevention 
of cardiovascular disease should be to just substitute liquid oil for hard fat 

8. The correlation (given by Lee et al.) between fibrinogen levels and sodal dass is 
unacceptable in dassifying housewives as the lowest social dass. Lee et aL, J. Qin. 
Epidemiol, 43: 913-919,1990. 

9. Hypercholesterolemia is not a contraindication for modem low-dose contraceptive 
pills. 

10. A drink a day keeps the doctor away. 



11. In this modem age of computers it is better to have one too many copies of i 
manuscript, than one too few. 

12i A woman's work is never done! 

Leiden, 20 Febraaiy 1991 N. Tranquille-Mouchabeck 
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CHAPTER 1 

INTRODUCING TISSUE-TYPE PIASMINOGEN ACTIVATOR AND VON 
WILLEBRAND FACTOR, AND THE MECHANISMS INVOLVED IN THEIR 

SECRETION FROM THE PERFUSED RAT HINDLEG 

N. Tranquille 

1.1 GENERAL INTRODUCTION 

The vascular endothelium has recentiy been found to be very important in the 
maintenance of vascular haemostasis. Endothelial cells play a major role in the two 
main branches of haemostasis: fibrinolysis and coagulation. The endothelium is 
responsible for synthesizing fibrinolytic factors such as protein S, plasminogen activator 
and plasminogen activator inhibitor, and coagulation factors such as tissue factor, 
thrombomodulin, and von Willebrand factor. The endothelial cells also release some of 
these factors into the circulating blood and, moreover, provide a surface of binding sites 
and receptors for factors involved in both fibrinolysis such as fibrin, plasminogen 
activator, plasminogen, and coagulation such as Factor V, Factor X and thrombin. 

The fibrinolytic activity of the blood is dependent on a large number of humoral and 
cellular factors, one of which is secreted into the blood from the endothelium where it 
is synthesized and stored. This factor is called tissue-type plasminogen activator (t-PA). 
Another factor which is also secreted into the blood from the endothelium where it is 
synthesized and stored, is von Willebrand factor (vWF). vWF is necessary for the 
adhesion and aggregation of platelets in coagulation. Both t-PA and vWF play important 
roles in haemostasis. 

t-PA (reviews in Kluft, 1988) is a serine protease which activates plasminogen to plasmin 
in the major route of tibrin degradation. t-PA has an affinity for fibrin, and the slow 
activation of plasminogen by t-PA is greatly stimulated by fibrin and fibrin-related 
components which explain the specific thrombolytic properties of t-PA t-PA is a 
complex molecule with various domains in the polypeptide structure suggesting various 
means for the regulation of its activity and availability. The amino-acid sequence of the 
mature single chain t-PA molecule has been deduced from the cDNA sequence of 
human melanoma t-PA (Pennica et al., 1983). t-PA consists of 527 amino-acids (with a 
molecular weight of 59,008 excluding carbohydrate). The t-PA molecule can be divided 



into a heavy chain (275 amino-acids), and a light chain (252 amino-acids). The light 
chain contains the catalytic site while the heavy chain is built up of four separate 
domains, the finger domain, the growth factor domain and two kringle domains. t-PA 
can be very rapidly released into the circulation and it is also very rapidly cleared by the 
liver. The possible mechanisms involved in this acute release of t-PA will be discussed 
in more detail later. 

vWF is a large glycoprotein with a complex multimeric structure. The gene for vWF 
encodes for a protein consisting of 2,813 amino add residues. This protein rapidly 
dimerizes and undergoes a complex series of processing steps which result in the removal 
of a signal peptide, 22 amino adds long, a large polypeptide of 741 amino acid residues 
which is secreted as a distinct protein (vWFlI), and the mature vWF protein subunit 
which consists of 2,050 amino adds (Titani et al., 1986; Bonthron et al., 1986). vWF 
forms part of the plasma protein factor VIH-vWF complex in plasma and has the key 
role in the binding of platelets to the subendothelium during vascular injury (Sakariassen 
et al., 1979). This is the first step in the formation of a haemostatic plug and the 
absence of vWF in the drculation results in a severe bleeding disorder called Von 
Willebrand's disease (vWD). vWD, which exists in different forms, is a result of a 
genetic disorder which alters either the structure and function of the vAVF molecule or 
decreases the drculating plasma concentration of vWF (Ruggeri and Zimmerman, 1987). 

1.2 ENDOTHELUL CELLS AND SECRETION OF T-PA AND VWF 

Endothelial cells are the prindpal, if not only, source of t-PA in the blood. 
Histochemical (Rijken et al., 1980) and immunohistochemical (Kristensen et al., 1984; 
Angles-Cano et al., 1985; Todd and Hargreaves, 1975) smdies have shown that the PA 
activity in (vascular) endothelial cells is mainly due to t-PA t-PA has also been found 
in cells of the pituitary (Kristensen et al., 1985), the pancreas, the adrenal (Kristensen 
et al., 1985) and in vascular smooth muscle cells (Larsson and Âstedt, 1985; Padró, 
personal communication). 

The sub-cellular localization of t-PA has not yet been clearly established, but that 
endothelial cells are the major source of drculating t-PA is supported by the observation 
that, in the absence of blood cells, plasma and other organ systems, isolated perfused 
vascular beds of the kidneys, heart, lungs, ear and legs can, upon stimulation, release 
appreciable amounts of t-PA into the perfusate. The synthesis and secretion of t-PA by 
cultured bovine (Levin and Loskutoft 1982) and human (Levin, 1983; Rijken et al, 1984; 
Van Hinsbergh et al., 1987) endothelial cells also confirms the association of t-PA with 



endothelial cells. The rapid (acute within 1 minute) release of t-PA from cultured 
human umbilical vein endothelial cells in response to thrombin (Booyse et al., 1986; 
Kooistra and Emeis, 1988) and low density lipoproteins (Booyse et al., 1988) further 
supports the theory that t-PA can be released from endothelial cells. 

Like t-PA, vWF is syntiiesized by endotheUal cells (Jaffe et al., 1973,1974) and also by 
megakaryocytes (Nachman et al., 1977). vWF is present in the blood vessel wall in 
endothelial cells (Hoyer et al., 1973) and in the subendothelium (Rand et al., 1980). 
vWF is also stored in platelet o-granules (Nachman and Jaffe, 1975). 

Unlike t-PA, the subcellular localization of vWF in endothelial cells is clearly 
established. The vWF is located in tiie Weibel-Palade bodies (Wagner et al., 1982), 
endothelial cell-specific organelles, which appear to be present in the endothelium of 
virtually all blood vessels (Weibel and Palade, 1964). Reinders et al. (1984) have 
described the isolation of a storage and secretion vesicle containing vWF from cultured 
endothelial cells, and showed that these vesicles are identical to the Weibel-Palade 
bodies (reviewed by Reinders et al., 1988). 

Protein secretion from cells can occur in several ways. Two of the main types of 
secretion are constimtive secretion and regulated or induced secretion (Kelly, 1985; 
Gebhardt and Ruddon, 1986). Constitutive secretion occurs when newly synthesized 
proteins destined for secretion are rapidly transported from the endoplasmic reticulum 
via the Golgi apparatus to the cell surface and does not involve the use or presence of 
an intracellular storage compartment. Examples of constitutively secretory cells are the 
liver parenchymal cells, fibroblasts, and muscle cells. Induced or regulated secretion 
occurs as a result of a stimulus. The protein to be secreted is stored in secretory storage 
granules and, for a brief period, large amounts of the protein at a rate much higher than 
the synthetic rate, can be secreted in response to a specific stimulus. Secretion of 
hormones and pancreatic enzymes are examples of this type of secretion. Whether the 
secretion of t-PA and vWF by endothelial cells is of the constitutive or the stimulated 
type, is discussed below, however, more is known about the secretion of vWF than the 
secretion of t-PA 

vWF is secreted from endothelial cells by constitutive secretion and also by induced 
secretion. vWF is synthesized by endothelial cells as a large molecular weight precursor 
molecule. It has been implied that the vWF stored in the Weibel-Palade body for 
stimulatory secretion is the fully processed monomer and that this is different from the 
vWF that is secreted in a constitutive way, which is a co-polymer of the precursor and 
a fully processed subunit (Wagner and Marder, 1983,1984; Sporn et al, 1986; Mayadas 



et al., 1989). The Weibel-Palade bodies secrete vWF by fusion with the plasma 
membrane of the endothelial cells as a result of a stimulus (McNiff and Gil, 1983). 
It has also been shown that the constitutive secretion of vWF is dependent on protein 
synthesis (Loesberg et al., 1983), as is the case for the other adhesive proteins fibronectin 
and thrombospondin (Reinders et al., 1985), implying that newly synthesized protein is 
secreted directly. In contrast, stimulated secretion of vWF is independent of protein 
synthesis (Levine et al., 1982; Schorer et al., 1987) and depletes the storage pools from 
the Weibel-Palade bodies (and results in the disappearance of stainable particles from 
the cells, Loesberg et al., 1983). 

t-PA baseline levels have been detected in the drculation using both antigen and activity 
assays (Mattsson, 1988). These levels vary between individuals but are stable for 
prolonged periods of time indicating an apparentiy stable and individually regulated level 
of t-PA in the blood. Endothelial cells, in vitro, secrete t-PA into the culture medium 
at a continuous and steady rate (review by Van Hinsbergh, 1988) showing constitutive 
secretion. However, unlike vWF, no definite storage pool of t-PA in endothelial cells 
has been found yet, and so a mechanism resembling induced secretion for t-PA is still 
not defined. That t-PA maybe surface-bound on endothelial cells and can be released 
from the surface receptor in response to a cellular stimulus, is a possibility which cannot 
be excluded. The release of t-PA into the general drculation from an extracellular 
storage pool (i.e. an extravascular pool in the interstitial fluid or an intravascular storage 
pool in the lumen of small blood vessels) also cannot be excluded. An extravascular 
storage pool will release t-PA due to a sudden change in the permeability of the 
endothelial cell lining, while luminal storage of t-PA presupposes that endothelial cells, 
in vivo, secrete t-PA constitutively into the vascular lumen and reperfusion of the vessel 
involved would result in a sudden discharge of the accumulated t-PA (details Emeis, 
1985). However, though both these processes are theoretically possible, neither is likely 
to be the case for the acute release of t-PA resulting from a spedfic stimulus as seen in 
perfused vascular beds. 

Release of vWF may be stimulated in cultured human endothelial cells by compounds 
which elevate intracellular caldum levels such as thrombin, histamine and PMA 
(Loesberg et al., 1983; Hamilton and Sims, 1987). The caldum ionophore, A-23187, has 
also been found effective in indudng secretion of vWF in human cultured endothelial 
cells (Loesberg et al., 1983; Reinders et al., 1985). These data suggest that stimulation 
of release for vWF requires caldum influx (De Groot et al„ 1984) and therefore a 
sustained rise in intracellular caldum and may involve the activation of protein kinase 
C (Newby and Henderson, 1990). This suggestion may also be valid for the secretion of 
t-PA. An increase in t-PA secretion from cultured human endothelial cells after 
stimulation with thrombin, histamine and PMA (Levin et al., 1984; Levin and Santell, 



1988; Hanss and Collen, 1987) is also seen. However, as this secretion takes a minimum 
of 4 hours before it is detectable, this suggests an induction of the synthesis of new t-PA 
proteins and therefore an increase in production of t-PA ûid iiot stimulated secretion 
of the t-PA from stores in the cultured cells. 

Acute increases in levels of t-PA have been observed both in the drculation (ïQuft et al., 
1983) and in perfused vascular beds (Holemans et al., 1965; Klöcking, 1979; Etaguchi 
et al., 1979; Emeis, 1983; Nakajima, 1983; Matsubara et al., 1985). The acute release of 
t-PA bas been widely studied in different isolated perfused systems. Holemans et al. 
(1965) in a pioneer study showed, using the perfused dog kidney, that histamine released 
PA in a rapid transient manner (peaking within one minute) and that the system showed 
tachyphylaxis (that is to say a diminished response was seen when the stimulus was 
repeated with the same compound). Similar observations have been made in perfused 
pig or rabbit ear, dog leg, dog heart, rat heart and rat hindlegs (details Emeis, 1988). 
Several compounds have been found to induce the release of t-PA in these vascular 
systems such as acetylcholine, platelet activating factor (PAF), caldum ionophore A-
23187, bradykinin, thrombin, histamine, and others (details Emeis, 1988). Most of the 
compounds that induce t-PA release also activate the phosphatidate-phosphoinositide 
cycle leading to increased intracellular caldum concentrations (Berridge et al., 1984; 
D'Amore and Shepro, 1977; Derian and Moskowitz, 1986; Exton, 1985; Fain and Garcia-
Sainz, 1980; Parese, 1983; Rasmussen, 1986; Rubin, 1984). These compounds also 
activate prostacyclin production by endothelial cells probably by activating a 
phospholipase, and they also induce the release of endothelial cell-derived relaxing factor 
(EDRF). As all these endothelial release processes occur concomitantiy and are induced 
by the same compounds, this suggests that they may all share a (partiy) common 
pathway. 

1.3 INTRACELLULAR PATHWAYS INVOLVED IN T-PA INDUCED SECRETION 

Very littie is known about the intracellular mechanisms involved in the induced secretion 
of either t-PA or vWF. The following suggestions represent the possible intracellular 
pathways that may be involved in the secretion of the two proteins. The hypothesis is 
suggested for acute t-PA release, but may also be relevant for the induced release of 
vWF. Figure 1 depicts diagrammatically the hypothesis which is discussed in more detail 
below. 
It is assumed that t-PA is released from endothelial stores by the interaction of a specific 
ligand or agonist with its endothelial cell receptor leading to the activation of the 
phosphatidate-phosphoinositide pathway, increased intracellular caldum concentrations 
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and caldum influx, en^me activation and formation of arachidonic acid metabolites, 

finally resulting in the induction of the release reactioiL 

About a century ago Paul Ehrlich proposed the idea that cells possess on their surfaces 
defined chemical entities which ad as recognition sites for other molecules. He based 
this on a study of immune spedficity and it is now the basis of the accepted drug 
receptor theory. The binding of an agonist to its receptor is the first step in the reaction 
and the next chemical signal generated in response to this binding is the 'second 
messenger' in the process and sets in motion the intracellular responses to that reaction. 
This may involve a change in the activity of an enzyme (e.g. adenylate cyclase; 
phospholipase C), or the opening of an ion channel or a change in the conformation of 
an intermediate protein as a signal transducer to amplify the response. The processes 
are very complex, and different agonists having separate, spedfic receptors can utilize 
similar intracellular systems in their target cells. Many cell surface receptors exert their 
actions through spedfic guanine-nucleotide binding of regulatory proteins, called the 'G'-
proteins. There is evidence now that a family of these signal transducing G-proteins 
exists, each formed of a GTP-binding a-subunit, a jS-subunit, and an y-subunit 
(Bimbaumer, 1990). 

These G-proteins act as go-betweens, coupling receptors to the appropriate signal 
generator system on the plasma membrane of the cell by exchanging GTP for the GDP-
bound to the a-subunit of the G-protein in question (Gihnan, 1987). The distinct a-
subunits derived from the different G-proteins transduce signals for a variety of effector 
systems such as stimulation and inhibition of adenylate cydase activify, regulation of 
caldum and potassium ion channels and stimulation of inositol phospholipid metabolites, 
to name a few (Houslay, 1987; Umbird, 1988; Axefrod et al., 1988; Bimbaumer, 1990). 
Bacterial toxins have been foimd to be very selective in the identification and regulation 
of the different G-proteins (Gilman, 1987; Neer and Clapham, 1988). Cholera toxin has 
been found to regulate the activity of G, - a G-protein which mediates stimulation of 
adenylate cyclase activity (Jacquemin et al., 1986). Pertussis toxin is also used in G-
protein identification (Reisine, 1990), and catalyses the ADP-ribosylation of G;, an 
inhibitory G-protein (Bokoch et al., 1983; Itoh et al., 1986). The a-subunit of G, is a 
good substrate for pertussis toxin, however, a number of other G-proteins are also 
substrates for pertussis toxin such as G ,̂ a protein found in high quantities in the brain 
(Neer and Wolf, 1984; Stemweiss and Robishow, 1984) which mediates regulation of 
different ionic conductance channels. Flavaban et al. (1989) studied the effects of 
pertussis toxin on the endothelium and endothelium-dependent and -independent 
relaxation in pordne coronary arteries. They demonstrated that pertussis toxin does 
interfere with the release of EDRF's stimulated by certain endothelial adivators only, 
and concluded that the release of EDRF's may occur through different pathways some 



of which involve a pertussis-sensitive Gj-protein-dependent mechanism. Pirotton et al. 
(1987) showed that pertussis toxin and cholera toxin enhanced the stimulated release of 
prostacyclin from bovine aortic endothelial cells. Their results suggest that a pertussis-
sensitive GTP-binding protein is involved and may play a role in the control of 
prostacyclin biosynthesis. The above data suggest that G-proteins may be involved in the 
process that leads to the stimulated acute release of t-PA or vWF from endothelial cells. 

The possible involvement of the cyclic nucleotides, cyclic AMP (cAMP) and cyclic GMP 
(cGMP), in the secretion of t-PA or vWF should also be considered. The importance 
of cAMP as a second messenger involved in the mediation of agonist-receptor responses 
was recognized since its discovery in the late 1950's (Sutherland, 1971). Most cells 
possess a plasma membrane-assimilated enzyme, adenylate cyclase, which can produce 
cAMP from ATP so that an extracellular signal can be transduced across the plasma 
membrane to produce an intracellular response. However, in the early 1970's it was 
discovered that GTP (coupled to G-protems) was necessary for the activation of 
adenylate cyclase. Guanylate cyclase was also identified and found to exist in two 
distinct forms, one membrane-bound and the other soluble. The membrane-bound or 
particulate form of the enzyme is likely to act as a transducer of extracellular signals in 
cells. In the early 1960's when cGMP was first discovered (Hardman, 1971), cGMP was 
also thought to act as an intracellular second messenger, similar to cAMP. Endothelial 
cells contain guanylate cyclase in both its soluble and particulate form. The soluble 
guanylate cydase is activated by nitric oxide and sodium nitroprusside, and the 
particulate cyclase is activated by atriopeptins (Adams Brotherton, 1986; Martin et al., 
1988). Some of the compounds that induce the release of t-PA and vWF such as 
thrombin, bradykimn and histamine all elevate cGMP levels in the endothelium (Adams 
Brotherton, 1986). Endothelial cells are known to contain an adenylate cyclase that can 
be activated by forskolin, i9-adrenergic agonists, prostaglandin E and prostacyclin (e.g. 
Adams Brotiierton and Hoak, 1982; Kamushina et al., 1983; Whorton et al., 1982). With 
the above information provided, the possible involvement of the cyclic nucleotides in the 
intracellular mechanisms of t-PA and vWF secretions cannot be ignored. 

One component that is widely involved in different intracellular messenger systems is 
calcium. The role of caldum in various cellular secretory processes has been firmly 
established (review Rubin, 1984). Whether caldum is a major mediator of t-PA or vWF 
stimulus induced secretion from endothelial cells should be antidpated especially as 
Lückhoft (1988) and Adams et al. (1989) have recently reviewed the evidence that 
calcium is a second messenger for EDRF and prostacyclin release from endothelial cells. 
The binding of a drug onto its membrane surface receptor can be coupled to an 
elevation in cytosolic caldum levels, which can be due either to caldum entry via ion 
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Channels in the plasma membrane or to caldum release from intracellular stores (review 
Rasmussen, 1990), or both. Newby and Henderson (1990) suggest that intracellular 
caldum appears to mediate the acute stimulation of endothelial secretion whether it 
occurs by synthesis from a precursor (as for prostaglandins and EDRF) or by release 
from a stored pool (as for vWF from the Weibel-Palade bodies). However, the 
difference in secretion may involve different intracellular caldum pools or the 
involvement of another second messenger system such as protein kinase C. 

Another aspect of this discussion involves the membrane phosphoinositides. A large 
number of different agonists can stimulate an increase in the metabolism of membrane 
phosphoinositides. The receptors involved are multifunctional in nature and have been 
implicated as part of a general transdudng mechanism for the activation of 
phospholipase C, the mobilization of caldum, the activation of protein kinase C, the 
release of arachidonic add and the adivation of guanylate cyclase to form cGMP 
(Berridge, 1981). The main reaction of this transdudng mechanism is the hydrolysis of 
a specific membrane phosphoinositide which produces two products, diacylglycerol and 
inositol tri-phosphate, both of which may function as second messenger. Diacylglycerol 
stimulates a spedfic Ca ^^ -dependent protein kinase, protein kinase C (Nishizuka, 
1984a,b) and inositol tri-phosphate mobilizes intracellular calcium (Michell, 1975; 
Berridge, 1987). These two parts of the inositol lipid messenger system can function 
independentiy to regulate cell activation and they can also act synergistically (under some 
drcumstances) to induced heightened cellular responses. 

Changes in protein phosphorylation affects the regulation of many diverse aspects of cell 
function. One of the protein kinases that respond to different signals in cells, protein 
kinase C, alters the phosphorylation state of cellular proteins on specific serine or 
threonine residues and is believed to have a major role in cellular regulation. There are 
at least seven different forms of protein kinase C distributed in the various cell tissues 
and organs of the body (Nishizuka, 1988). Most cell types contain more than one spedes 
of protein kinase C and different cell functions may involve different protein kinase C-
spedes. Protein kinase C is only physiologically active when bound to membranes and 
its activity is dependent on the nature of its lipid environment (Epand and Lester, 1990). 
The possible functions of protein kinase C include its involvement in modulation of ion 
conductance, regulation of receptor interaction in signal transduction, smooth muscle 
contraction, gene expression, cell proliferation, secretion and exocytosis (Nishizuka, 
1986). It is this possible involvement of protein kinase C in cellular secretion 
mechanisms, such as t-PA tiiat is of mterest in this discussion. The involvement of 
protein kinase C in the release of EDRF and prostacyclin has been established from the 
actions of phorbol esters in cultured endothelial cells (De Nucd et al., 1988; Démolie 
and Boeynaems, 1988; Démolie et al., 1988; Lewis and Henderson, 1987). 



The involvement of arachidonic add, acting as a second messenger, in the secretory 
process of t-PA (and vWF) must also be considered. Arachidonic add may be derived 
from phospholipids or diacylglycerol, and can be metabolized by different routes to yield 
a very large number of pharmacologically distinct products referred to as eicosanoids. 
The main pathways of arachidonic add metabolism found in animal tissues are the cydo-
oj^genase, lipoji^genase and cytochrome P-450 mono-o^genase pathways as shown in 
Figure 1. The cyclooxygenase pathway leads to the formation of prostaglandins, 
prostacyclin and thromboxane Aj. The lipoitygenase pathways leads to the formation of 
the HETES and leukotrienes, and cytochrome P-450 catalyses the conversion of 
arachidonic into an array of epoxyeicosatrienoic adds. Two possible intracellular 
mechanisms have been suggested which may contribute to a direct effect of arachidonic 
add itself in cells. The first of these involves the activation of one or more protein 
kinase enzymes, espedally protein kinase C (McPhail et al., 1984), and the second 
involves the release of caldum from intracellular storage sites (Wolf et al., 1986). The 
intracellular actions of arachidonic add and its lipoitygenase metabolites (induding the 
regulation of membrane ion channels and protein kinases), have led Piomelli and 
Greengard (1990) to suggest that these lipophilic molecules may regulate or be involved 
in the modulation of neurotransmitter release. This mechanism, suggesting arachidonic 
acid and its metabolites may act as intracellular second messengers, leads to their 
possible involvement in t-PA or vWF release from endothelial cells. 
It can be deduced from the above summary of the potential intracellular pathways, that 
the spedfic intracellular pathway involved in the acute secretion of t-PA (and vWF) may 
involve and depend on several different intracellular routes and second messenger 
systems (as seen in Figure 1). 

1.4 THE AIM OF THIS STUDY 

The aim of these smdies described in this thesis was to further eluddate intracellular 
mechanisms and pathways involved in the acute release of t-PA and vWF from the 
vascular endothelial cells as a result of a specific stimulus. These deal with the acute 
release of t-PA and vWF from the perfiised rat hindleg and investigate the possible 
pathways involved as shown in Figure 1. 

The experimental model developed by Emeis (1983) of the perfused rat hindleg region, 
provides one with a physiological perfusion system covering a large surface area of blood 
vessel walls (the lower abdomen, legs and tail of the animal) to work with (see Figure 
2). Being an ex vivo perfusion model one does not have the interference of vaso-active, 
fibrinolytic or coagulating substances released from the circulating blood, cells, and 
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platelets, and so one is only in contact with the endothelial cells of the vascular wall. 
The rat as an experimental model is far more acceptable for use than the dog or rabbit, 
espedally when such a large study is undertaken. The isolated pig ear is also a useful 
model, however, the time delay in actually obtaining the ears before commendng the 
perfusion (about 3 hours), and the very slow rate of perfusion compared to the 
physiological flow rate used in the rat hindleg model suggest that the rat hindleg model 
is a more reliable experimental model to use. Another reason for choosing the rat as 
an experimental model is the following: the fibrinolytic system of the rat is very similar 
to that of a human, and also rat t-PA closely resembles human t-PA. 

The first issue we investigated was whether the acute release of t-PA was due to 
constitutive or stimulated secretion, or in other words, whether the t-PA was synthesized 
and immediately released in response to the stimulus or whether it was released from 
stable endothelial stores of t-PA in response to the stimulus. To try and establish the 
type of secretion involved in the acute release of t-PA from the perfused rat hindleg, we 
studied the effects of protein synthesis inhibition by cycloheximide pretreatment from 1 
to 5 hours (chapter 2). 

Early studies by Emeis and Kluft (1985) had shown that the acute release of t-PA from 
the perfused rat hindleg is inhibited by the lipoxygenase inhibitors nor-dihydroguaiaretic 
acid or AA-861, and by the leukotriene synthesis inhibitor diethyl carbamazine. This 
suggested that the release of t-PA may be dependent on the lipojqrgenase pathway of 
arachidonic add metabolism and this led to the series of experiments involving the 
leukotrienes and prostaglandins reported in chapter 3. 

In humans both t-PA and vWF are simultaneously released into the blood by various 
stimuli, such as venous occlusion, exerdse and infusion of adrenaline and l-desamino-8-
D-arginine vasopressin (DDAVP) (Cash et al., 1974; Mannucd et al., 1975; Marsh and 
Gaffhey, 1980; Nilsson et al., 1982; Prowse et al., 1984). In chapter 4 we have 
investigated whether in our experimental model of the perfused rat hindleg the induction 
of acute release of t-PA was also accompanied by release of vWF. 

A broader look at the involvement of the phospholipase pathway and eicosanoid 

metabolism in the acute release of t-PA from rat endothelial cells was the next 

intracellular pathway to be investigated in chapter 5. 

Continuing the study of intracellular mechanisms that may be involved in the acute 
release of t-PA and vWF, the role of caldum was investigated in our experimental model 
(chapter 6). 
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Figure 2. Diagrammatical representation of the rat hindleg perfusion system. 
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The involvement of cAMP and cGMP in the synthesis and release of prostacyclin and 
EDRF, respectively, from cultured endothelial cells led to the study conducted in chapter 
7. The involvement of the cyclic nucleotides, as second messengers in the acute release 
of t-PA and vWF from intact vascular endothelial cells was the subject which was 
studied. 

This led to the final study presented in this thesis, chapter 8, which involved a clinically 
used drug, pentoxifylline, thought to have fibrinolytic activity. The mechanism of action 
of this drug and its first metabolite was thought to be similar to that of a cyclic 
nucleotide phohsphodiesterase inhibitor. These compounds were investigated using our 
hindleg perfusion model. 
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CHAPTER 2 

PROTEIN SYNTHESIS INHIBITION BY CYCLOHEXIMIDE DOES NOT AFFECT 
THE ACUTE RELEASE OF TISSUE-TYPE PLASMINOGEN ACTIVATOR 

N. Tranquille and J J . Emeis 

Gaubius Institute TNO, P.O. Box 612, 
2300 AP Leiden, The Netiierlands. 

Retyped with permission from: 
Thromb. Haemostas. 1989; 61: 442-447. 

SUMMARY 

The acute release of tissue-type plasminogen activator (t-PA) was smdied in perfused rat 
hindlegs. Pretreatment of rats with the protein synthesis inhibitor cycloheximide (2 
mg/kg) at 1, 3 or 5 h prior to perfusion of rat hindlegs did not influence the amount of 
t-PA released by platelet-activating factor (20 nM) or bradykinin (1 tiM). The amount 
of t-PA activity that could be extracted from hindleg skeletal muscle was not decreased 
by cycloheximide pretreatment though it was decreased iu lung extracts. The in vivo 
release of t-PA was not affected by cycloheximide pretreatment. The data suggest that 
the acute release of t-PA from vascular endothelial cells does not require ongoing 
protein synthesis, but that acutely released t-PA is derived from a stable endothelial 
storage pool. 

INTRODUCTION 

Vascular endothelial cells in vivo contain tissue-type plasminogen activator (t-PA) as 
shown by histochemical and immunohistochemical techniques (1-3), and will respond to 
certain stimuli by the rapid release of t-PA into the circulation (4-6). Using perfused rat 
hindlegs as a model system to study the t-PA release reaction, we have shown previously 
that following stimulation by e.g. platelet-activating factor (PAF), bradykinin, thrombin 
or leukotrienes the t-PA content of rat hindleg perfusates will inaease rapidly (7-9). 
Peak levels of t-PA are found vrithin 1 minute after adding release-inducing compounds 
to the perfusion fluid. Cells can secrete proteins by two pathways: by constitutive 
secretion, which requires ongoing protein synthesis, or by induced secretion from a 
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cellular storage pool (see e.g. ref. 6, and the discussion section). To dedde whether the 
t-PA released from perfused hindlegs was derived from stores of t-PA, or from receptiy-
synthesized t-PA we studied the release of t-PA after inhibiting protein synthesis by 
cycloheximide for periods of 1-5 h. The effect of protein synthesis inhibition by 
cycloheximide on the t-PA content of hindleg skeletal muscle and lung was studied as 
well. The results showed that continuing protein synthesis was not required for t-PA 
release to occur, and that tissue levels of t-PA were little affected by prolonged inhibition 
of protein synthesis. We suggest that the t-PA released from endothelial cells following 
stimulation is derived from a stable endothelial storage pool of t-PA. 

MATERLU^ AND METHODS 

Methods. 
Male Wistar rats (Broekman Institute, Helmond, The Netherlands) weighing 220-330 g, 
anaesthetized using pentobarbitone (Nembutal; 60 mg/kg intraperitoneally) were used 
in all the following experiments. 

Rat hindlegs perfusion. 
The release of tissue-type plasminogen activator (t-PA) from a perfused vascular bed was 
studied using the perfused rat hindleg system as described previously (7,9). In brief: the 
rat hindleg region was perfused, using a roller-pump at constant flow (9-10 ml/min), 
through the aorta with oxygenated Tyrode's salt solution (composition in mM: NaCl 146, 
KCl 6, CaClz 3, MgClj 0.5, KH2PO4 0.3, NaHCGj 20, glucose 5.6) containing 0.1 mg/ml 
bovine serum albumin (BSA), pH 7.4 at 37'C. Perfusate samples were coUeded from 
an outflow cannula inserted into the inferior vena cava. 

To clear the vessels from residual blood, each experiment was started with a 40 min 
perfusion of the Tyrode/BSA solution. The compoimd used as t-PA release stimulus 
(either platelet-activating factor (PAF) or bradykinin) was then added to the 
Tyrode/BSA solution and perfused through the hindleg region for 5 min. A further 5 min 
wash-out period with the lyrode/BSA solution was carried out before a second stimulus 
(PAF, when bradykimn had been used as the first stimulus, or vice versa) was applied. 
Perfusate samples were collected every 30 sec for 30 sec, kept on ice till the experiment 
was completed and then centrifuged (3,000 x g for 10 min). The supernatant was 
collected and mixed at a 10:1 ratio with a solution containing 0.5 M Tris. HCl (pH 7.5) 
and 1% Triton X-100 and assayed immediately, or the samples were stored at -20 °C. 

Cyclohenmide treatment. 

Test animals were preinjected with cycloheximide (2 mg/kg body weight i.v.) (10,11) at 
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1 h, 3 h or 5 h before perfusion. The 5-h test animais received a second injection of 
cyclohexmiide (2 mg/kg) at 2V4 h before the perfusion was carried out. Çycloheximide-
treated animals not used for experiments survived and behaved normally for several 
weeks, apart from slight diarrhea during the first 24 h. Control animals were injected 
with saline (1 ml/kg). The cycloheximide pretreated animals were initially perfused for 
10 mm witii Tyrode/BSA solution and tiien for a furtiier 30 min witii Tyrode/BSA 
solution containing cycloheximide (2 Mg/ml) before being stimulated with PAF or 
bradykimn. 

Effect of (^cloheximide on tissular protein sjynthesis. 
Animals were i.v. injected with cycloheximide (2 mg/kg) or saline. At 2 h 40 min the rats 
were reanaesthetized and injected with ^S-methionine (80 /iQ/kg). Twenty min later 1-
gram pieces of liver, lung and hindleg skeletal muscle were obtained. Trichloroacetic 
add-insoluble radioactivity in these tissues was determined as described by Färber and 
Farmar (10), except that finely-minced tissues were homogenized using a Polytron PTA-7 
(Kinematica GmbH, littau-Luzern, Switzerland). 

Spectrophotometric plasminogen activator (PA) activity assay. 
The PA activity of samples was determined by the indired spectrophotometric rate assay 
described by Verheijen et al. (12). Details are given in Tranquille and Emeis (9). Sample 
volumes were 30 ßl for the perfusate samples and 2-10 ^1 for the tissue extrads. 
Dilutions of human melanoma t-PA (13) were run in each plate for calibration. The PA 
activity of the samples will be expressed in International Units (IU), as defined by the 
International Standard of t-PA (14). t-PA antigen could not be determined in the 
perfusate samples as no antigen assay for rat t-PA is presentiy available. 

Quenching of PA activity. 
The quenching experiments used the same spedrophotometric assay as mentioned above 
with the following additions: to the buffer, fibrin digest, and sample, 0-40 ^1 of a rabbit 
anti-human t-PA IgG solution or amiloride (final concentration 25-100 /xM) was added. 
The plate was incubated for 10 min at 37 °C and then the substrate S-2251 and 
plasminogen were added and the incubation started. 

In vivo release of PA 
Rats were injected i.v. with (tycloheximide at a dosage of 2 mg/kg 3 h before 
experimentation. Controls received saline (1 ml/kg). Blood samples were obtained from 
a cannula in the carotid artery before and at 1, 2, 3, 5, 7 and 10 min after injedion of 
PAF (1 /Ltg/kg) or bradykinin (50 /ig/kg). Blood (0.2 ml) was diluted to 10% in 1.7 ml 
of 0.12 M sodium acetate (pH 7.4), clotted vwth 0.1 ml thrombin (20 NIH U/ml) and 

21 



incubated at 37 ° C. Lysis times were read in min. When indicated, antibodies were added 

to the diluted blood 5 min before the addition of thrombin. 

Fibrin autography. 
Sodium dodecyl sulphate/8% Polyacrylamide slab gels were prepared according to 
Laemmli (15). Fibrin autography was performed according to GraneUi-Pipemo and Reich 
(16), as described in detail elsewhere (17). 

Assay of t-PA in muscle and lung tissue extracts. 
Tissue extracts were analyzed for their t-PA content as follows. Limgs were removed 
from the rats, just after the perfusion was started (and just before the pulmonary arteries 
were severed) and immediately frozen at -20 °C. The biceps femoris muscles were 
removed from the thigh of the rat before perfusion or after the perfusion was completed 
(see Table 3) and also stored frozen. 

On thawing each tissue was rinsed with phosphate-buffered saline, dried on blotting 
paper, weighed and very finely minced. The tissue sample was then suspended (1 g wet 
weight per 5 ml) at 4 'C in a slightiy modified variation of Camiolo's buffer (18) 
(composition in mM: CH3COOH 75, NaCl 225, KQ 75, EDTA 10, arginine 100, 0.25% 
Triton X-100, pH 4.2 adjusted using 1N HCl) and homogenized using a Polytron PTA-7 
at maximum speed for 90-120 sec at 4°C. After homogenization, the sample was frozen 
using liquid nitrogen and thawed at 37 "C three times to increase the t-PA activity 
extracted. The sample mixmre was then centrifuged at 3,000 x g for 15 min at 4 • C, and 
the supernatant assayed immediately for PA activity. The lung tissue samples were 
treated similarly to the muscles, however, they were centrifuged immediately after 
homogenization and the supernatant assayed for activity. The protein content of the 
tissue extracts was determined according to Lowry's method (19) using BSA^ as a 
standard. 

Materials. 

Platelet-activating factor was obtained from Bachem (Bubendorf, Switzerland). Nembutal 
was from Sanofi (Paris, France). Bovine thrombin from Leo Pharmaceuticals (Ballenip, 
Denmark). Bradykinin, bovine serum albumin, cycloheximide and amiloride were from 
Sigma (St. Louis, U.S.A). Purified human t-PA (two-chain) was a gift from Dr. J. H. 
Verheijen of the Gaubius Institute. Rabbit anti-human t-PA IgG was from Clooper-
Organon Teknika (Turnhout, Belgium). L-[^S]-methiomne (1,151 Q/mmole) was from 
NEN Research Products (Den Bosch, The Netherlands). 
The materials used in the spectrophotometric PA assay have been detailed elsewhere 
(12). All other materials were of analytical grade. 
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RESULTS 

The effect of cydoheximide on protein synthesis. 
Pretreatment of rats with cycloheximide for 3 h reduced the incorporation of 
radiolabelled methionine into trichloroacetic add-insoluble protein by 90 ± 4% (mean 
± sd; n = 3) in liver, by 82 ± 4% in lung and by 92 ± 3% in hindleg skeletal muscle, 
compared to the incorporation in saline-injected controls (n = 3). The chosen 
cyclohexunide treatment schedule was thus suffîdent to adequately inhibit protein 
synthesis during the experimental periods. 

The effect of cycloheximide on t-PA release fh>m perfused rat hindlegs. 
The effect of cycloheximide on the release of t-PA was studied in the hindleg perfusion 
experimental model. The experimental animals were pretreated with cycloheximide (2 
mg/kg) at timed intervals of 1 h, 3 h or 5 and 2Vi h before the start of the perfusion. 
PAF (20 nM) or bratfykinin (1 /iM) were used as stimulators to induce release of t-PA 
from the hindleg. The two compounds were used in each experiment either as the first 
stimulus or as the second. When PAF was used as the first stimulus, pretreatment with 
cycloheximide had no effect on the amounts of t-PA released (Table 1). The time course 
of t-PA release during the five min stimulation period was also identical in the control 
and cycloheximide-treated rats. However, used as the second stimulus after bradykinin, 
the amount of t-PA released by PAF was significantiy reduced by 42% after 3 h, and by 
49% after 5 h of cycloheximide pretreatment, though not after 1 h (Table 1). 

Table 1. Effed of pretreatment with cydoheximide (2 mg/kg) on PAF-induced release of t-FA from 
perfused rat hindlegs. 

Pretreatment PAF (20 nM) as 
first stimulus 

t-PA 

released 
(lU/ml) 

Mean 
flow 

(ml/min) 

PAF (20 nM) as 
second stimulus 

t-PA 
released 
(lU/ml) 

Mean 

flow 

(ml/nm) 

No cydoheximide pretreatment 3.39 ± 0.08 (4)* 9.5 
Cydoheximide (-1 h) n.d.^ 
Cydoheximide (-3 h) 3.97 ± 0.47 (4) 11 
Cydoheximide (-5 h and -2.5 h) 3.92 ± 0.35 (4) 10 

3.07 ± 1.05 (5) 
Z73 ± 0.30 (4) 
1.79 ± 0.41 (4)^ 
1.58 ± 034 (4)^ 

8 
5 
3J 
3.0 

Mean ± s.d. (number of experiments in parentheses). 
^ n.d.: not done. 

Significantly different from no cydoheximide control (p < 0.01) by analysis of variance, followed by 
Bonferroni's modified t-test (29). 
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Similar effects were noted when bradykinin was used as the stimulus to induce t-PA 
release: no effect of cycloheximide on t-PA release was observed when bradykinin was 
used as the first stimulus, but when bradykinin was used as the second stimulus after 
PAF the amoimt of t-PA released was decreased after cydoheximide pretreatment for 
S h, though not after 3 h (Table 2). Of note was that in control animals bradykinin 
released significantly less t-PA when used as the second stimulus after PAF (Table 2). 

Table 2. Effect of pretreatment with cydoheximide (2 mg/kg) on bradykinin-induced release of t-PA from 

perfused rat hindlegs. 

Pretreatment Brad>iciiim (1 nM) 
as first stimulus 

t-PA 
released 
(lU/ml) 

1.62 ± 0.67 (5)> 
1.66 ± 0.12 (4) 
1.39 ± 0.12 (4) 
2.13 ± 0.46 (4) 

Mean 
flow 

(ml/min) 

10 
9 
9 

10 

Bradykinin (1 liM) 
as second stimulus 

t-PA 
released 
(lU/ml) 

0.71 ± 0.04 (4)^ 
n.d. 

0.74 ± 0.16 (4) 
0.43 ± 0.09 (4)* 

Mean 
flow 

(ml/min) 

3.4 

-
3.0 
1.3 

No cydoheximide pretreatment 
Cydohexbnide (-1 h) 
Cydoheximide (-3 h) 
Cydoheximide (-5 h and -2.5 h) 

Mean ± s.d. (number of experiments in parentheses). 
^ n.d.: not done. 
^ Significantiy different from bradykinin as first stimulus (p < 0.05) by Student's t-test (29). 
* Significantly different from no cydoheximide controls (p < 0.01) by analysis of variance, followed by 

Bonferroni's modified t-test (29). 

Bradykinin and PAF induced no detectable oedema formation (as judged visually and 
by the absence of changes in perfusion pressure and flow) when applied as first stimuli. 
However, during the second stimulation period oedema formation was observed visually, 
and the flow of perfusate decreased, most pronounced during perfusion with bradykimn 
after PAF had been applied as the first stimulus (Table 1 and 2). The decrease in 
perfusate flow was more severe in animals pretreated with cycloheximide. In cases of 
reduced flow an increase of perfusion pressure of about 1 cm Hg was also observed. 
When, for the various experimental groups, the mean fiow was plotted against the mean 
amount of t-PA released (Fig. 1; data from Tables 1 and 2), a positive correlation 
between flow and t-PA release was found for both PAF-induced release (r = 0.972, n = 
7, p < 0.01) and bradykinin-induced release (r = 0.954, n = 7, p < 0.01). 
No t-PA was released by perfusion of rat hindlegs with only Tyrode/BSA, with or 
without pretreatment with cycloheximide. The PA activity released by PAF or bradykimn 
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was plasminogen-dependent and fibrin-dependent, and could be fully quenched by anti-

human t-PA IgG, in agreement with previous studies (8,9). 
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Fig. 1. Correlation between mean flow (ml/min) and the concentration of t-PA in the perfusate after 
stimulation with 20 nM PAF (o) or with 1 MM bradykimn (•). Data are replotted from Tables 1 and 2. 
Correlation coeffidents are +0.972 for PAF-induced release and +0.954 for brad^cinin-induced release 
(both: p < 0.01). 

The effect of cycloheximide on in vivo t-PA release. 

Rats were injected vidth cycloheximide (2 mg/kg i.v.) or with saline, 3 h before the 
injection of PAF (1 /ig/kg i.V.). Both in the control and in the cycloheximide-pretreated 
animals the injection of PAF rapidly resulted in large redudions of the dilute blood dot 
lysis times, to the same extent (Fig. 2a). The only difference between the two groups was 
that in the cycloheximide-mjected animals the clots prepared from blood taken before 
the injection of PAF did not lyse within 24 h; in the control group the lysis time of these 
clots was 110 ± 10 min (mean ± sd; n = 4). Similar results were obtained when 
bradykinin (50 /ig/kg) was used to induce t-PA release (data not shown). The increased 
blood fibrinolytic activity could be quenched by preincubation of the diluted blood with 
anti-human t-PA IgG (Fig. 2b). 
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Fig. 2. a) Time course of the effed of PAF (1 «tg/kg i-v.) on the dilute blood dot lysis time in control rats 
(o) and in rats pretreated with cydoheximide (2 mg/kg Lv.) three h before PAF (•). Data are shown as mean 
lysis time from four rats; vertical lines indicate s.d. 

The effect of (ydohexiniide on the t-PA content of tissue extracts. 
Tissue extracts were initially prepared exadly as described by Camiolo et al. (18). 
However, the buffer system used by these authors seriously interfered wi± our 
spectrophotometric PA assay, resulting in non-linear dose-response curves when 
increasing sample volumes of tissue extract were assayed. None of the components of the 
buffer system by itself infiuenced the adivity of human t-PA standards when added 
separately. By adjustmg the pH of the buffer to 4.2 with 1 N HCl instead of the 
prescribed acetic acid, a modified buffer was obtained (see Methods) which reduced the 
activity of t-PA standards only slightiy in the spectrophotometric assay used (1% for each 
ß] of modified buffer added to the standard t-PA assay). Therefore, a maximal sample 
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Hg. 2. b) Effed of preincubation with anti-human t-PA IgG on the dilute blood dot lysis time of blood 
samples obtained from two cydoheximide-pretreated rats (2 mg/kg; 3 h). Blood was obtained one minute 
after the injection of PAF (o) or bradykinin (•) (one rat for each compound). For details, see Materials and 
Methods. 

volume of 10 /il was chosen, maintaining at least 90% of the sample activity. Tissue 
extracts were assayed immediately after extraction, as the PA activity was found to be 
reduced on storage. 
Pretreatment with cycloheximide had no significant effect on the amount of PA activity 
(expressed as lU/mg protein extracted), found in the musde extracts. However, in the 
lung extract the amount of PA activity was reduced by 41% after pretreatment with 
cycloheximide for 5 h.(p < 0.05). The amount of protein in the muscle extracts was 
found to be slightly lower after pretreatment with cycloheximide (Table 3). In extracts 
t-PA antigen concentrations were not determined, as no antigen assay for rat t-PA 
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antigen is available. No PA inhibitor activity was found in any tissue extract by the 

method of Verheijen (20). 

Table 3. Plasminogen activator activity m tissue extracts from hindleg muscle and lung. 

Tissue source 

Nonperfiised control musde 
(n = 6) 
Control musde after perfusion 
(n = 4) 

Cydoheximide-treated musde 
(-3 h) after perfusion (n = 8) 
Cydoheximide-treated musde 
(-2.5 h and -5 h) after 
perfusion (n = 8) 

Control lung (n = 4) 

Cydohexhnide-treated lung 
(-2.5 h and -5 h) (n = 4) 

PA activity 
(lU/g wet weight) 

4.66 ± 0.92^ 

3.94 ± 1.45 

3.41 ± 0.92 

3.07 ± 0.42^ 

559 ± 113 
375 ± 105 

Protein extraded 
(mg/g wet weight) 

21.5 ± 6.0 

21.0 ± 4.0 

18.0 ± 3.0 

15.5 ± 2.0^ 

45.5 ± 7.5 
52.0 ± 8.0 

PA activity 
(lU/mg protein 

extraded) 

0,22 ± 0.07 

0.19 ± 0.08 

0.19 ± 0.06 

0.20 ± 0.04 

12.29 + 3.20 
7.21 ± 2.29^ 

' Mean ± s.d. 

Significantiy different from control nonperfused musde (p < 0.05) by analysis of variance, followed by 
Bonferroni's modified t-test (29). 

^ Significantly different from control lung (p < 0.05) by Student's t-test. 

The plasminogen activator in the tissue extracts was identified as t-PA by the following 
observations. PA activity in extracts was plasminogen- and fibrin-dependent. The IgG 
fraction of a rabbit anti-human t-PA-antiserum quenched human t-PA and the PA 
present in the tissue extracts (Fig. 3a). Some residual activity (corresponding to about 2-3 
mlU/ml) always remained after quenching with anti-human t-PA The amount of 
residual activity was, at maximal anti-t-PA IgG concentrations, independent of the 
amount of PA activity applied. When lung extract and musde extract were assayed 
together, the residual activity was identical to the residual activity of the single extracts 
when assayed separately. This suggests that the residual activities observed were an 
artefact of the assay procedure, possibly due to an enhancement of the amidolytic activity 
of the trace amounts of plasmin present in the plasminogen preparation used. A similar 
effect has been described by Kluft et al. (21). Amiloride, a selective inhibitor of 
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Fig. 3. Quenching of the plasminogen activator activity of human t-PA (o), rat musde extract (•), rat lung 
extrad (D), and rat urine (•) by anti-human t-PA IgG (Fig. 3a) and amiloride (Fig. 3b). Data shovm are 
residual activities, as determined spectrophotometrically, after preincubation for 10 min with the indicated 
amount of IgG or amiloride. Amounts of activator applied were: human t-PA SO mlU; rat musde 10 mlU; 
rat lung 50 mlU; rat urine 2 id. 
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urokinase-type PA (22), inhibited the PA activity of rat urine, but had no effect on the 
PA activity in lung or muscle extracts (Fig. 3b). The relatively high (35%; Fig. 3a) 
residual activity of muscle extracts in the presence of anti-t-PA IgG is, in view of the 
absence of an effect of amiloride (Fig. 3b) thus presumably due to the low level of 
activity in muscle extract, in combination with a constant residual activity. 
After Polyacrylamide gel electrophoresis, followed by fibrin autography, of lung and 
muscle extracts a major band of activity with a slightly slower mobility in the gel than the 
activity band of human t-PA was found (Fig. 4), in agreement with previous studies on 
the mobility of rat t-PA (8). In muscle extracts a second, much weaker band of activity 
was also found at a position corresponding to an M, of approximately 100,000 (Fig. 4). 
The relative intensities of the two bands were not influenced by treatment with 
cycloheximide. No band of M, = 100,000 was ever found in perfusate fractions (data not 
shown, compare refs. 8 and 9). 

• 

B 

Fig. 4. Fibrin autography of human t-PA (lane A), rat lung extract (lane B) and rat muscle extract (lane C). 
Note that rat t-PA migrates slightly slower than human melanoma t-PA, in agreement with previous data 
(8). The weak band of activity at Mj = 100,000 in the muscle extracts (arrow) presumably represents t-PA-
inhibitor complex. 

DISCUSSION 

A wide variety of procedures and chemical compounds can induce acute increases in the 
fibrinolytic activity of blood or, in perfused vascular beds, of the perfusing fluid (e.g. 4). 
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As has been discussed elsewhere (6), the mcreased activity is due to an acute increase 
in the t-PA concentration of blood or perfusion fluid. This mcrease, generally described 
as "t-PA release", is thought to be due to the active secretion (induced secretion, 
stimulation-dependent secretion; 23) of t-PA by endothelial cells. Other mechanisms are, 
however, theoretically possible (6). The acute increase of t-PA could be due to a rapid 
increase in t-PA synthesis (in combination with a constimtive secretion mechanism; 23) 
or due to an intracellular shunting of newly-synthesized t-PA from a degradative into a 
secretory pathway (24). A third possibility is that endothelial cells continuously secrete 
t-PA constitutively at a low level, resulting in a slow increase of the extracellular t-PA 
concentration in non-perfused parts of the vascular bed (e.g. some capillaries) or in the 
interstitium of the vessel wall. Stimulation by PAF or bradykinin could then result in the 
rapid wash-out of this extracellular pool from the tissues. Although this latter mechanism 
is unlikely in view of the regular perfusion of capillaries by plasma (25,26), no data 
refuting these three possibilities have been published. 

The observations presented here show that inhibiting protein synthesis by cycloheximide 
did not affect t-PA release induced by PAF or bradykinin, either in vivo or in vitro in a 
perfused vascular bed, even if protein synthesis had been inhibited for 5 b. In perfused 
hindlegs, t-PA release was decreased in cycloheximide-pretreated animals only when PAF 
or bradykinin were applied as second stimulus, and not when these compounds were 
applied as first stimulus. Bradykinin, as a second stimulus, also induced less t-PA release 
in control animals. In all instances of reduced t-PA release, both oedema formation and 
a decrease in perfusate flow were noted. It is thus likely (in view of the correlation 
between t-PA release and perfiisate flow. Fig. 1) that the reduction in t-PA release could 
(in these cases) be ascribed to an obstrudion of part of the vascular bed, and not to a 
reduction in releasable t-PA. In a separate experiment (not shown) using untreated 
animals, PAF induced the release of comparable amounts of t-PA when perfusate flow 
was intentionally reduced from 10 ml/min to 7 or 4 ml/min. Flow rates above (the 
physiological) 10 ml/min were not studied. In view of the decreased flow, this means tiiat 
the absolute amounts of t-PA released per min were decreased. The cause of this flow-
depending effect is still unexplained. Pretreatment with cycloheximide for 3 h also did 
not affect the amount of t-PA released by PAF or bradykinin in vivo (Fig. 2). Of note is, 
however, that after 3 h of cycloheximide treatment dilute blood clots did not lyse within 
24 h, while control clots lysed within 2 h (Fig. 2). It is thus possible that the source of 
releasable t-PA differs from that of t-PA drculating under base-line conditions, which 
might be derived from constitutively-secreted t-PA This possibility is presentiy under 
investigation. These observations suggest that increased synthesis, intracellular shunting 
or the slow constitutive formation of an esämcellular pool are not involved in the 
observed acute increase in t-PA leaving active secretion from a stable, pre-formed 
endothelial cellular storage pool as the most likely mechanism. The involvement of an 
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extracellular storage pool is also unlikely in view of the observations by Booyse et al. 
(27) and Kooistra and Emeis (28) that t-PA release can be induced in vitro in cultured 
endothelial cells. That t-PA is mainly present in or on endothelial cells (apart from some 
endocrine tissues) in vivo had already been demonstrated by histochemical (1,2) and 
immunohistochemical (3) techniques. The stability of this endothelial t-PA storage pool 
in muscle is shown in Table 3; no change was found in t-PA activity per mg of extracted 
protem. Although the exfradable activity (expressed per g wet weight) decreased by 22% 
(not significantiy), so did the amount of protein extracted (by 26%), suggesting that the 
decrease in extractable activity was due to oedema formation, not to a decrease in t-PA 
stores in muscle. In lung, however, the activity extracted per mg of protein decreased by 
41% in 5 h. The stability of tissular stores of t-PA is thus not absolute. These conclusions 
are based on activity assays for t-PA, as no antigen assay for rat t-PA is available, and 
might thus be biased by changes in PA inhibitor concentrations. However, the intensity 
of the Mj = 100,000 activity band on fibrin overlays in muscle extrads (the tissue in 
which such a band was present) did not differ between control and cycloheximide-treated 
animals. This suggests that changes in PA inhibitor were of littie importance, if present 
at all. 

In previous experiments, caldum and arachidonic add metabolism were shown to be 
involved in the acute t-PA release reaction (8). However, protein synthesis seems not to 
be required, as in endothelial cells stable stores of t-PA are present, which will be 
released after appropriate stimulation. 
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CHAPTERS 

RELEASE OF TISSUE-TYPE PLASMINOGEN ACTIVATOR IS INDUCED IN RATS 
BY LEUKOTRIENES C4 AND D4, BUT NOT BY PROSTAGLANDINS Ej, Ej AND Ij 

N. Tranquille and J.J. Emeis 

Gaubius Institute TNO, P.O. Box 612, 
2300 AP Leiden, The Netherlands. 

Retyped with permission from: 
Br. J. Pharmacol. 1988; 93:156-164. 

Acute release of plasminogen activator (PA) was studied in rat isolated hindleg 
system perfused with Tyrode solution. 
Leukotriene C4(LTC4) and LTD4 dose-dependently induced the release of PA, which 
plateaued at 160 nmol H and 200 nmol H, respectively. The amoimt of PA released 
was about 1 iu nil"\ The effects of LTC4 and LTD4 were not additive. 
The PA released was identified as tissue-type PA (t-PA) by quenching experiments 
using anti-human t-PA IgG, by fibrin autography, and by the dependence of its 
adivity on the presence of soluble fibrin. 
LTE4 (300 and 450 nmol"̂ ) and 5-hydroxy-eicosatetraenoic add (600 nmol 1'̂ ) did not 
induce any t-PA release in the perfusion system used. 
Release of t-PA induced by LTC4 a°'l LTD4 was inhibited by the leukotriene-receptor 
antagonist FLP 55712 (10 jumol 1"*), whereas FPL 55712 did not mhibit t-PA release 
mduced by platelet-activating factor (Paf-acether). 
In vivo LTC4 and LTD4 (2 ßg kg"̂  i.v.) also induced an acute increase of t-PA activity 

in rat blood as evidenced by decreased blood clot lysis tiines. 
Prostaglandin Ej and E2, prostacyclin and the stable prostacyclin analogue ZK 36374 
at concentrations of 0.1-3.0 /imol H induced littie or no t-PA release. 

INTRODUCTION 

The fibrinolytic and thrombolytic activity of blood is to a large extent determined by its 
content of plasminogen activators and their inhibitors. Of the various functionally and 
immunologically distinct types of plasminogen activator present in plasma (Emeis et al., 
1985), only tissue-type plasminogen activator (t-PA) can show large and rapid changes 
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in plasma activity (Prowse & Cash, 1984; Emeis, 1987a). A better insight into factors 
regulating changes in blood t-PA levels might be of importance to develop means of 
manipulating blood fibrinolytic and thrombolytic activity pharmacologically. 
In vivo, t-PA is synthesized and stored by vascular endothelial cells, which are considered 
to be the major, if not only, source of t-PA present in blood (Emeis, 1987a). From these 
endothelial cells, t-PA can be released into the blood, resulting in rapid and large 
increases in blood fibrinolytic activity (Prowse & Cash, 1984). The humoral and cellular 
mechanisms resultmg in this acute release of t-PA are only vaguely understood (Emeis, 
1987a). In a previous study we suggested, on the basis of inhibition studies, that products 
of a lipoxygenase pathway were involved in the acute release of t-PA from vessel walls 
(Emeis & Kluft, 1985). 

In the present paper we will show that leukotriene C4(LTC4) and LTD4, though not other 
eicosanoids, can induce in rats the acute release of t-PA both in vivo and in a perfused 
hindleg vascular bed. 

METHODS 

Rat hindleg perfusion. 
The rat perfused hindleg system was used to study the release of tissue-type plasminogen 
activator (t-PA) from a perfused vascular bed (Emeis, 1983). Male Wistar rats (Centraal 
Proefdierbedrijf TNO, Zeist, The Netherlands) weighing 220-300 g were anaesthetized 
with pentobarbitone (Nembutal, 60 mg kg"* intraperitoneally). With the animal 
anaesthetized, the abdominal cavity was opened and the aorta and inferior vena cava 
were carefully dissected out. Ligatures were applied round the renal vessels and these 
were tightened to prevent leakage during the perfusion. Double ligatures were loosely 
applied round the aorta and vena cava separately. The upper ligature round the aorta 
was tightened and an 18-gauge needle was immediately inserted into the vessel and 
pushed distally up to the bifurcation. The lower ligamre was then tightened securing the 
needle m place and the perfusion started by means of a constant flow roller pump. Next 
the upper ligature around the vena cava was tightened and the vessel was severed distal 
to the tied ligature to allow unimpeded outflow. The animal's thorax was opened and the 
pulmonary vessels severed to kill the animal. A cannula was inserted distally into the 
vena cava and tied into place. The rat hindlegs were perfused at a constant flow of 9 to 
10 ml min'* using Tyrode solution (composition in mmol 1"*. NaCl 146, KC16, CaClj, 3, 
MgCl20.5, KH2PO4O.3, NaHCO320, glucose 5.6) containing 0.1 mg ml"* bovine serum 
albumin (BSA), pH 7.4 at 37*C and oxygenated with 95% Oj and 5% CO2. Perfusion 
pressure was measured just proximal to the inflow by means of a mercury manometer. 
Each experiment was started with a 30 min perfusion of the Tyrode/BSA solution 
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through the hindleg region to clear the vessels from residual blood. Then compounds to 
be tested (see Results section) were added to the Tyrode/BSA and immediately perfused 
through the hindlegs. Sample collections were taken every 30 s for 30 s from the vena 
cava caimula and placed on ice. Subsequently, a 5 min wash with Tyrode/BSA solution 
was carried out before another compound, generally platelet-activating fador (Paf-
acether), was perfused to test the responsiveness of the vascidar bed. On completion of 
the experiment the samples were centrifuged (3000 g for 10 min), nùxed at a 10:1 ratio 
witii a solution containmg 0.5 M Tris HQ (pH = 7.5) and 1% Triton X-100, and stored 
at -20'C. This procedure stabilized the activity of the samples for at least four months 
(data not shown). The samples in 30 s blocks were usually analysed for t-PA activity 
immediately after experimentation. 

To ensure that the hindleg region was totally perfused and no blockages had occurred, 
Evans Blue dye was injected into the inflow tube: the passage of the dye through all 
vessels indicated a complete perfusion. 

Compounds and solvents. 
Leukotrienes were obtained in a solvent composed of methanol, water, acetic add and 
ammonium hydroxide (65:35:0.03:0.04) and added as such to the Tyrode/BSA 
Prostaglandin Ej (PGE,) and PGE2 were dissolved m etiianol, and PGIj m 0.1 N NaOH, 
and added to Tyrode/BSA hnmediately before perfusion. FPL 55712 and ZK 36374 were 
dissolved directiy in the lyode/BSA Paf-acether was prepared as described by Emeis 
& Kluft (1985). 

Spectrophotometric plasminogen activator assay. 
The PA activity of the sample was determined by the indired spectrophotometric rate 
assay described by Verheijen et al. (1982). In brief: to wells of a 96-well microtiter plate 
were added: 75 ßl buffer (0.1 mol 1'* Tris HCl, pH 7.65 containmg 0.1% Tween 80), 20 
ßl soluble fibrin digest (1 mg ml"*), 30 jitl sample, 100 ßl S-2251 (0.66 mmol 1"*) and 25 
fil human plasminogen (1.11 >imol 1"*). The microtiter plate was incubated at 37*C and 
after 45, 65, 85, 105 and 125 min; absorption was measured at 405 nm in a Titertek 
multiscan spectrophotometer (Flow Laboratories, Irvine, Scotland). PA activity was then 
calculated according to Drapier et al. (1979). The detection limit for the assay was 0.09 
iu ml'*. 

Dilutions of human melanoma t-PA (Kluft et al., 1983) were run in each plate for 
calibration. The PA activity of samples will be expressed in International Units (iu), as 
defined by tiie International Standard of t-PA (Gaffney & Curtis, 1985). 
In some experiments either the soluble fibrin digest or the human plasminogen was 
omitted from the incubation mixture. 
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Quenching experiments. 
The quenchmg experiments used the same spectrophotometric t-PA assay as mentioned 
above with the following addition: to the buffer, fibrin digest, and sample, 0-40 ßl of a 
rabbit anti-human t-PA IgG solution was added. The plate was mcubated for 10 min at 
37 ° C and then the substrate and plasminogen were added and the incubation proceeded 
as described above. 

In vivo release of plasminogen activator. 
Rats were mjected intravenously vrith LTC4 or LTD4 at a dose of 2 ßg kg"* body weight. 
Leukotrienes (0.1 ml in solvent) were diluted with 0.9 ml of saline to a concentration of 
1 jug ml"*. Controls received only the solvent (2 ml kg"*). Blood samples were obtained 
from a cannula in the carotid artery before and at 1,2,3,5,7 and 10 min after injection. 

Blood (0.2 ml) was diluted to 10% in 1.7 ml of 0.12 mol 1"* sodium acetate (pH 7.4), 
dotted vrith 0.1 ml thrombin (20 u ml"*) and incubated at 37 "C. Lysis times were read 
in minutes. When indicated, antibodies were added to the diluted blood 5 min before the 
addition of thrombin. 

Fibrin autography. 
Sodium dodecyl sulphate/8% Polyacrylamide slab gels were prepared according to 
Laemmli (1970). Fibrin autography was performed according to Loskutoff & Mussoni 
(1983). 

Materials. 

All the chemicals used were of analytical grade. The products necessary for the 
spectrophotometric assay, such as the fibrin digest, substrate S-2251 and plasminogen 
were described previously (Verheijen et al., 1982). Conditioned medium from rat L^ cells 
(Wewer et al., 1981) was used as a source of rat t-PA Rabbit anti-human t-PA IgG (100 
ßg ml"*) was prepared in our institute (Rijken et al., 1984). 

The compounds used were obtained from the following sources: LTC4, LTD4 and LTE4 
as free acids from Paesel GmbH & Co, Frankfurt, West Germany; PGEj, PGEj, PGIj 
and bovine albumin (fraction 5) from Sigma, St. Louis, U.S.A; ZK 36374 (5-(E)-
(lS,5S,6R,7R)-7-Hydroiqf-6-[(E)-(3S,4RS)-3-hydro3qr-4-metiiyl-l-octane-6-myl]bicydo[3.3.0] 
octane-3-ylidenepentanoic add) from Schering AG, Berlin, West Germany; FPL 55712 
(sodium 7-[3-(4-acetyl-3-hydro3ty-2-propyl-phenoîgr)-2-hydroiQpropo3ty]4-oxo-8-propyl4H-
l-benzopyran-2-carboxylate) from Fisons Pharmaceuticals, Loughborough, U.K.; bovine 
thrombin from Leo Pharmaceuticals, Ballenip, Denmark; Nembutal from Sanofi, Paris, 
France; Paf-acether from Bachem, Bubendorf, Switzerland; 5-hydroxy-eicosatetraenoic 
acid (5-HETE) from Unilever Research Laboratories, Vlaardingen, The Netherlands. 
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Rg. 1. Dose-dependent release of tissue-type plasminogen activator (t-PA) mduced by leukotriene C4 (LTC4 
o) and LTD4 (*) "> perfused hindlegs of the rat. Data are shown as means with vertical lines indicating s.d. 
(n = 4), or as mean (n = 2) values, of t-PA concentrations m the 60-90 s sample blocks. 

RESULTS 

The release of PA 1^ LTC4 and LTD4. 
Perfusion using only IVrode/BSA solution did not result m PA release. When LTC4 (8-
320 nmol 1"*) was added to the Tyrode/BSA solution and perfused through the rat 
hindleg region, analysis of the samples colleded showed the presence of plasminogen 
activator (PA) in the perfusate. The amount of PA released was found to be dose-
dependent, mcreasing and reaching a maximum at a dose of 160 nmol 1* (Fig. 1). LTD4 
(10-400 nmol 1'*) induced PA release in a very similar fashion to LTC4. The release of 
PA was also dose-dependent, in this case reaching a maximum at a dose of 200 nmol 1'*. 
The maximal amount of PA released was smiilar for LTC4 and LTD4, and amounted to 
about 1 iu ml'* (Fig. 1). Both LTC4 and LTD4 followed a similar time course of PA 
release with peak values being always present m the 60-90 s sample block and decreasing 
gradually over the next few minutes (Fig. 2). 
In two experiments, LTC4 (160 nmol 1'*) and LTD4 (200 nmol 1'*) were added together 
in the same perfusion buffer. The PA activity released by the combined leukotrienes 
(0.99,0.90 iu ml"*) was equivalent to the amount of PA activity released by each of them 
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Fig. 2. Time course of tissue-type plasminogen activator (t-PA) release induced by leukotriene C4 (•; 320 
nmol r*) and leukotriene D4 (•; 400 nmol 1"*) in perfused hindlegs of the rat. Each point represents the mean 
(n = 4) and vertical lines indicate s.d. 

when given alone, and not equivalent to the sum of these amounts. In the perfusions 
using the leukotrienes no pressure changes or variations in the flow were noted. No 
oedema was seen in any of the animals following these perfusions. In contrast to LTC4 
and LTD4, LTE4 in concentrations of 300 and 450 nmol 1* did not induce any PA release 
in the hindleg system (Table 1). 
Perfusions were also done using 5-HETE, but no PA release was induced using this 
compound at a concentration of 600 nmol 1'* (Table 1). Paf-acether is known to induce 
the release of large amounts of t-PA in the hindleg model (Emeis & Kluft, 1985). To test 
each individual experiment and ensure that the animal was responsive, Paf-acether (20 
nmol 1"*) was perfused for several minutes after each of the compounds investigated. In 
all the experiments, Paf-acether did induce t-PA release, whether the compound perfused 
previously to it had induced t-PA release or not. Following the perfusion with Paf-
acether, some oedema was seen in the animal's hind quarter; a slight increase in pressure 
and decrease in the flow was also noted. In solvent control experiments no PA release 
was detected. 
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Table 1. Induction of tissue-type plasminogen adivator (t-PA) release in the rat perfused hindleg system. 

t-PA release 
Compound (nmol 1'*) n (iu ml'*) 

LTC4 320 4 1.04 ± 0.11* 
LTD4 400 4 0.94 ± 0.14 

LTE4 300 3 ND 
450 2 ND 

5-HETE 600 5 ND 
Solvent controls - 5 ND 
PGEi 600 2 ND 

3000 2 < 0.10 
PGE2 3000 4 < 0.15 

PGI2 3000 3 < 0.10 
ZK 36374 100 3 ND 

1000 3 ND 
Paf-acetiier 20 4 2.79 ± 0.81 

Mean ± s.d. of maximal t-PA concentration obtained during perfusion of rat hindlegs in the presence of 
the indicated concentration of release-inducing compound. Maximal concentrations were always found in 
the 60-90 s sample block. ND = none deteded. 

Table 2. Effect of FPL 55712 on tissue-type plasminogen activator (t-PA) release m rat perfused hindlegs. 

Concentration t-PA release 
Compound (nmol 1'*) n (iu ml"*) 

LTC4 160 4 1.00 ± 0.32* 
LTC4 160 
and 4 ND 

FPL 55712 10* 
LTD4 200 3 0.94 ± 0.11 
LTD4 200 
and 3 ND 

FPL 55712 10* 
PAF 20 4 2.79 ± 0.81 
PAF 20 

and 6 3.01 ± 0.79 
FPL 55712 10* 

* Mean ± s.d. of manmal t-PA concentration obtained (in the 60-90 s blocks) by perfusing rat hindlegs with 
the indicated concentration(s) of compound(s). ND = none detected. 
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The effect of FPL 55712 on PA release. 
To investigate tiie mode of release of PA by LTC4 and LTD4, FPL 55712, a leukotriene 
receptor antagonist (Augstein et al., 1973; Musser et al., 1986), was used (Table 2). FPL 
55712 (10 Mmol 1"*) was added to the Tyrode/BSA buffer and perfused through the 
hindleg region for 20 min before the addition of either LTC4 (160 nmol 1"*) or LTD4 (200 
nmol 1'*). FPL 55712 totally blocked tiie release of PA by botii LTC4 and LTD4. 
However, it did not affect the release of PA induced by Paf-acether and so was not an 
inhibitor of the release reaction. 

Determining the type of PA released. 
The activator released by LTC4 and LTD4 was identified as tissue-type PA (t-PA) by the 
following observations. 

20 40 
antHxrnan t-PA IgG (pi) 

Fig. 3. Quenching of plasminogen activator (PA) activity in perfusate samples by anti-human PA tissue-type 
(t-PA) antibodies. Perfusate samples (30 min from leukotriene C4 (LTC4)- or LTD4-stimulated rat hindlegs 
were incubated with increasing amounts of rabbit anti-human t-PA IgG (100 Mg ml"*) for 10 min at 37'C, 
and subsequentiy the residual PA activity was determined spectrophotometrically. Data shown are means of 
duplicate determinations: the percentages of residual activity for LTC4- and LTD4-induced perfusates are 
averaged ( • ) , as these percentages did not differ by more than 4%. Also shown for comparison is the 
quenching by anti-human t-PA Ig of human t-PA (•; 30 min) and of rat L2 t-PA (•); 60 min). 
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Firstly, a series of quenching experiments were done using the IgG fraction of a rabbit 
anti-human t-PA antiserum. The specific anti-human t-PA IgGs quenched human t-PA 
rat t-PA and the PA present in the perfusate samples dose-dependently (see Fig. 3). As 
expected, heterologous rat t-PA was quenched less efficiently than the homologous 
human t-PA.Secondly, the activation of plasminogen by t-PA is enhanced by soluble 
fibrin(ogen) fragments whereas plasminogen activation by urokinase-type plasminogen 
activators is not (Verheijen et ai., 1982). Several spectrophotometric assays were done 

Fig. 4. Fibrin autography of perfusate samples from leukotriene-stimulated rat hindlegs. Human urokinase 
(lane A), rat L2 tissue-type plasminogen activator (t-PA, lane B) and perfusate samples after stimulation with 
160 nmol 1"̂  of leukotriene C4 (LTC4, lane C) or 200 nmol"' of LTD4 (lane D) were electrophoresed in 8% 
Polyacrylamide slab gels (Laemmli system). The gel was then soaked for 2 h in 2.5% Triton X-100 (with one 
change), washed, and placed on top of a plasminogen-rich fibrin-agarose gel. The dark areas indicate lysis 
of the fibrin gel, caused by PA diffused from the Polyacrylamide gel into the fibrin gel. The mobility of the 
PA-activity in the perfusate samples is identical to that of rat t-PA (Mj = 70,000), but different from that 
of urokinase (M, = 55,000 and 33,000). 
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omitting the soluble fibrin digest; plasminogen adivation by the perfusate samples was 
only detectable m the presence of soluble fibrin fragments. 

Thirdly, in fibrin autography (Fig. 4) both rat t-PA from l^ cells and perfusate samples 
of LTC4 and LTD4 showed a single lysis zone at the molecular weight of approx. 70,000, 
identical to the M, of human t-PA, but different from that of urokmase-type PA 
(molecular weights 55,000 and 33,000). 

In vivo experiments. 

To see whether LTC4 and LTD4 would also induce t-PA release in vivo, each compound 
was injected mtravenously into rats. Both LTC4 and LTD4 (2 ßg kg"') were found to 
increase blood fibrinolytic activity, as evidenced by decreased blood clot lysis times (Fig. 
5). At one min after injection, dilute blood clot lysis times were decreased by 86 ± 14 

160 

7 10 
time (min) 

Fig. 5. (a) Time course of dilute blood dot lysis ümes alter injection ol leukotrienes. Data are shown as 
mean lysis times from four rats (two injeded vrith leukotriene C4 (LTC4), 2 ng kg"*; two witii LTD4,2 ;ig 
kg"*); vertical lines indicate s.d. 
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Fig. 5. (b) Incubation of blood from a LTC4- and a LTD4-mjeded rat with anti-human tissue-type 
plasminogen activator (t-PA) IgG normalizes the decreased dilute blood dot lyas times. Blood was obtained 
from rats one minute after tiie i.V. injection of leukotriene C4 (•) or D4 (•), both at a dose of 2 ßg kg"*. 

min in the leukotriene-treated animals, as compared to 7 ± 13 min (n = 5) in the 
control, solvent-treated, rats. No decreased blood clot lysis times were seen with the 
solvent controls. The mcrease in blood fibrinolytic activity could be quenched by pre
incubation of the diluted blood with antibodies against human t-PA (Fig. 5). 

Investigation of other eicosanoids. 
Several cyclo-oxygenase products were also tested in the hindleg perfusion system (see 
Table 1). PGEj was perfused at concentrations of 600 nmol 1'* and 3 /umol 1'*. Whereas 
no PA was detected at the lower dose, at the higher dose a very small amount of t-PA 
release was induced. PGE2 (3 /xmol 1'*) and PGI2 (3 ^mol 1'*) also induced the release 
of small amounts of t-PA which were significantiy less than those released by LTC4 and 
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LTD4. 
ZK 36374, a stable prostacydin analogue (Schrör et al., 1981), was also perfused through 
the hindleg system (at 100 nmol 1"* and 1 Mmol 1"*) but no PA release was detected. 

DISCUSSION 

Peptidoleukotrienes affed the vascular system in various ways. Injection of leukotrienes 
C4 or D4 into rats results in a short-lived increase in blood pressure, followed by 
hypotension (Piper, 1983; Feuerstein, 1984). In cultured vascular endothelial cells LTC4 
shows high-afBnity plasma membrane binding, which can be inhibited by FPL 55712 
(Chan et al., 1986). Moreover, LTC4 and LTD4, but not LTB4 or LTE4, stimulate 
endotheUal cell prostacyclin synthesis (Benjamin et al., 1983; Cramer et al., 1983; Pologe 
et al, 1984; Clark et al., 1986a), presumably because leukotrienes activate phospholipase 
Aj in endothelial cells (Clark et al., 1986b,c). Not only prostacyclin synthesis, but 
synthesis of Paf-acether as well, is enhanced by LTC4 and LTD4 though agam not by 
LTE4 or LTB4. (Mclntyre et al., 1986). Endothelial cells in vitro can also degrade LTC4 
into LTD4 and LTE4 (Pologe et al., 1984). Whether endothelial cells can synthesize 
leukotrienes from arachidonic add is, however, doubtful (Feinmark & Carmon, 1986). 
Together these observations show that endothelial cells respond to LTC4 and LTD4, both 
in vivo and in vitro, and can convert LTC4 into LTD4 and LTE4. In our constant flow-
perfused hindleg system of the rat, LTC4, LTD4 and LTE4 did not change perfusion 
pressure and did not cause oedema formation within the experimental time period, in 
agreement Avith the relatively small effects of hindleg blood flow and vascular resistance 
described by Eimerl et al. (1986) after in vivo injection of graded doses of leukotrienes. 

LTC4 ̂ '̂ ^ LTD4 were approximately equi-effective in indudng the release of t-PA, while 
LTE4 ^^^ °o effect at all. The combined application of both LTC4 and LTD4 did not 
result in an enhanced release of t-PA compared to the release induced by LTC4 or LTD4 
separately. In combination with the complete suppression of t-PA release by FPL 55712, 
the data suggest that both LTC4 and LTD4 interact with a smgle receptor on endothelial 
cells, binding to this receptor bemg sensitive to inhibition by FPL 55712. In cultured 
bovine endothelial cells, an LTC4 receptor with Kp = 6.8 nM has been described (Chau 
et al., 1986). The dose-response curve obtained in our system is compatible with the 
presence of a similar receptor for LTC4 ^nd LTD4 on rat vascular endothelial cells in 
vivo. Our data, however, caimot exclude the (quantitative) conversion of LTC4 into LTD4 
during passage through the hindleg vascular bed, the t-PA release response being then 
due to activation of an LTD4-receptor. Rats are indeed able to metabolize LTC4 i*ito 
LTD4 effidentiy (Denzlinger et al., 1985). To dedde if a similar conversion is of 
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importance in our eiq>erimental system, we will have to await the availability of 
compounds interfering with the said conversion, or of receptor antagonists spedfic for 
LTD4, ratiier tiian LTC4 (Cheng, 1986; Lee et al., 1984; Musser et al., 1986). 

The PA released by leukotrienes proved to be tissue-lype PA, as demonstrated by the 
dependence of its activity on soluble fibrin, by the quenching of its activity by anti-human 
t-PA antibodies, and by its molecular weight, which was similar to that of cell culture-
derived rat and human t-PA, but different from urokinase. Paf-acether and a variety of 
other compounds also induce the release exclusively of t-PA from perfused rat hindlegs 
(Emeis, 1983; Emeis & Kluft, 1985) and pig ears (Klöcking et al., 1984). Release of 
another type of PA, e.g. urokinase, has so far not been observed. As endothelial cells are 
tiie only cells in hindlegs to contain t-PA, the induced release of t-PA must be due to 
release of t-PA from vascular endothelial cells. In a previous paper (Emeis & Kluft, 
1985) we showed that lipoxygenase hihibitors (and diethylcarbamazine, a putative 
peptidoleukotriene synthesis inhibitor. Bach & Brashler, 1986) inhibited Paf-induced t-PA 
release. As shown by others, in perfused rat lung (Voelkel et al., 1982) and heart (Piper 
& Stewart, 1986) Paf-acether does indeed cause increased leukotriene concentrations in 
the perfusate, the cellular origin of which is not known. The maximal amount of t-PA 
that could be released by LTC4 or LTD4 (about 1 iu ml"*) was, however, less than the 
amount released by 20 nM Paf-acether (about 3 iu ml'*). Also, in contrast to leukotriene-
induced release, Paf-acether-induced t-PA release was not inhibited by FPL 55712. 
Together these two observations suggest that Paf-acether does not induce t-PA release 
exclusively by inducing the vascular synthesis and release of leukotrienes, which then 
cause endothelial cells to release t-PA 

The present study suggests that the effects on t-PA release of the lipoxygenase inhibitors 
and of diethylcarbamazine cannot be explained by decreased peptidoleukotriene release 
from the vessel wall. Whether other products of a lipoxygenase pathway (e.g. hydroxy-
eicosatetraenoic adds or hydroxy-linoleic add) or a mono-oxygenase pathway are 
involved in t-PA release, remains to be determined, although the data make a major role 
of 5-HETE unlikely. Neither can we exclude that leukotrienes synthesized intracellularly 
behave differentiy from exogenously supplied leukotrienes. However, a recent study on 
the effects of lipoxygenase inhibitors cautions against aspedfic inhibitory effects of these 
compounds on secretion (Razm et al., 1984). 
The observation that intravenous injection of LTC4 or LTD4 also induced acute release 
of t-PA as evidenced by decreased dilute blood clot lysis times, shows that the induction 
of t-PA release ear vivo in a perfused vascular bed is not an artifact induced by the 
experimental procedure, but that leukotriene-induced t-PA release may be of 
physiological significance. 
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In perfused hindlegs, prostaglandms Ej and Ej and prostacyclin were unable to induce 
t-PA release, in agreement with previous negative results on the induction of PA-release 
by prostacyclin (Nakajima, 1983) and prostaglandins (Markwardt & Klöcking, 1978) in 
perfused ears of the pig. However, Hussaini & Moore (1985) demonstrated that m rats 
in vivo prostacyclin (and its metabolite 6-keto-PGEi) induced increased fibrinolytic 
activity. Maximally increased adivity was found at 30-60 min after injection, suggesting 
that the observed induction of increased fibrinolytic activity by çyclo-ojgrgenase products 
may proceed by a pathway different from acute t-PA release (as induced by e.g. 
leukotrienes) which generally peaks at one min after injection. 
Other mechanisms that might be involved in prostacyclin-induced increased fibrinolytic 
activity (for discussion, see Emeis, 1987b) are now under investigation. Whether the 
peptidoleukotriene-induced release of t-PA from endothelial cells is of (patho) 
physiological significance in processes involving increased leukotriene production also 
remains to be determined. 
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CHAPTER 4 

THE SIMULTANEOUS ACUTE RELEASE OF TISSUE-TYPE PLASMINOGEN 
ACTIVATOR AND VON WILLEBRAND FACTOR IN THE PERFUSED RAT HINDLEG 

REGION 

N. Tranquille and J.J. Emeis 
Gaubius Institute TNO, Leiden, the Netherlands 

Retyped with permission from: 
Thromb. Haemostas. 1990; 63: 454-458. 

SUMMARY 

In perfused rat hindlegs, platelet-activating factor and bradykinin induced the acute 
release of both tissue-type plasminogen activator (t-PA) and von Willebrand Factor 
(vWF). The time course of release was similar for both proteins, and the amounts of t-
PA and vWF released under various conditions were closely correlated. Release of both 
t-PA and vAVF required extracellular caldum, and could be induced by the caldum 
ionophore A-23187. Protein synthesis was not required for release to occur. 
Phorbol myristate acetate also induced release of t-PA and vWF, though with a different 
time course; DDAVP was inactive. 

The results suggest that the release of t-PA, and that of vWF, are closely linked at the 
cellular level. 

INTRODUCTION 

Von Willebrand Factor (vWF) is a plasma glycoprotein that is biosynthesized and 
secreted by endothelial cells, and is necessary for platelet adhesion to the 
subendothelium when vascular injury occurs. Endothelial cells are known to store vWF 
in the Weibel-Palade body, an organelle specific for these cells (1,2,3). 
vWF can be acutely released from its endothelial storage pool into the ch-culation (4,5). 
In cultured human umbilical vein endothelial cells vWF will be acutely released upon 
stimulation by thrombin (6-8), caldum-ionophore A-23187 (2,7-11), or phorbol ester 
(2,3,7-9). Acute release of vWF has also been observed upon stimulation of cidtured 
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endothelial cells with plasmin, interleukin-1, adrenaline and bradykinin (12,13), histamine 
(11), endotoxin (14) and fibrin (15). 
Another glycoprotein found in endothelial cells that also plays an important role in 
haemostasis is tissue-type plasminogen activator (t-PA), necessary for the activation of 
plasminogen to plasmin for clot lysis. Like vWF, t-PA is also released from endothelial 
cells upon stimulation by a wide variety of different compounds (16,17). 
In previous studies we have shown the acute release of t-PA in the perfused rat hindleg 
by compounds such as histamine, thrombin, adrenaline and bradykinin (18), platelet-
activating factor (PAF) (19) and leukotriene C4 and D4 (20). 
In humans both t-PA and vWF are simultaneously released into the blood by various 
stimuU, such as venous occlusion, exercise and infusion of adrenaline and l-desamino-8-
D-arginine vasopressme (DDAVP) (21-25). 

In this paper we have investigated whether in our experimental model of the perfused 
rat hindleg the induction of acute release of t-PA was also accompanied by release of 
vWF. As this proved to be the case, we used this system to explore mechanisms involved 
in the release of vWF and t-PA under ex vivo conditions. 

MATERIALS AND METHODS 

Methods. 
Male Wistar rats (Broekman Institute, Helmond, The Netherlands), weighing 250-350 g, 
anaesthetized using pentobarbital (Nembutal*, 60 mg/kg intraperitoneally), were used 
in the following experiments. 

Experimental modeL 
The perfused rat hindleg system was used to study the acute release of t-PA and vWF 
from a perfused vascular bed, as explained in detail elsewhere (20). Briefly: the rat 
hindleg was perfused through the aorta with oxygenated Tyrode's salt solution containing 
0.1 mg/ml bovine serum albumin (BSA), pH 7.5, at 37 "C using a roller-pump at a 
constant flow of 9-10 ml/min. Perfusate samples were collected from an out-flow cannula 
inserted mto the vena cava. A 30 min perfusion period using Tyrode/BSA solution was 
allowed to clear residual blood from the blood vessel system. Routinely, two compounds 
were used to stimulate release; each was perfused through the system for 5 min with a 
5 min wash-out period in between. Sample collections were taken every minute for 30 
sec, kept on ice until the experiment was completed, and then centrifuged (3,000 x g for 
10 min). The supernatant was collected and mixed 1:9 with a solution containing 0.5 M 
Tris/HQ (pH 7.5) and 1% Triton X-100, and either assayed immediately or stored at 
-20 "C. 
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Spectrophotometric plasminogen activator assay. 
The PA activity of the samples was determined by the mdired spectrophotometric rate 
assay described by Verheijen et al. (26). Sample volumes of 30 ßl for the perfusate 
samples were used. Dilutions of human melanoma t-PA were nm in each plate for 
calibration, and the activity of the samples will be expressed in International Units (IU), 
as defined by the International Standard for t-PA. 

ELISA determination for von Willebrand factor. 
The presence of vWF in the samples was determined using an ELISA assay adapted 
from Ingerslev (27). Flat-bottomed 96-well microtiter plates (Flow Laboratories, Irvine, 
UK) were coated with 100 ßl of a 1:10,000 dilution m carbonate buffer (pH 9.6) of rabbit 
anti-human vWF immunogolublin (Dakopatts, Denmark) (28) and left overnight at 4 ° C. 
PBS-Tween buffer (pH 7.2, containmg 0.05% Tween 20 and 0.05% BSA) was used to 
wash the plates before the perfiisate samples (25 ßl and 75 ßl of PBS-Tween buffer) 
were added. After 2 h, bound antigen was detected using peroxidase conjugated rabbit 
immunoglobulins to human vWF (Dakopatts), diluted 1:3,000 m PBS-Tween buffer. After 
incubation for a further 2 h at room temperature, the plates were treated with 100 ßl of 
tiie chromogenic substrate and the reaction was stopped after 20 min with 25 ;xl 4 N 
H2SO4. Absorbances were measured at 450 nm in a Titertek multiscan spectrophoto
meter (Flow Laboratories, Irvine, UK). Rat pooled plasma in a range of 0.05 to 5% was 
used in each plate for calibration. The concentration of vWF will be expressed as units, 
hundred units being equivalent to the amount of vWF present in 1 ml of pooled rat 
plasma. The detection limit of the assay was 0.1 U/ml. 

In vivo release of von ^Uebrand factor. 
Rats were mjected intravenously with PAF (1 Mg/kg), endotoxin (1 mg/kg) or saline (2 
ml/kg). Blood samples were obtained from a caimula in the carotid artery before and 
at 3, 5,10, 20 and 30 min after injection. The blood was anticoagulated with dtiate and 
platelet-poor plasma was prepared at 4°C and stored at -20'C. The plasma (diluted 
1:100) was assayed by ELISA to determine the concentration of vWF. 

Materials. 
Platelet-activating factor (PAF) was obtained from Bachem (Bubendorf, Switzerland), 
Nembutal* was from Sanofi (Paris, France); bradykinin, bovine serum albumin, 
cycloheximide, caldum ionophore A-23187 (free add), phorbol 12-myristate 13-acetate 
and endotoxin (E. coli 0128:B12) were from Sigma (St. Louis, MO). DDAVP (1-
desamino-8-D-argimne-vasopressme) was a gift from Ferring AB (Malmö, Sweden). 
Purified human t-PA (two-chain) was a gift from Dr. J.H. Verheijen of the Gaubius 
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Institute. The International Standard for t-PA (83/517) was obtained from the National 
Institute for Biological Standards and Control (London, UK). 
The materials used in the spectrophotometric PA assay have been detailed elsewhere 
(26). All other materials were of analytical grade. 

10 11 12 13 14 15 
time (min) 

Fig. 1. Tune course of t-PA activity (•—•) and vWF concentration (••--•) in perfusates from rat hindlegs 
during stmiulation with bradykmin (0.8 MM) for 5 min, followed - after a 5-min wash - by a 5-min 
stimulation with PAF (5 nM). Data shown are mean ± s.d. of four perfusions. 

RESULTS 

Comparison of the release of t-PA and von ^llebrand factor. 
t-PA and vWF were assayed in the same perfusion samples and were found to follow a 
very similar pattern of release (see Fig. 1). Neither t-PA nor vWF showed any detectable 
baselme releaee in the system before stimulation. On stimulating with bradykimn (0.8 
ßM), the first release-inducing compound in these experiments, t-PA levels reached a 
peak in the first minute, while vWF levels peaked in the second minute of the 5-min 
perfusion period. The concentration of both vWF and t-PA then declined diuing the 
subsequent minutes of stimulation. At the end of the 5 min wash-out period, t-PA and 
vWF were again undetectable. When using PAF (5 nM), the second release-indudng 
compound we studied, both t-PA and vWF release peaked in the second-minute sample 
collections (Fig. 1). The amounts of t-PA and vWF released by a 5 nM PAF stimulation 
were always found to be larger than the amounts released by a 0.8 ßM bradykinin 
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Stimulation. When the sequence of inducers was reversed, identical observations on t-PA 
and vWF release were made (not shown; compare 32). 

1 2 3 4 
t-PA activity (lU/ml) 

I^g. Z Diagram depicting the relationship between peak bvels of t-PA activity and of vWF concentration 
during induced release. Data pointe from 48 perfusions are shown; r = + 0.824 (p < 0.001). 

Concentration of both t-PA and vWF released by either bradykinin or PAF are close 
within a group of rats in a set experiment, but may vary from one group of rats to the 
next. A collection of 48 peak samples from different perfusion experiments, including 
various concentrations of PAF or bradykinin, were assayed for both t-PA and vWF. Fig. 
2 shows a diagram comparing maximal t-PA release to vWF release in these 48 
individual perfusion experiments. The correlation coeffident was 0.824 (p < 0.001), 
showing that the release of t-PA and vWF are not only correlated in time (e.g. Fig. 1), 
but also correlated quantitatively. DDAVP (0.1 jug/nd) did not mduce the release of 
vWF (data not shown). As we reported before (18), DDAVP did not induce the release 
of t-PA either. 

In vivo experiments. 

From previous work, PAF is known to induce the release of t-PA in vivo as well (19,20) 
and this increased release is seen within the first minute after i.v. injection. Ushig an i.v. 
injection of PAF (1.0 Mg/kg), the effect of PAF on vWF release in vivo was studied (Fig. 
3). 
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Fig. 3. Time course of changes in plasma concentration of vWF in rats after i.V. injedion of either saline 
(n = 6) (•—•), PAF (1 Mg/kg; n = 3) (•—•) or endotoxin (1 mg/kg; n = 3) (A—A). Data shown are 
mean ± s.e.m. of changes in vWF plasma concentration, relative to a control plasma sample obtained before 
injection of compound. 

The level of vWF m the plasma samples increased with time in the PAF-injected 
animals, but not in the saline controls. The peak levels were reached in the samples 
collected at 5-10 min after injection, and decreased slowly thereafter. Endotoxin induced, 
after a lag period of 10 min, a gradual increase in vWF concentration (Fig. 3; compare 
refs. 29-31). DDAVP (5 Mg/kg) had no effect (data not shovra). 

56 



Effect of Câ '̂  on the stimulus-induced release of t-PA and vWF. 
The role of extracellular caldum in the release of vWF was investigated, because t-PA 
release (19), and the release of vWF from cultured endothelial cells (8) both have been 
shown to require extracellidar caldum. We performed experiments using the rat perfused 
hindleg model with two different stimulations, both in the presence and absence of Cüâ ;̂ 
during the experiments without caldum the Tyrode buffer also contained 1 mM disodium 
EDTA This buffer was perfused through the animal for 20 min before stimulation to 
ensure ± e complete absence of extracellular caldum. Using the bradykinin stimiüation, 
both t-PA and vWF release in the absence of Ca^* were reduced to 25% of the control 
values. During PAF stimulation, a 95% inhibition of both t-PA and vWF release was 
seen, the release of both glycoproteins being affected to the same degree (data not 
shown). 

Effect of the calcium ionophore A-23187 and of a protein kinase C activator on t-PA and 
vWF release in perfused rat hindlegs. 
In the next set of experiments, the calcium ionophore A-23187 was tested for induction 
of t-PA and vWF release. 
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Fig. 4. Time course of the release of t-PA activity (•—•) and of vWF (••--•) from perfused hindlegs during 

stimulation mth the caldum ionophore A-23187 (2 MM). Data pointe from two experiments are shown. 
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As shown m Fig. 4, A-23187 (2 ßM) did mduce botii t-PA and vWF release. The time-
course of A-23187 induced release of both glycoproteins was similar to that induced by 
other release-inducing compounds. 

Investigating the possible role of protein kinase-C (PK-C) in acute vWF release, the PK-
C activator, phorbol 12-myristate 13-acetate (PMA, 100 nM), was added to the perfusion 
fluid. 

PMA induced t-PA and vWF release which did not peak, but remained stable for the 15 
min of perfusion (Fig. 5). The concentration of t-PA released by PMA was about 0.3 
lU/ml, while the concentration of vWF released averaged 0.3 U/ml. The ethanol solvent 
controls did not induce any vWF or t-PA release. 
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Fig. 5. Concentrations of t-PA (•) and vWF (•) released from rat hindlegs during a 15-min perfusion with 
PMA (100 nM). Data shown are mean values (n = 4). Solvent controls (0.1% v/v ethanol) showed no 
detectable release of either protein. 

DISCUSSION 

The experiments described in this paper show two main findings: firstiy, the time course 
of acute release of vWF is similar to that of t-PA in a perfused rat system (18-20) for a 
variety of compounds and, secondly, that the release of vWF is quantitatively correlated 
with t-PA release for a given compound. In our model there is no measurable baseline 
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release of either glycoprotein prior to the addition of a release-inducing stimulus. Once 
the stimulus has been added to the system, the reaction is very fast: the peak release 
point is seen after 1 or 2 min and release then gradually decreases to baseline levels over 
a 5 min period (e.g. Figs. 1 and 4). An explanation for the decrease of t-PA activity after 
the peak of induced release might be a - slower - induced release of PA inhibitor. We 
have, however, never detected any PA inhibitor activity in perfusate samples, either 
before, during or after the induction of t-PA release (unpublished observation). Nor have 
we, by fibrin autography, ever detected t-PA-PA mhibitor complexes m perfusate samples 
(as illustrated in refs. 19 and 20). A final solution to this problem would requne 
measurement of rat t-PA antigen; our present rat antigen assay is, however, still not 
sensitive enough to be useful in this respect. 

After a 5 min wash-out period, there is no t-PA or vWF detedable in the perfusate 
samples, but another stimulus-induced compound will again release both glycoproteins. 
Release in this system is thus a rapid reaction which can be termed an acute release 
reaction. 

Previous studies, using the protein synthesis inhibitor cycloheximide, indicated that the 
t-PA released in such an acute reaction comes from a stable endothelial cell storage pool 
(32). Similar experiments were done, using cycloheximide, to test for the release of vWF 
from the perfused rat hindleg. The results (not shown) demonstrated that identical 
amounts of vWF were released after pretreatment of rats with cycloheximide for 3 h, so 
indicating that the stimulus-indudble secretion originates from a stable vWF storage pool 
in the endothelial cells and not from recently synthesized vWF. 

The presence of a storage pool of vWF, the Weibel-Palade body, and the release of vWF 
from these particles by stmiulation of cultured endothelial cells, has been shown by 
several groups (e.g. 1-3). 

The acute release of both t-PA and vWF was found to be dependent on the presence of 
Ca^* in the perfusion buffer. Usmg a Ca^*-free Tyrode buffer, the release response of 
both glycoproteins was sfrongly decreased compared to that in the controls. Using 
cultured endothelial cells, Loesberg et al. (7) and De Groot et al. (8) also found that the 
stimulus-induced release of vWF was dependent on the presence of extracellular Ca*, 
and that release of vWF requfred an influx of extracellular Ca^* (8). 

The caldum-ionophore A-23187 is knovm for its ability to increase Ca^* influx into cells. 
It is probably this property which enables it to induce the release both t-PA and vWF 
into the perfusate fluid in a rapid acute fashion. It has also been reported that the 
protein kinase C activator PMA stimulates the influx of Clâ * mto cultured endothelial 
cells (8) and releases vWF. In our perfusion system, PMA also released t-PA and vWF. 
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This release, though rapid, did not follow the usual time course of the stimulus-induced 

release reaction we see with other compounds, such as PAF or A-23187, but remained 

at a constant level for 15 min (Fig. 5). 

The acute release of t-PA and vWF thus appear to be closely linked. Acute, transient 
release of the one is parallelled by acute, transient release of the other (e.g. as induced 
by* PAF, bradykimn and A-23187), while PMA mduces a constant release of both 
compounds. Also, DDAVP induces neither protein, while release of both proteins is 
insensitive to cycloheximide pretreatment and requires extracellular caldum. Moreover, 
the released amounts of both proteins are quantitatively correlated. 

The present data do not allow to dedde whether the close link between the two release 
processes is due to, for example, coupling of both to the same cellular receptor 
complexes, or due to a common cellular secretion mechanism, or - most likely - to a 
combination of both possibilities. The difference in the ratio of t-PA released over vWF 
released for different stimuli (compare e.g. PAF in Fig. 1 to A-23187 in Fig. 4) at least 
suggests that the two release processes are likely not identical. 

The close hnk between the release of t-PA and that of vWF described here is also of 
interest in view of the Unking of both processes in some subgroups of von Willebrand 
disease patients (see e.g. 33-37), where no acute release of t-PA (activity, refs. 33-35, and 
antigen, ref. 36) is found after stmiulation. 

As discussed previously (17), the acute release of t-PA, the production of endotheUal 
ceU-dependent relaxation factor(s) and the production of prostacyclin are closely linked 
in endotheUal ceUs. 
The acute release of vWF may also belong to this cluster of acute ceUular endothelial 
reactions. From the data presented in this paper one can conclude that the mechanism 
of acute release of both t-PA and vWF is very similar and could involve the same 
cellular pathways. 
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CHAPTERS 

THE INVOLVEMENT OF PHOSPHOUPASES AND EICOSANOID METABOLISM 
IN THE ACUTE RELEASE OF "nSSUE-TYPE PLASMINOGEN ACTIVATOR 

FROM PERFUSED RAT HINDLEGS 

N. TranquiUe and J J. Emeis 
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2300 AP Leiden, The Netiierlands. 
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1. Cellular mechanisms involved in the acute release from endothelial cells of tissue-type 
plasminogen activator (t-PA) were studied using a perfused rat hindlegs system. 

2. Release of t-PA, which peaked at one min after adding a release-indudng compound 
to the perfusion medium, was induced by platelet activating factor (PAF), bradykinin, 
substance P, thrombin, carbachol, and A-23187. 

3. Release of t-PA by the above-mentioned agents, was inhibited by mepacrine and by 
nor-dihydroguaiaretic add. 

4. PAF induced t-PA release was also inhibited by eicosatetraynoic add, but not by oleic 
add, linoleic acid, indomethadn or BW 755C. 

5. PAF-mduced release of t-PA was inhibited by the cytochrome P-450 mono-oxygenase 
inhibitors metyrapone, ketoconazole and SKF 525A. 

6. Phospholipase Aj did not mduce any t-PA release, while (one type of) phosphoUpase 
Cdid. 

7. PAF-induced von WiUebrand fador (vWF) release was also similarly inhibited by the 
cytochrome P-450 mono-o^tygenase inhibitor ketoconazole, while phospholipase C also 
induced vWF release. 

8. Phorbol myristate acetate itself induced t-PA and vWF release, while subsequent 
release induced by PAF was reduced for t-PA but enhanced for vWF. 

9. Release induced by PAF and bradykinin was not influenced by prefreatment with 
pertussis toxin. 
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INTRODUCTION 

It is now recognized that the vascular endotheUum is not simply a continuous monolayer 
of ceUs separating blood from tissues, but also a highly active metaboUc tissue (see e.g. 
Vane et al., 1990). Among its functions are the synthesis and release of components 
involved in blood coagulation, haemostasis and fibrinolysis, such as von WiUebrand fador 
(vWF), prostacydin (PGy, endothelium-derived relaxing factor (EDRF), and tissue-type 
plasminogen activator (t-PA). Despite the importance of these components for vascular 
homeostasis, we stiU know very little about many aspects of the physiological and 
pharmacological regulation of these compounds. Because of our interest in the in vivo 
regulation of blood fibrinolytic activity, we have studied (Emeis, 1983; Emeis & Kluft, 
1985; TranquiUe & Emeis, 1988,1989,1990; Pruis & Emeis, 1990) ceUular mechanisms 
involved in the acutely induced release of t-PA (and vWF; see TranquiUe & Emeis, 1990) 
from endotheUal cells (reviewed m Emeis, 1988). This process of acute stimulated 
secretion to a large extent determines the plasma level of t-PA (Emeis et al., 1990). 
Cytochrome P-450 mono-oxygenase inhibitors have been shown to inhibit the release of 
EDRF (Singer et al., 1984; MacDonald et al., 1986; Pinto et al., 1986,1987; Förstermann 
et al., 1988; Rees et al., 1988), whUe certain phosphoUpases bave been shown to induce 
release of EDRF and PGI2 from aortic endotheUal cells (De Nucci et al., 1988). As a 
sequel to the data reported above, and of previous observations made by ourselves 
(Emeis & Kluft, 1985; TranquiUe & Emeis, 1988) on tiie effects of inhibitors of 
phospholipases and eicosanoid metabolism on t-PA release, this paper enlarges on the 
above observations, by the use of cytochrome P-450 inhibitors, phospholipase Aj and C, 
pertussis toxin pretreatment, and a protein kinase C activator. 

METHODS 

Perfusion procedure. 

Male Wistar rats (Broekman Institute, Someren, The Netherlands), weighing 220-300 g, 
were used. All experiments were performed under Nembutal anaesthesia (60 mg kg"̂  
i.p.). Rat hindleg perfusion was performed as described previously (TranquiUe & Emeis, 
1988). In brief: hmdlegs were perfused through the aorta at constant fiow (9-10 ml min') 
witii Tyrode's salt solution (composition in mM: NaCl 146, KCl 6, CaClj 3, MgClj 0.5, 
KH2PO4 0.3, NaHCOj 20, glucose 5.6), containing bovine serum albumin (0.1 mg ml'h 
Tyrode/BSA), pH = 7.5, at 37'C; and continuously gassed with 95% 02/5% CO2. 
Samples were obtained from a vena cava cannula. After a thirty-min wash-out period 
with Tyrode/BSA a pre-sample was obtained. Subsequently, a release-indudng agent was 
added to the Tyrode/BSA and thirty-second sample blocks were obtained at 1 min 
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intervals for 5 min. Samples were rapidly cooled to 4*C, centrifuged, mixed 10:1 with 0.5 
M Tris.HCl, 1% Triton X-100 (pH = 7.5) and stored at -20'C. 
Unless indicated otherwise, inhibitors were added to the l^ode/BSA during the last 20 
min of the wash-out period, and were also present during the 5 imn stimulation period. 

Pertussis toxin pretreatment. 
Pertussis toxin (50 Mg kg'̂ ) was injected (i.v.) into rats 24 hours before perfusion 
(Ramkumar & Stiles, 1990). Control animals were injeded with 0.5 ml saline. 

Assay for t-PA 
The t-PA activity of perfusate samples was determined spectrophotometricaUy by the 
method of Verheijen et al. (1982), as described (TranquiUe & Emeis, 1988). Human 
melanoma t-PA was used for caUbration. Results will be expressed in Units ml"̂ ,̂ one U 
of rat t-PA being equivalent in our assay to one IU of human t-PA, as defined by the 
International Standard of t-PA (batch 83/517). The detection limit of the assay was 0.03 
Uml-^ 

ELISA determination for von Willebrand factor (vWF). 
The presence of vWF in the perfusion samples was determined using an ELISA assay 
adapted from Ingerslev (1987) as detailed elsewhere (TranquiUe & Emeis, 1990). Briefly, 
96-weU microtiter plates were coated with rabbit anti-human vWF immunoglobuUn and 
left overnight at 4 ° C. After rinsing the perfusate samples, 25 M1, and 75 M1 of PBS-Tween 
buffer (pH 7.2) were added. Bound antigen was detected using peroxidase-conjugated 
rabbit immunoglobulins to human vWF. Absorbances were measured at 450 nm in a 
Titertek multiscan spectrophotometer. Rat pooled plasma in a range of 0.05 to 5.0% was 
used in each plate for caUbration. The concentration of vWF wiU be expressed as Units, 
a hundred Units being equivalent to the amount of vWF present in one ml of pooled rat 
plasma. The detection Imiit of the assay was 0.1 U ml"'. 

Lactate dehydrogenase detection. 

Lactate dehydrogenase (UDH) was measured using a single reagent system kit. 50 M1 of 
each perfusion sample was added to 200 M1 of the reconstituted reagent, contaming 
lactate and nicotinamide adenine dinucleotide, in wells of a microtiter plate. 
Absorbances were measured at 340 nm in a Titertek multiscan spectrophotometer. The 
change in absorbances over a period of 90 minutes is expressed as LDH relative units. 
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MATERIALS 

Platelet-activating factor (PAF) was obtained from Bachem (Bubendorf, Switzerland); 
Nembutal was from Sanofi (Paris, France). Rabbit anti-human vWF mununoglobulin and 
peroxidase-conjugated rabbit mimunoglobulins to human vWF came from Dakopatts 
(Copenhagen, Denmark). 

Bovine serum albumin (fraction V), substance P acetate, bradykinin triacetate, carbachol, 
mepacrine, diethylcarbamazine, nor-dihydroguaiaretic add, acetylsaUcylic add, 
indomethadn, 4/3-phorbol 12-myristate 13-acetate (PMA), dmetidine,2-methyl-l,a-Dl-3-
pyridyl- 1-propanon (metyrapone), pertussis toxin, phosphoUpase A^ (PLAj from Naja naja 
and from porcine pancreas) and phospholipase C (PLC from Clostridium perfringens and 
from Badllus cereus) were obtained from Sigma Chemical Co. (St. Louis, USA); LD-I^ 
single reagent system for lactate dehydrogenase came from Sigma Diagnostics (St. Louis, 
USA); p-broinophenacylbromide from Aldrich Europe (Beerse, Belgium); bovine 
thrombin from Leo Pharmaceuticals (Copenhagen, Denmark); arachidonic add, oleic 
acid and linoleic add from Fluka (Buchs, Switzerland); A-23187 (free add) from 
Boehringer Mannheim (Maimheim, FRG); and ketoconazole from Janssen (Beerse, 
Belgium). SKF 525A (proadifen) was a gift from Smitii, Kline and French Ltd. (The 
Netherlands), BW 755C (3-amino-l[m-(trifluoromethyl)-phenyl]-2-pyrazoline) was a gift 
from the Wellcome Research Laboratories, Beckenham, US; 5,8,11,14-eicosatetraynoic 
add (ETYA) was provided by UnUever Research Laboratories, Vlaardingen, The 
Netherlands. Materials used m the spectrophotometric PA assay have been detailed 
elsewhere (Verheijen et al., 1985); all other reagents used were of analytical grade. 

Data analysis. 

Data wiU be presented as mean ± standard deviation. Statistical significance of 
differences was estabUshed by one-way or two-way analysis of variance (ANOVA), 
foUowed by Bonferroni's modified t-test; or by Student's t-test. 

RESULTS 

Effect of phospholipase and lipojQrgenase inhibitors. 

In a previous paper we have shown that the release of t-PA as induced by platelet-
activating factor (PAF) was inhibited by phospholipase inhibition, and by Upoxygenase 
inhibition (Emeis & Kluft, 1985). To see whether this mhibition profile was more 
generaUy applicable to compounds that induce t-PA release, the effects of the 
lipoxygenase mhibitor NDGA (70 Mmol H) and of the phospholipase inhibitor mepacrine 
(100 Mmol r ') on t-PA release as induced by five other, unrelated, release indudng 
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compounds was studied (Table 1). These five compounds (i.e. bradykinin, substance P, 
thrombin, carbachol and the ionophore A-23187) aU gave t-PA release with a time course 
smiUar to that induced by PAF (Fig. 1), though with different potendes (Fig. 1; Table 
1). Inhibition by NDGA and mepacrine was nearly complete in aU instances (Table 1). 

Table 1. BSed of inhibitors on acute rdease of tissue-type plasminogen activator (t-PA) from perfused rat 

hindlegs. 

All values obtained in the presence of mhibitor were significantly decreased compared to control values by 
one-way ANOVA (all p < 0.01). 

Stimulating 

compound 
(concentration) 

Bradykimn f (0.8 «mol 1"*) 

Substance P (0.8 >miol 1-1) 
Thrombin (40 nmol H) 
Carbachol (25 («mol H) 
PAF* (20 nmol 1-1) 
A-23187 (2 ^mol H) 

Controls 

2.15 ± 0.40 (10) 
136 ± 0J4 (8) 
0.44 ± 0.10 (7) 
0.36 ± 0.09 (10) 
2.74 ± 0.65 (12) 
2.36 + 034 (5) 

t-PA released (U ml"') 
Inhibitor (concentration) 

NDGA 

(70 Mmol 1-1) 

0.26 + 0.01 (7) 
0.24 ± 0.09 (5) 
0.12 ± 0.08 (4) 
0.10 ± 0.04 (8) 
038 ± 0.34 (7) 
0.79 ± 0.08 (6) 

• 

Mepacrine 
(100 imiol 1-1) 

0.15 ± 0.04 (4) 
0.15 ± 0.06 (4) 
0.10 ± 0.03 (4) 
0.10 ± 0.06 (6) 
0.53 ± 0.48 (5) 
0.68 ± 0.43 (6) 

* Inhibitors were added to the Tyrode/BSA for 20 min prior to stimulation, and during the 5 min 
stimulation period. 

{ Mean ± sd (number of determinations) of maximal concentration of t-PA obtained during a 5 min 
stimulation period. 

t Data from Emeis & Kluft (1985). 

Inhibition of the PAF-induced t-PA release by a range of inhibitors related to eicosanoid 
metabolism is shown in Table 2. The release was not significantiy affected by cyclo
oxygenase inhibitors (aspirin, mdomethadn) and by BW 755C, but was significantiy 
decreased by p-bromophenacylbromide and eicosatetraynoic add (ETYA). The effect of 
ETYA was not due to an aspedfic detergent-Uke effect, as oleic add and linoleic add 
had no significant effed on release. However, arachidonic add, Uke ETYA was a strong 
inhibitor (Table 2). 
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Fig. 1. Time course of t-PA concentrations in the perfusate during a five-min stimulation period. Thirty-
second sample blocks were obtained at one-min intervals from a vena cava outflow cannula. Data are shown 
as means (n = 5-7) with vertical lines indicating sd. The release of t-PA was induced by: 5 nmol T ' PAP (o); 
2 (imol I'l A-23187 (•); 0.8 jimol T ' bradykinin (D); 25 »mol T ' carbachol ( • ) ; and 40 nmol I'l thrombin (a). 
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Table 2. Effed of inhibitors on tissue-type plasminogen activator (t-PA) release in rat perfused hindlegs 
induced by platelet-activatmg fador (5 nmol H). 

Inhibitor 

acetylsaUcylic add 
indomethadn 
BW 755C 

p-bromophenacylbromide 
eicosatetraynoic add f 
oleic add f 
linoleic add "f 
arachidonic add f 

Concentration 
(Mmol 1-1) 

30 
30 

200 
100 
33 
33 
33 
33 

Number of 
experiments 

13 
5 
5 
3 
3 
3 
3 
3 
7 

t-PA released 
(Uml-1) 

1.65 ± 0.70' 
1.85 ± 0.40 
1.15 ± 0.20 
1.90 ± 0.60 
0.50 ± 0.101 
0.65 ± 0.051 
2.20 ± 0.50 
1.25 ± 0.30 
0.20 ± 0.15 t 

* All data shown are mean ± s.d. of maximal t-PA concentrations obtained during the five min stimulation 
period, 

t Fatty adds were present in the Tyrode/BSA for 10 min, followed by a five-min wash-out period, prior 

to PAF stimiüation. 
t Significantiy different from controls by one-way ANOVA, followed by Bonferroni's modified t-test (p < 

0.01). 

Effect of cytochrome P-450 mono-on^genase inhibitors. 
As the above data suggested that epoityeicosatrienoic add formation could be involved 
(compare Pritchard et al., 1990), we next looked at the effects of mhibitors of 
cytochrome P-450-mediated mono-oxygenation (Table 3) on PAF-induced t-PA release. 
At 0.5 mmol l'\ metyrapone inhibited by 40%, and by 90% at 1 mmol 1"̂  SKF 525A 
inhibited by one-third at 26 Mmol 1'*; at 52 Mmol H, however, a blockade of the perfusate 
flow through the hindleg occurred, which made interpretation of the SKF 525A data 
difficult. Ketoconazole dose-dependently inhibited t-PA release (Table 3). Separate 
experiments showed that ketoconazole also reduced vWF release (solvent controls: 1.80 
± 0.64 U ml-i; ketoconazole at 100 Mmol 1"̂ : 0.65 ± 0.28 U ml'\ i.e. a 64% inhibition of 
vWF release). The induction of release by 0.8 Mmol I'l bradykinin was also inhibited by 
ketoconazole at 100 Mmol H: t-PA release was reduced by 75% and vWF release by 
40%. The H2-receptor blocker, dmetidine (1 mmol 1"̂ ), which also has an inhibitory 
effect on cytochrome P-450 mono-oitygenases in some instances (Bast et al., 1984; 
Förstermann et al., 1988), had no inhibitory effect on the acute release of t-PA or vWF 
induced by bradykinin and PAF in our system (data not shown). 
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Table 3. Effecte of cytochrome P-450 inhibitors on the induced release of tissue-type plasminogen activator 
(t-PA) by platelet-activatmg fador in perfused rat hmdlegs. 

Inhibitor 
(concentration) 

Metyrapone (0.5 mmol fi) 
Metyrapone (1 mmol I'l) 

SKF 525A (26 »mol H) 
SKF 525A (52 »mol H) 

Solvent controls 
Ketoconazole (25 »mol H) 
Ketoconazole (50 »mol H) 
Ketoconazole (100 <tmol H) 

Number of 
expérimente 

5 
8 
4 

4 
2 

4 
4 
4 
4 

t-PA released 
(U ml-i) 

2.96 ± 0.39* 
1.70 ± 0.58 t 
0.29 ± 0.45 f 

1.92 ± 0.65 
no perfusate flow 

2.52 ± 0.18 
3.10 ± 0.44 
L12 ± 0 3 t 
0.43 ± 0.11 f 

* Mean ± s.d. of peak levels of t-PA release mduced by PAF (20 nmol H) during a five-min stimulation 
period. 

•[• Significantiy different from control values by one-way ANOVA, followed by Bonferroni's modified t-test 
(p < 0.01). 

Effect of externally applied phosphoUpases. 
Having studied the effects of fatty add metaboUsm on the acute release of t-PA, it was 
dedded to see whether the release of t-PA and vWF may be induced directiy by a 
phospholipase, as described by De Nucd et al. (1988). 

PLAj from two different sources (Naja naja venom and porcine pancreas) and PLC from 
two different sources (B. cereus and C. perfringens) were investigated. Each enzyme was 
perfused through the rat hhidleg for 10 mins with sample collections taken every minute. 

After a five minute washout period PAF (5 nmol H) was perfused to check the viability 
of the perfusion system. 

Both types of PLAj were perfused at concentrations of 20 mU ml'i and 40 mU ml'^ At 
none of these doses was any acute release of t-PA or vWF observed over the 10 mmutes 
perfusion sampling period. The PAF stimulation foUowmg the PLA2 perfusion was found 
to be normal. 

SimUar observations were made when PLC (B. cereus) was perfused. This PLC did not 
release any t-PA or vWF and had no effed on the PAF stimulation following it. 
However, PLC (C. perfringens) did release both t-PA and vWF dose-dependentiy, 
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starting at 5 mU ml-i (see Fig. 2). At 20 mU ml'i concentration PLC blocked fiow 
tiirough the system after 9 mms. At 40 mU ml-i this blockage occurred after 6 mins of 
PLC perfusioa The PLC perfusate samples were tested for the presence of lactate 
dehydrogenase (LDH). In the samples containmg peak amounts of t-PA and vWF, LDH 
was found to be close to baseUne levels (Fig. 3). LDH levels increased during the 
perfusion period but were not correlated to the release of t-PA and vWF. 
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Fig. 2. Dose-dependent release of t-PA (o) and vWF (•) mduced by phospholipase C from C. perfringens 
(expressed as mU mfi of perfusion fluid). Data shown at maximal release pomt (n = 1 for 5.10 mU mf-iand 
n = 3 for 20 mU nJ-l). 

Effect of PMA on t-PA and vWF release. 
As phospholipase C activity results in the formation of, among others, diacylglycol 
(DAG), and as protein kinase C (PKC) activation may have a role in acute release, the 
DAG analogue, PMA, which is also a PKC activator, was studied. PMA (at 100 nmol/r') 
induced, after a lag period of 2 min, a t-PA and vWF release of about 0.3 U ml'i ̂ ^ç.^ 
remained stable for 15 mm (TranquUle & Emeis, 1990). After preperfusion for 15 min 
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Fig. 3. Time-course of t-PA, vWF, and LDH release induced by phospholipase C (C. perfringens, 20 mU 
ml-i)m perfused rat hmdlegs. Data given for one typical experiment, t-PA release (U ml-l;o), vWF release 
(U ml-l;*), and LDH (relative units of absorption at 340 nm; • ) . 

with PMA PAF induced significantly less t-PA release, compared to control preparations 
preperfused with solvent (Fig. 4; Table 4). Similar results were obtained when A-23187 
was used to induce t-PA release (Table 4). However, in contrast, after preperfusion for 
15 min with PMA PAF and A-23187 induced significantiy more vWF release, compared 
to control preparations preperfused with solvent (Fig. 4). 

Effect of pertussis toxin pretreatment on acute release. 
The effect of pertussis toxin pretreatment on acute release was next investigated. 
No difference in the acute release of t-PA or vWF induced by both bradykinin and PAF, 
was seen between a pertussis toxin pretreated group and a saUne control group (data not 
shown). 

DISCUSSION 

EndotheUal stimulation by a wide variety of agonists (see e.g. Fig. 1 and Table 1) results 
in the rapid release of t-PA (review by Emeis, 1988), and of vWF (TranquiUe & Emeis, 
1990). We previously suggested (Emeis & Kluft, 1985) that fatty acid Uberation and 
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Fig. 4. Time course of t-PA and vWF release during a 5-mm stimulation period with PAF (5 nmol l-i). 
Comparison of controls perfused with ethanol (0.1%) t-PA (o), vWF (D) and those conduded in the 
presence of PMA t-PA (•) vWF (•) which had been perfused through the system for 15 min prior to 
stimulation. The release of t-PA is »gmficantiy decreased, while that of vWF is significantiy increased after 
PMA-pretreatment compared to ethanol-pretreatment. Data are shown as means (n = 4) with vertical lines 
indicating sd (compare Table 4). 

Table 4. Effed of pretreatment with phorbol myristate acetate (PMA) on release of tissue-type 
plasmmogen activator (t-PA) from perfused rat hindlegs induced by platelet-activating factor 
(PAF) or A-23187. 

PMA-pretreatment significantiy reduced t-PA release (two-way ANOVA; p < 0.005). 

Pretreatment* t-PA release (U ml-i) induced by 
PAF (5 nmol I'l) A-23187 (2 Mmol H) 

solvent 
PMA 

2.88 ± 0.62 (4) t 

1.96 ± 0.50 (4) 

3.0; 2.65(2) 

1.60 ± 039 (4) 

* After a 30 mm preperfusion with Tyrode/BSA, rat hindlegs were perfiised for 15 min with solvent (0.1% 
ethanol) or PMA (100 nmol H), followed by stimulation with PAF or A-23187 in the continued presence 
of solvent or PMA. 

I Mean ± sd (number of determinations) of maximal t-PA concentration in effluent fractions obtained at 
1 min intervals during a 5 mm stimulation period. 
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subsequent Upoxygenation was a prerequisite for PAF-induced release to occur, this 
suggestion being based on studies using phospholipase and lipo t̂ygenase inhibitors. In the 
present study, applymg similar inhibitors to inhibit release induced by other compounds, 
we obtained the same result, i.e. a reduction of t-PA release. The use of a larger number 
of inhibitors, however, including the combined lipoxygenase-çyclooiqrgenase inhibitor BW 
755C and three mhibitors of cytochrome P-450-mediated mono-oitygenation, i.e. 
ketoconazole, metyrapone and SKF 525A, now lead us to suggest that mono-oxygenases 
rather than UpoiQ^genases are likely to be involved in the release of t-PA and vWF. This 
suggestion would concur with a variety of reported data on endotheUal cell metabolism. 

Endothelial cells (EC) contain cytochromes P-450 (e.g. Baird et al., 1980; Dees et al., 
1982; Abraham et al., 1985; Forkert et al., 1989), and a cytochrome P-450-mediated 
mono-oxygenation system (e.g. Johnson et al., 1985; Pinto et al., 1986, 1987; Revtyak et 
al., 1988). The synthesis of epoxyeicosatrienoic adds (EETs) in EC is mhibited by 
NDGA ETYA and SKF 525A but not by cyclooitygenase mhibitors or by BW 755C 
(Pritchard et al., 1990; compare Bednar et al., 1984), an inhibition profile identical to 
that found in the present study for release. EET synthesis is stimulated by histamine and 
thrombin (Revtyak et al., 1988), which also induce release of t-PA and vWF from EC, 
while EETs have been shown to induce cellular secretion in a variety of cells (reviewed 
by Fitzpatrick & Murphy, 1989), though such a direct effect of EETs on secretion has not 
yet been studied in EC. 

The sUght, non-significant, hihibitory effect of indomethadn on release might also be 
ascribed to an effect on mono-oxygenation, as indomethadn has a weak inhibitory effect 
on this reaction (Capdevila et al., 1988). A role for cyclooxygenase in the induction of 
t-PA release is unlikely, as aspirin did not inhibit release and neither did BW 755C, a 
combined cyclooxygenase and lipoxygenase inhibitor. 

Others have demonstrated a similar inhibitoiy profile for the induction of endothelial 
cell-dependent relaxation, giving rise to the speculation that EDRF was a product of 
arachidonic add metaboUsm (Singer et al., 1984; Pmto et al., 1987). However, it is now 
known that EDRF is nitric oxide or a closely related compound. The effeds of 
lipoxygenase- and phosphoUpase-inhibitors on EDRF must thus be ascribed to either an 
inhibitory effect on cGMP formation (Förstermann et al., 1988; Johns & Peach, 1988; 
Johns et al., 1988) or on the induction of EDRF formation (Förstermann et al., 1988). 
As we have found in separate experiments (TranquiUe & Emeis, ms submitted) that 
induction of cGMP synthesis by e.g. sodium nitroprusside or atrial natriuretic factor, 
strongly reduced the release of t-PA and vWF, the present data can not be ascribed to 
an effect on cGMP. 

The suggestion about a role of EETs m the release of t-PA and vWF leaves the 
inhibitory effect of arachidonic acid unexplained. Possibly, arachidonic add in EC gave 
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rise to metaboUtes that inhibited release, which would explam the rapid down-regulation 
of release that occurs over a five-min period (Fig. 1). U so, these metaboUtes are not 
cyclooxygenase products, as aspirin and mdomethadn did not prevent the inhibitoiy 
effect of arachidonic add (unpublished data). As arachidonic add alone does not induce 
(Surichamom et al., 1990) the caldum influx necessaiy for release to occur (Pruis & 
Emeis, 1990; TranquUle & Emeis, ms submitted) the inhibitory effects might then have 
superseded any other effects. 

Exogenous addition of PLC (from C. perfiingens) induced the release of t-PA and vWF 
dose-dependentiy from the perfused hindleg (Fig. 2). De Nucd et al. (1988) have shown 
that PLC induces the release of EDRF and PGI2 from cultured bovine aortic endotheUal 
cells, but that PLA2 only induced the release of PGIj. In our model PLA2 did not induce 
the release of either t-PA or vWF and it did not affect the induced release of either of 
them by PAF. AU these data would fit in our hypothesis (TranquiUe & Emeis, ms 
submitted) tiiat, like tiie release of EDRF (Lückhoff et al., 1988; Adams et al., 1989), the 
release of t-PA and vWF requires influx of extraceUular caldum ions, while PGI2 
synthesis would reqmre only an mcrease hi intraceUular caldum (HaUam et al., 1988). 
As described by Surichamom et al. (1990) PLAj does not induce caldum influx. 
The release of t-PA and vWF by PLC may mvolve a specific PLC-mduced pathway of 
transduction in the ceU, i.e. the formation of diacylglycerol and inositol phosphates 
(Berridge, 1987; Nishizuka, 1986; Berridge & Irvine, 1984). Perfusion of rat hmdlegs with 
PMA, a diacylglycerol analogue, which adivates protein kinase C (Blumberg et al., 1984) 
resulted m a contmuous significant, but small mcrease m t-PA and vWF release 
(TranquUle & Emeis, 1990). However, activation of protein kinase C alone does not 
appear suffident to mduce the full-scale t-PA or vWF release reaction, possibly because 
of the absence of caldum influx. PLC (C. perfringens) induced more release than did 
PMA, and with a different pattern in time (Fig. 3) than PMA, more closely resemblmg 
the release pattern obtained with the other, caldum flux-mdudng, compounds (Fig. 1). 
Treatment with PLC (C. perfringens) may result in calcium influx, giving rise to t-PA and 
vWF (tills paper) and EDRF (De Nucd et al., 1988) release. After a 15 min 
pretreatment with PMA, tiie release of t-PA induced by PAF or A-23187 was reduced 
by some 40%. The decrease, after PMA, of PAF- or A-23187-induced t-PA release could 
be due to feed-back inhibition by activated protem kmase C, possibly of a G-protein 
involved in t-PA release, as suggested by De Nucd et al. (1988) for the inhibition of 
EDRF release. The release of vWF by PAF after PMA pretreatment was significantiy 
increased (Fig. 4), so that receptor down-regulation is not likely to be involved in the 
decreased release of t-PA after PMA In agreement with this, the (receptor-independent) 
release mduced by the caldum ionophore A-23187 was simüarly affected by PMA (Table 
4). The results observed with pertussis toxin pretreatment, where no change in t-PA or 
vWF levels (induced or baseline) in the perfusate samples (or in rat plasma samples, 
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unpublished observation), was detected, imply that a permssis toxin-sensitive G-protein 
is not likely to mediate the intracellular signal resulting from stimulation by bradyldnin 
and PAF. In addition, the actual mechanism of release does not seem to involve a 
pertussis toxin-sensitive G-protein. 
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ABSTRACT 

The involvement of caldum in the release of tissue-type plasminogen activator (t-PA) 
and von WiUebrand Factor (vWF) from vascular endothelial cells was smdied using a rat 
hindleg perfusion system. By adding either platelet-activating factor or bradykinin to the 
perfusing Tyrode solution, a rapid release of t-PA and vWF was induced. Extracellular 
calcium was essential for the acute release of both glycoproteins as this release was 
totally abolished in the presence of EGTA The calcium ionophore A-23187 induced ±e 
release of both proteins. The use of the caldum L-type channel blockers, verapamil and 
dUtiazem, and the caldum channel agonist BAY K-8644, did not provide any evidence 
for the involvement of endotheUal voltage-operated calcium channels. Trifluoperazine, 
a calmoduUn antagonist, significantly inhibited the mduced release of t-PA and vWF. 
However, calmidazoUum, another calmodulin antagonist, itself induced the release of 
both t-PA and vWF. Lanthanum chloride inhibited the induced release of t-PA but not 
that of vWF. Our results suggest that Ca** influx is essential for the release of t-PA and 
vWF from the perfused rat hindleg. 

INTRODUCTION 

The vascular endotheUum plays a very important role in the maintenance of vascular 
homeostasis. Endothelial cells are now known to synthesize and secrete both activators 
and inhibitors of the coagulation system and of the fibrinolytic system, and mediators 
such as prostacyclin (PGIj) and endothelium derived relaxing factor (EDRF) that are 
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involved in the adhesion and aggregation of blood platelets. Two of the many compounds 
that can be secreted from endothelial cells are tissue-type plasminogen activator (t-PA), 
the key enzyme in the fibrinolytic system necessary to activate plasminogen to plasmin 
(8), and von WiUebrand Fador (vWF) which is necessary for platelet adhesion to the 
subendothelium when vascular injury occurs (5). 

The predse mechanism involved in the release of these two proteins from endothelial 
cells is stUl largely unknown. In past experiments, using our ex vivo model of the rat 
perfused hindleg (7), we have investigated various pathways involvii^ cytochrome P-450 
mono-oxygenases, phospholipases, arachidonic add cascade products, cyclic nucleotides, 
protein kinase-C and protein synthesis (9,22,23,24, and unpublished observations) in 
relation to the acute release of t-PA and vWF from the endothelium. In the studies 
mentioned above we had conduded some preliminary experiments (9,17,24) suggesting 
that extraceUular caldum was required for the acute release of both t-PA and vWF. 
Loesberg et al. (14) and De Groot et al. (4) had showed that in cultured human 
endothelial cells the release of vWF also requires extracellular (Da* *, as does the release 
of protein S from those ceUs (21). Therefore, a more detailed study was performed to 
investigate the role of caldum in the acute release of the two proteins t-PA and vWF ex 
vivo. 

These experiments involved the use of the caldum ionophore A-23187, the caldum 
channel agonist BAY K-8644, calcium entry blockers such as lanthanum chloride, 
verapamil and dUtiazem, the "intraceUular caldum antagonist" TMB-8, and the 
calmodulin antagonists calmidazoUum and trifluoperazine (TFP) (7,20). 

METHODS 

The foUowing procedures are described only briefly below as they have been described 
in detail previously (e.g. 22,24). 

Perfused rat hindleg system. 

Male Wistar rats (220-300 g; Nembutal anaesthesia) were used. The hindlegs were 
perfused via the aorta at constant flow (10 ml/min) with oxygenated Tyrodes' balanced 
salt solution, containing bovine serum albumin (BSA) (0.1 mg/ml), at 37 °C. 
Effluent samples were collected from a vena cava outflow cannula. After a 30 min wash
out period, release-indudng compounds were perfused for 5 min each. Samples were 
collected at 1 min intervals for 30 seconds, centrifuged and either assayed immediately 
or stored at -20'C. 
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Experimental procedure. 
Two compounds were used to stimulate release in each experimental animal; first 
bradykinin (0.8 ßM) was perfused through the system for 5 min, foUowed by a 5 min 
wash-out period before platelet-activating fador (PAF; 5 nM) was perfused for 5 min. 
In experiments involving antagonists the drug under investigation was added to the 
Tyrode/BSA solution after 10 or 20 min and perfused for 20 (or 10) min before, and 
during, the period of stimulating release. 

In the experiments involving the absence of Ca* * from the perfusion solution (and those 
using in addition 1 mM EGTA in the perfusion solution) the time scale used was 
different to that mentioned above. In these eiqieriments Ca** was omitted from the 
perfusates starting at 0, 2,4, 6, 8 and 10 min before stimulation with PAF (5 nM) in the 
continued absence of Ca* * for 5 min. After a further 5 min wash-out without Ca* * PAF 
(5 nM) was again perfused through the system but this time in a normal Ca* *-containing 
Tyrode perfusion solution (and in the absence of EGTA). 

Spectrophotometric plasminogen activator assay. 
The PA activity of the perfiisate samples was determined by the indirect spectro
photometric rate assay described by Verheijen et al. (26). The PA activity was 
determined to be t-PA activity as detaUed previously (9,22). 
Dilutions of human melanoma t-PA were run in each plate for calibration, and the 
activity of the samples wUl be expressed in Units, one Unit (of rat t-PA) being equivalent 
in our assay to one International Unit of human t-PA 

ELISA assay for rat von l^Uebrand Factor (24). 
Microtiter plates were coated with rabbit anti-human von WiUebrand Factor Ig and 
incubated with rat hindleg perfusate samples (25 ßl). Bound antigen was quantitated 
using peroxidase-conjugated rabbit anti-human von WUlebrand Factor Ig. Diluted pooled 
rat plasma (0.05-5% v/v) was used as a standard. The concentration of vWF wiU be 
expressed as Units, a hundred Units being equivalent to the amount of vWF present in 
one ml of pooled rat plasma. 

MATERULS 

Platelet-activating factor (PAF) was obtamed from Bachem (Bubendorf, Switzerland). 
Nembutal was from Sanofi (Paris, France). Bradykinin, bovine serum albumin (fraction 
V), mepacrine, nordihydroguaiaretic add (NDGA), trifluoperazine (dihydrochloride), 
lanthanum chloride, verapamU (±), and diltiazem were from Sigma Chemical Co. (St. 
Louis, MO, U.S.A). CalmidazoUum came from Janssen Pharmaceutica (Beerse, 
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Belgium). BAY K-8644 came from Research Biochemicals Inc. (Natick, MA U.SA.). A-
23187 (free add) came from Boehringer (Mannheim, FRG). 8-(Diethylamino)octyl 3,4,5-
trimethoxybenzoate hydrochloride (TMB-8) and ethylenebis (o^ethylene nitrilo) 
tetraacetic add (EGTA) came from the Aldrich Œemical Co. Inc. (Milwaukee, WI, 
U.S.A.). Rabbit anti-human von WUlebrand Factor Ig and peroxidase-conjugated rabbit 
anti-human von WiUebrand Factor Ig came from Dakopatts (Copenhagen, Denmark). 
Materials used in the specfrophotometric PA assay have been detailed elsewhere (26). 
All other reagents used were of analytical grade. 

Data analysis. 
Data wiU be presented as mean ± standard deviation. Statistical significance of 
differences was established by one-way or two-way analysis of variance (ANOVA), 
followed by Bonferroni's modified t-test; or by Student's t-test. 

RESULTS 

The induced release of t-PA by A-23187. 
In our experimental model of the perfused hindleg we could not detect any baseline level 
of t-PA release in the effluent samples. The addition of a release-inducing agent such as 
bradykinin or PAF to the perfusion medium resulted in a rapid transient release of t-PA 
activity, peaking within the first two min of stimulation and then graduaUy decreasing 
over the next 3 min (22). 

The caldum ionophore A-23187 (2 ßM) was tested for induction of t-PA release in our 
perfusion model. A-23187 did induce t-PA release with a time-course sùnilar to that 
described previously for the other release-inducing agents such as bradykinin and PAF 
(24). Release required the presence of C!a* * in the Tyrode/BSA solution (Table 1), and 
was significantly inhibited by the Upoxygenase inhibitor NGDA and by the phospholipase 
inhibitor mepacrine, similar to data shown previously for PAF-induced t-PA release (9). 

The effects of calcium depletion on t-PA release. 

Experiments were conducted to investigate the requirement of Ca** for the acute 
release of t-PA in our system. 
In the first series of experiments, the perfusion solution was changed to a nominaUy 
Ca* *-free Tyrode solution and perfused through the rat hindleg for timed intervals of 
0,2,4, 6,8 and 10 min before stimulation with PAF (5 nM, which was also diluted in the 
same Ca* *-free solution). The induced release of t-PA by PAF was decreased with the 
depletion of caldum. This reduction was found to be time-dependent: the longer the 
caldum was depleted, the less t-PA was released by PAF (see Fig. la). 
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Table 1. Effed of inhibitors on acute t-PA release induced by A-23187 (2 itM). 

All values obtained m the presence of mhibitor were significantiy decreased compared to control values by 

one-way ANOVA (p < 0.01). 

Number of 

t-PA release (U/ml) expérimente 

Controls (A-23187 2 iM only) 
No caldum + EDTA (1 mM)* 
NDGA (70 MM)* 
Mepacrine (100 )iM)* 

2.36 ± 0.34* 
<0.03 

0.79 ± 0.08 
0.68 ± 0.43 

5 
3 
6 
6 

* Inhibitors added to the Tyrode/BSA solution for 20 min prior to stimulation, and during the 5 min 
stimulation period. 

* Mean ± s.d. (peak values of 5 mm perfusion periods). 

Addition of tiie chelating agent EGTA (1 mM) to the Ca* *-free Tyrode solution reduced 
tiie release of t-PA by PAF faster (Fig. la). The presence of EGTA in the perfusion 
solution completely inhibited any t-PA release induced by PAF within 4 min. 
The re-addition of caldum-containing Tyrode solution and PAF (5 nM) to the perfusion 
experiment after depletion of caldum for 10, 12, 14, 16, 18 or 20 min, resulted m the 
gradual return of t-PA release, as seen in Figure lb. This release, however, never 
attained the 'normal control' levels (approx 3 U/ml). The highest values were recorded 
in those experiments where (Da** had been depleted for 14 to 16 min before the second 
PAF stimiüation in normal Ca* *-contaimng Tyrode solution was conducted. This 
observation was found to be simUar in experiments done both in the presence and 
absence of EGTA (1 mM) from the Ca**-free solution (Fig. lb). 
The addition of the inorganic (Da* * entry blocker, lanthanum chloride (LaCy (20 /xM, 
perfused for 10 min prior to stimulation) partiaUy reduced the induced t-PA release by 
both bradykimn (0.8 ßM) and PAF (5 nM) (Table 2). At 200 ßM (perfiised for 10 min 
prior to stimulation) LaQj reduced the t-PA release mduced by bradykmin and PAF 
much more strongly (Table 2). Control experiments showed that this concentration of 
LaClj did not inhibit t-PA activity significantly. 
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Fig. 1. The effed of depletion of extracellular caldum on the release of t-PA (a,b) and vWF (c,d). Time in 
minutes on the abscissa indicates the time of caldum depletion prior to PAF stimulation in (a) and (c), and 
the time in minutes after caldum depletion prior to a second PAF stimulation in caldum-containing Tyrode 
solution m (b) and (d). Caldum depletion was obtamed by either deleting caldum from the Tyrode's 
perfusion solution (D-D) or by deleting caldum and adding 1 mM EDTA (o-o). Data shown are peak pomts 
of t-PA (a and b) and vWF (c and d) released. Each point represents a smgle experiment. 
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Table 2. Effects of lanthanium chloride on t-PA release. 

t-PA (U/ml) release mduced by Number of 
bradykmin (0.8 fiM) PAF (5 nM) experiments 

Control 1.68 ± 0.27* 2.86 ± 0.39 7 
LaCl3(20(iM) 136, 0J8O 2.48, 1.54 2 
LaCls (200 M ) 0.40 ± 0.11** 0.26 ± 0.16** 4 

* Mean ± s.d. (peak values of 5 mm perfusion periods). 

•• Significantiy different fi-om control values (Student t-test; p < 0.01). 

A few perfusion experiments were done in the presence of increased Ca* 
Increasing the caldum concentration m the Tyrode/BSA perfusion solution from 3 mM 
to 9 mM did not enhance the acute release of t-PA (data not shown). 

The effects of calcium channel agonists and antagonists on t-PA release. 
To investigate the effects of caldum channel antagonists in our system we conducted 
experiments using two different L-type (Da* * channel blockers: verapamU (10 ßM), a 
phenylaUsylamine, and diltiazem (20 ^M), a benzothiazepine compound. Both of these 
channel blockers were perfused for 10 imn before stimulation with bradykinin and PAF. 
Neither of them induced any detectable t-PA release themselves. 
VerapamU and dUtiazem had no significant effect on t-PA release induced by bradykinin 
(Table 3). However, both verapamil and diltiazem reduced PAF-reduced t-PA release 
by 30-50% (Table 3) as we described previously for endothelin-3 induced t-PA release 
(17). 

The calcium agonist BAY K-8644 (at a 1 /iM; ref. 10) did not induce any t-PA release. 
It reduced the release of t-PA induced by bradykinin by 30% but had no effect on the 
release induced by PAF (Table 3). 

The effects of calmodulin antagonists and of TMB-8 on t-PA release. 
The calmodulin antagonist TFP significantiy mhibited (at 50 /xM) the release of t-PA 
induced by both bradykmin and PAF (Table 4). TFP itself did not induce any t-PA 
release. In contrast, the other calmoduUn inhibitor tested, calmidazolium, itself induced 
- at 10 ßM - release of t-PA. The amount mduced by cahnidazolium (1.67 ± 0.04 U/ml; 
n = 4; at 10 jixM) was smiUar to that mduced by 0.8 ßM bradykhain (1.68 ± 0.27 U/ml). 
The time-course of calmidazolium-induced t-PA release was simUar to the time-course 
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Table 3. Effects of a caldum channel agonist and antagonists on t-PA release. 

t-PA (U/ml) release mduced by Number of 

bradykmin (0.8 «iM) PAF (5 nM) experiments 

Control 
Verapamil (10 «iM) 
Diltiazem (20 iHA) 
BAY K-8644 (1 nM) 

1.68 ± 0.27* 
1.24 ± 039 
1.73 ± 0.46 
1.19 ± 0.38* 

2.86 ± 039 
2J08 ± 0.56* 
1.53 ± 0.60* 
2 M ± 0.76 

* Mean ± s.d. (peak values of 5 min perfusion periods). 
* Significantiy different from control values using student t-test (p < 0.05). 

* * Significantiy different from control values by one-way ANOVA (p < 0.01). 

of release as induced by other agents, peak levels being found at two minutes. 
CahnidazoUum also - again m contrast to TFP - greatiy reduced flow rates durmg 
stimulation with both bradykinin (mean flow rate 37% of that observed in the absence 
of calmidazoUum) and PAF (mean flow rate 24% of controls; see Table 4). 

Table 4. Effeds of the calmodulin antagonists on t-PA release. 

Compound 
(concentration) 

Controls 
TFP(50»iM) 
Cahnidazolium (10 ftM) 

TMB-8 (70 ßM) 
Reverse TMB-8 ( 7 0 ^ -

t-PA (U/ml) release 
induced by flow rate 

brad^dnin (% of control) 

(0.8 ItM) 

1.68 ± 0.27* 
0.29 ± 0.07 
0.89 ± 0.22 
1.51 ± 0il3 
0.09, 0.05 

100* 
75 
37 
45 
12 

t-PA (U/ml) rdease 

induced by flow rate 
PAF (5 nM) (% of control) 

2.86 ± 0.39 
0.08 ± 0.09 
0.29 ± 0.21 
0.75 ± 0.32 
1.92, 2.16 

100 

47 
24 
22 
54 

Nuipber of 
experiments 

7 
3 
4 
6 
2 

* Mean ± s.d. (peak values of 5 min perfusion periods). 
* Mean value. 
" Reverse stimulation. First-PAF, and second-bradykinin (see text for explanation). 
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The 'intracellular (Da* * antagonist' TMB-8 did not induce any t-PA release itself and had 
no significant effed on the induced t-PA release by bradykinin but signiflcantiy reduced 
tiie t-PA release induced by PAF (Table 4). TMB-8 also caused a great reduction in the 
flow rate. As the flow effects became more apparent during the second stmiulation, 
reverse experiments were conduded using TMB-8 to differentiate better between the 
effects due to flow or to caldum antagonism. In the reverse experiments PAF was the 
first inducer used to stimulate release followed by bradykinin. In these experiments 
(Table 4) the flow rate was again greatly reduced by the time the second stimulator was 
perfused. In this case the values obtained for PAF induced t-PA release were not 
significantiy reduced but those for bradykinin induced release were (Table 4). In a 
previous paper (24) we found that reduction in flow rate was accompanied by a 
proportional reduction in t-PA release. In Fig. 2 the flow rates, and the amounts of t-PA 
released, are shown (as percentage of controls) for bradyldnin- and PAF'stimulated t-PA 
release in the presence of cahnidazolium, TMB-8, reverse TMB-8 and TFP. As can be 
seen, for calmidazolium and TMB-8 a good correlation (r = 0.864; n = 7; p < 0.01) 
existed between mean residual flow rate and mean t-PA release, suggesting that the 
reduction in t-PA release found was due to the reduction in flow for these compounds. 
TFP caused some reduction in flow, but a much larger redudion in t-PA release than 
antidpated on the basis of flow reduction (Fig. 2). Together these data suggest that the 
effects of calmidazoUum and TMB-8 on t-PA release were largely indirect, and did not 
necessarily reflect an effect of these compounds on t-PA release mechanisms. 

The influence of caldimi on the release of vWF. 
In previous papers (17,24) we have shown that vWF was also released in parallel with 
t-PA and that its release was stimulated by the same compounds that stimulate t-PA 
release and foUowed a veiy similar time course to that of t-PA 
The caldum ionophore A-23187 (2 ßM) was found to mduce vWF release in a similar 
time course to that of t-PA (see ref. 24). 

In the experiments involving the removal of (Da* * from the perfusion solution the same 
effects seen for the PAF-induced t-PA release (Fig. la,b) were seen for the PAF-induced 
vWF release (Fig. led). Addition of EGTA (1 mM) to tiie Ca**-free Tyrode/BSA 
solution again produced a more rapid inhibition of vWF release, as seen for t-PA 
LaClj (20 ßM and 200 jixM), however, had no effect on the vWF release induced by 
either bradykinin or PAF (Table 5), in contrast to the results seen with t-PA (Table 2). 
The calcium channel blockers verapamil and diltiazem had no significant inhibitory 
effects on the induced release of vWF (Table 5). DUtiazem even showed an increase in 
the bradykinin-induced vWF release compared to control levels. 
The caldum agonist BAY K-8644 (1 ßM) reduced (by approximately 50%) the vWF-
induced release by both bradykinin and PAF (Table 5). 
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Fig. 2. Scatter plot of mean perfusate flow (abscissa) and mean t-PA release for the control group (o) and 
for the groups pretreated with calmidazoUum (D), TMB-8 (v), reverse TMB-8 (v ' ) or TFP (A). The drawn 
line represents the least squares regression Une for the control, TMB-8 and calmidazoUum groups (n = 7; 
r - 0.864; p < 0.01). Open symbols indicate stimulation with bradykinin, dosed symbols indicate stimulation 
with PAF. Data from Table 4, expressed as percent of the control group. 

Table 5. Effect of caldum entry blockers, calmoduUn antagonists, and caldum agonist and antagonist on 
vWF induced release. 

Compound 
vWF (U/ml) release induced by 

bradykinm (0.8 ßM) 
eed by 
PAF (5 nM) 

2.12 ± 0.53 

1.90 ± 0.15 
1.91 ± 0.34 
1.53 ± 0.40 
2.01 ± 0.28 
1.13 ± 0.05" 
2.02 ± 0.25 
0.26 ± 0.22** 

OM ± O . B " 

Number of 

experiments 

7 
2 
4 
4 

3 
4 
4 

3 
6 

Controls 
Lads (20 ßM) 
LaCls (200 MM) 
Verapamil (10 MM) 
Diltiazem (20 ßM) 
BAY K-8644 (1 ßM) 
CalmidazoUum (10 ;iM) 
TFP (50 MM) 

TMB-8 (70 ßM) 

1.38 ± 0.57* 
1.65 ± 0.81 
1.54 ± 0.21 
1.48 ± 0.54 
2.35 ± 0.27 
0.70 ± 0.09 
1.62 ± 0.12 
0.55 ± 0.26 
0.98 ± 035 

Mean ± s.d. (peak value of 5 min perfusion periods). 
Significantly different from control (p < 0.01) by one-way ANOVA, followed by Bonferroni's modified 
t-test. 



The calmodulin antagonist TFP (50 ßM) showed the same effect on vWF release as on 

t-PA release, significantiy reducing the release of both proteins (Table 5; compare Table 

4). 
(Dalmidazolium (10 ßM), the other calmodulin antagonist tested, induced its own vWF 
release, as it did for t-PA This release was again very simUar to that seen for bradykinin-
induced release (1.48 ± 0.46 U/ml). The release of vWF was unaffected by the addition 
of calmidazolium (Table 5), which suggests that flow reduction does not affect vWF 
release as it does t-PA release (d Table 4 and Fig. 2). 
TMB-8 (10 ^M) reduced the induced release of vWF. TMB-8 had a stronger redudng 
effect on the PAF-induced than on bradykinin-reduced release of vWF, whether PAF was 
used as the first (Table 5) or the second (not shown) stimulatory compound. 

DISCUSSION 

In this smdy we investigated the involvement of caldum and calmoduUn in the sequence 
of events leading to the acute release of t-PA and vWF from the vascular endotheUum 
in the perfused rat hindleg model. In previous papers (8,24) we had suggested that the 
release of t-PA may be similar to that of EDRF and PGIj, since all three share a similar 
array of release-stimulating compounds. A recent review by Adams et al. (1) on 
difference m the role of (Da* * m release of EDRF and PGIj, suggests that EDRF release 
is more dependent on the presence of extracellular Ca* * and on (Da* * influx, while PGIj 
synthesis is more dependent on intraceUular Ca* * levels (see also 15 and 27). Our data 
suggested that, smiUar to the release of EDRF, t-PA release was dependent on (Da* * 
influx. The Ca**-dependency of vWF release is similar, though not identical, to that of 
t-PA release. 

Firstly, the acute release of both t-PA and vWF in our system reqmred the presence of 
extraceUular calcium and was totaUy aboUshed in the presence of a (Da* *-free, EGTA-
containing, perfusion solution. Secondly, the inorganic calcium entry blocker LaCl, 
strongly reduced the induced release of t-PA suggesting that Ca* * influx was necessary 
for this t-PA release. Thirdly, the calcium ionophore A-23187 induced - calcium-
dependentiy - release of t-PA and vWF. 

In our ex vivo model the acute release of t-PA and vWF from intad endotheUal cells thus 
required extracellular caldum, as does the release of vWF (and protein S) from cultured 
endotheUal cells (4,14,21). In cultured endothelial ceUs stimuU such as thrombin, 
histamine, PAF and bradykinin induce similar initial, i.e. during the time period of 
maximal release of two minutes, increases in intracellular calcium concentrations in the 
presence and absence of extracellular caldum (11,12,18). As shown by SchUling et al. 
(19), maximal Ca-influx occurs in bradykmin-sthnulated endothelial ceUs durmg the first 
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90 sec of stimulation. Caldum fluxes over the plasma membrane thus seem to be a more 
important determinant of t-PA and vWF release than the increase in intracellular 
calcium. De Groot et al. (4) also showed that 3-deazaadenosine, an inhibitor of 
phosphoUpid methylation, blocks in cultured endothelial ceUs both caldum influx and 
release of vWF. 

Increases in phosphoinositides are, in endotheUal ceUs, independent of extraceUular 
calcium (12,13). Also, A-23187 does not increase phosphoinositide concentrations 
(6,12,13), suggesting that phospholipase C activation (and the resulting release of 
intraceUular caldum by IP3) is not required for acute t-PA and vWF release to occur. 
Probably, the activation of protein kinase C by any diacylglycerol formed is also of little 
importance, a suggestion strengthened by the observation (24) that the protein kinase C 
activator phorbol myristate acetate induced little release of t-PA and vWF, and did not 
potentiate PAF-induced release. 

TMB-8 significantiy reduced the induced release of vWF by PAF though not that induced 
by bradykinin. TMB-8 did inhibit prostacyclin release m cultured bovine aortic 
endotheUal ceUs (15) but had no significant effect on bradykinin-induced EDRF release 
and production (27). As discussed in the results, TMB-8 did not appear to have a direct 
effect on t-PA release in our system. The information given above suggests that vWF 
release, like that of prostacyclin, was inhibited by TMB-8, which has no effect on üiduced 
EDRF release or induced t-PA release from endotheUal ceUs. 
Studies of voltage-sensitive caldum channels have provided evidence for and against 
their presence in endothelial ceUs (for review, see 16). The use of the caldum agonist 
BAY K-8644 and the caldum channel blockers verapamil and dUtiazem in our perfusion 
system did not provide any evidence for the involvement of voltage-operated L-type 
calcium channels. The compound BAY K-8644 did have an inhibitory effed on the 
induced release of vWF by both bradykinin and PAF, however, this effed is not one of 
an agonist, as expected at the concentration used. As this compound did not induce any 
t-PA or vWF release on its own, or even enhance the induced release of both proteins 
by bradykinin and/or PAF, one can assume that there are no voltage-operated channels 
involved in release, or even present, in endotheUal ceUs. 

TFP, a calmodulin antagonist, was found to be an effective inhibitor of the acute release 
of t-PA and vWF, suggesting that calmoduUn is involved in the sequence of events 
leading to tiie acute release of both t-PA and vWF. 

Calmidazolium, another compound which inhibits calmodulin-mediated events, induced 
the acute release by both t-PA and vWF in substantial amounts on its own. 
Calmidazolium also induced severe reduction in perfusate flow, obscuring any potential 
other effect through calmodulin inhibition. The cause of this unexpected finding is not 
fully understood but may be partiaUy explained by the finding of Busse and MiUsch (2) 
that calmidazolium did not inhibit nitric oxide synthesis in the cytosol (as other 
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calmodulm antagonists did) but showed a stimulatory effect on EDRF release from intact 
cells. They suggest that this effect is caused by the membrane-pertubmg property of 
calmidazoUum resulting in an increased (Da* * influx into endotheUal cells. 
Lanthanum chloride (25) was very effective in blocking the induced release of t-PA 
However, this was not found to be the case for vWF release, which remained totaUy 
unaffected in the presence of lanthanum chloride. Possibly the acute release of vWF in 
our system requires less caldum influx than the acute release of t-PA, although such a 
difference does not show in the caldum-depletion experiment of Figs. 1. 
Another difference relates to the effect of the caldum antagonists verapamU and 
dUtiazem, which reduce PAF-induced t-PA release, but not vWF-release. A simUar 
observation has been made previously for the endothelin-induced release of t-PA and 
vWF, in which verapamil, dUtiazem and nifedipine also reduced (by 50%) the release of 
t-PA only (17). 

To conclude, one can briefly summarize the data reported in this study as follows. The 
acute release of t-PA and vWF does require the presence of extracellular caldum and 
Ca* * influx into the endothelial ceUs. Caldum I^channel blockers were found to have 
littie effect in our system, as did the caldum channel agonist BAY K-8644, supporting 
the theory that there are no voltage-operated caldum channels in endothelial cells. The 
release of t-PA and vWF may also be dependent on (TFP-sensitive) cahnodulin-
dependent pathway though the study of this aspect was hampered by aspedfic effects of 
calmidazolium on release and flow. The precise mechanisms of the acute release of t-PA 
and vWF from endotheUal cells is stiU not fully understood, but the in vivo data provided 
in this paper support the suggestions based on in vitro observations that caldum influx 
plays an essential role in this acute release mechanism. 
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ABSTRACT 

The modulation of the induced acute release of tissue-type plasminogen activator (t-PA) 
and of von WUlebrand factor (vWF) by compounds affecting cycUc nucleotide levels was 
studied. The experimental system used was the isolated rat hindleg region perfused with 
Tyrode's. In this system, a rapid (within 1-2 min) transient release of t-PA and vWF was 
induced by adding either platelet-activating factor (PAF; 5 nM) or bradykinin (BRA; 0.8 
ßM) to the Tyrode's. 

The guanylate cyclase activators sodiumnitroprusside and atrial natriuretic factor reduced 
the induced release of both t-PA and vWF. The adenylate cyclase activator forskolin had 
no effect on BRA-induced release. However, forskolin reduced the PAF-induced release 
of t-PA and potentiated the simultaneously-induced vWF release. Isoproterenol enhanced 
BRA-induced release without affecting PAF-induced release. 

The following phosphodiesterase inhibitors were perfused either alone, or in combination 
with a cycUc nucleotide activator: SKF 94120 and RoUpram (c-AMP selective), M & B 
22948 (c-GMP selective), and isobutylmethykanthine (non-selective). None of these 
compounds induced any t-PA or vWF release on thefr own. Isobutylmethykanthine and 
M & B 22948 did not affect induced release. RoUpram and SKF 94120 had no effect at 
the lower dosage (10 ßM), but tended to reduce the induced release of t-PA and vWF 
at higher dosages (100 and 200 ßM). 

Our results suggest that cyclic nucleotides did not, by themselves, induce the acute 
endotheUal release of t-PA and vWF in perfused hindlegs, but that altering their levels 
modulated this release. 
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INTRODUCTION 

Tissue-type plasminogen activator (t-PA) and von WiUebrand factor (vWF) are two 
proteins which are concomitantiy released from the vascular endothelium. In our model 
of the perfused rat hindleg t-PA and vWF release from endothelial ceUs can be induced 
by a variety of stimuU including bradykinin, thrombin, histamine, A-23187, platelet-
activating factor (PAF), leukotrienes and endotheUn (6,8,20,27). Protem synthesis is not 
required for the acute release of t-PA and vWF; however, the presence of extraceUular 
caldum is essential (28,29). 

Regulation of cellular responses by cydic nucleotides has been the subject of intense 
investigation over the past thirty years. The cycUc nucleotides cAMP and, more recently, 
cGMP, have been implicated as second messengers mediating hormonal effects on a 
number of biological processes, including secretion. As the above-mentioned compounds 
that induce the acute release of t-PA and vWF are known to affect cydic nucleotide 
levels in endothelial ceUs (see e.g. 2,3,18,22,24), cycUc nucleotides might also be involved 
in the acutely-induced release from endothelial cells. 

The intracellular concentrations of the cycUc nucleotides appear to be regulated by two 
classes of émîmes, the cyclase enzymes and the cyclic nucleotide phosphodiesterases 
(PDE). Forskolin (FSK), a diterpene, directiy stimulates adenylate cyclase and has been 
extensively used to elevate cAMP levels (15,25). The /3-adrenoceptor agonist 
isoproterenol (ISO) also activates adenylate cyclase in many tissues including endothelial 
cells (4,14,22). The conversion of guanosine triphosphate to cGMP can be catalysed by 
at least two forms of guanylate cyclase, a soluble form activated by e.g. nitrovasodUators, 
and a particulate form activated by atrial natriuretic fador (ANF). Both soluble and 
particulate guanylate cyclases are present in endothelial ceUs (see e.g. 16,18,23). 
Multiple forms of PDEs have been isolated, whose distribution is tissue spedfic; The use 
of selective inhibitors has helped to characterize and isolate these different PDE forms 
(1). Little information is available about the PDEs present in endothelial cells; an 
analysis of PDEs present in cultured pig aortic endothelial cells was only recently 
published (26). In this study we have used several PDE inhibitors together with the 
cyclase activators mentioned above: 3-isobutyl-l-methykanthine (IBMX), a non-selective 
PDE inhibitor; M & B 22948», a cGMP specific inhibitor; and SKF 94120 and Rolipram, 
which are cAMP spedfic. 

In view of the observations mentiond above, we dedded to investigate the possible 
involvement of the cyclic nucleotide pathways m the acute release of both t-PA and vWF 
in the perfused rat hindleg model. 

*Note: Trade name Zaprinast. 
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METHODS 

Male Wistar rats (Broekman Institute, Helmond, The Netherlands), weighmg 250-300 g, 
anaesthetized using pentobarbital (Nembutal, 60 mg/kg intraperitoneally), were used in 
the following experiments. 

Rat hindleg perfusion. 
The perfused rat hindleg system was used to study the acute release of t-PA and vWF 
from a perfused vascular bed, as described in detaU elsewhere (27,28). Briefiy: the rat 
hindleg region was perfused through the aorta with oitygenated Tyrodes' salt solution 
containmg 0.1 mg/ml bovme serum albumin (Tyrode/BSA), pH 7.5, at 37'C usmg a 
roUer-pump at a constant flow of 9-10 ml/min. Perfiisate samples were collected from 
an out-flow cannula inserted into the vena cava. A 30 mm perfusion period using 
Tyrode/BSA was aUowed to dear residual blood from the blood vessel system in control 
experiments. Two compounds were then used to stimulate release in each experimental 
animal; first bradykinin (0.8 ßM) was perfused through the system for 5 min, followed 
by a 5 min wash-out period before PAF (5 nM) was perfused for 5 min. In experiments 
involving PDE inhibitors, the drug under investigation was added to the Tyrode/BSA 
solution after 10 min and perfused for 20 min before, and during, the periods of 
stmmlating release. In experiments mvolving the cyclase activators, the drug under 
investigation was added to the Tyrode/BSA solution after 25 min and perfused for 5 min 
before, and durmg, the periods of stimulation. Sample collections were taken every 
minute for 30 sec, kept on ice until the experiment was completed, and then centrifuged 
(3000 g for 10 min). The supernatant was coUeded and imxed 1:9 with a solution 
containing 0.5 M Tris/HQ (pH 7.5) and 1% Triton X-100, and eitiier assayed 
immediately or stored at -20'C. 

For the drugs used in a specific solvent (e.g. ethanol), solvent control experiments were 
conducted. However, none of the solvent controls were significantiy different from 
control experiments, so the data was pooled together and is presented as "control" 
experiments. 

Spectrophotometric plasminogen activator (PA) assay. 
The PA activity of the perfusate samples was determined by the indirect 
spectrophotometric rate assay described by Verheijen et al. (30). The nature of the PA 
activity was determined to be t-PA as described previously (8,27). Dilutions of human 
melanoma t-PA were run in each plate for caUbration, and the activity of the samples 
wiU expressed in Units, one Unit (of rat t-PA) being equivalent in our assay to one 
international unit of human t-PA (International Standard batch 83/517). 
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ELISA determination for von WiUebrand Factor (vWF). 
The concentration of vWF in the perfusate samples was determined using an ELISA 
assay adapted from Ingerslev (13) as detailed elsewhere (29). Briefly, 96-weU microtiter 
plates were coated vrith rabbit anti-human vWF Ig and left overnight at 4 'C. After 
rinsing, the perfusate samples (25 ßl) and 74 ßl of PBS-Tween buffer (pH 7.2) were 
added. Bound antigen was detected usmg peroxidase-conjugated rabbit anti-human vWF 
Ig. Absorbances were measured at 450 nm in a Titertek multiscan spectrophotometer. 
Rat pooled plasma m a range of 0.05 to 5.0% (v/v) was used in each plate for 
calibration. The concentration of vWF wiU be expressed as Units, one hundred Units 
being equivalent to the amount of vWF present in one ml of pooled rat plasma. 

MATERIALS 

Platelet-activating factor (PAF) was obtained from Bachem (Bubendorf, Switzerland). 
Nembutal was from Sanofi (Paris, France). Bradykinin, N-nitro-I^arginine methyl ester, 
bovine serum albumin, forskolin (FSK), rat atriopeptin II (ANF), 8-bromoguanosine 3'5'-
cyclic monophosphate (8-br-cGMP), 8-bromoadenosine 3'5'-cycUc monophosphate (8-br-
cAMP) were from Sigma (St. Louis, U.S.A.). Sodium nitroprusside (SNP) was from 
Merck (Darmstadt, Germany). Isoproterenol (ISO) was from Serva (Heidelberg, 
Germany). 3-Isobutyl-l-methykanthine (IBMX) was from Janssen Chimica (Beerse, 
Belgium). Rabbit anti-human vWF immunoglobuUn (Ig) and peroxidase-conjugated 
rabbit anti-human vWF Ig came from Dakopatts (Copenhagen, Denmark). Purified 
human t-PA (two-chain) was a gift from Dr. J.H. Verheijen of the Gaubius Institute. 
Rolipram (4-(3'-çyclopentyloxy-4'-methoxyphenyl)-2-pyrrolidone) was agift from Schering 
(Berlin, F.R.G.), M & B 22948 (2-0-propoityphenyl-8-azapurin-6-one) was a gift from 
May and Baker Ltd. (Dagenham, U.K.), and SKF 94120 (5-(4-acetamidophenyl)pyrazin-
2(lH)-one) was a gift from Smith, Kline and French Ltd. (Welwyn Gardin (Dity, U.K.). 

The materials used in the specfrophotometric assay have been detaUed previously (30). 
All other materials were of analytical grade. 

STATISTICS 

Results were analysed by one-way ANOVA followed by Bonferroni's modified t-test, or 
by Student's t-test, as indicated below. Differences were considered significant if p (two-
sided) was < 0.05. 
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RESULTS 

The effects of guanylate cyclase acüvators on t-PA and VWF release firom perfiised rat 
hindlegs. 
Bradykinin and PAF are used routinely to sequentially mduce acute release of t-PA and 
vWF in our system. This release is rapid (peaking within 1-2 min) and fransient (see e.g. 
28,29), the release of both proteins foUowmg the same time-course. Perfusion using only 
Tyrode/BSA solution does not result in detectable baseline release of either protein. 

Perfusion with SNP (1 mM) or with ANF (20 nM) did not mduce any t-PA or vWF 
release in our model. However, both drugs reduced the induced release of t-PA and vWF 
(Table 1), tiie effect of SNP being sfronger tiian tiiat of ANF. 

Table 1. Effects of guanylate cydase activators on the induced release of t-PA and vWF. 

Compounds 

Controls 
SNP (1 mM) 
ANF(20nM) 

t-PA release (U/ml) (peak values of i 

Release mduced by 
bradykmm (0.8 MM) 

1.66 ± 0.38* 
1.14 ± 0.40* 
1.12 ± 0.20* 

15 min perfusion period) 

Release mduced by 
PAF(5nM) 

2.34 ± 0.40 
0.64 ± 0.29* 
1 8? * 0.27* 

Number of 
experiments 

30 
4 
4 

vWF release (U/ml) (peak values of a 5 min perfusion period) 

Compounds 

Controls 
SNP (1 mM) 
ANF(20nM) 

Release induced by 
bradykmin (0.8 ßM) 

1.00 ± 0.23 
0.16 ± 0.10* 
0.60 ± 0.16* 

Release mduced by 
PAF (5 nM) 

1.16 ± 0.35 
0.13 ± 0.05* 
0.77 ± 0.12* 

Number of 
experiments 

30 
4 
4 

* Mean ± s.d. 
* Significantly different fi-om control values by one-way ANOVA, foUowed by Bonferroni's modified t-test. 
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Nitro-argmine (an inhibitor of NO formation and tiius of NO-mduced cGMP syntiiesis, 
ref. 19) at 50 ßM or 100 ßM did not mduce any t-PA or vWF release on its own and had 
also no effect on the mduced release of t-PA and vWF by either bradykinin or PAF 
(data not shovra). 

The effects of adenylate (^clase activators on t-PA and vWF release from perfused rat 
hindlegs. 

FSK (10 ßM) and ISO (10 ßM) did not release any t-PA or vWF tiiemselves. At a 
concentration of 40 ßM, ISO had previously been found to be a weak, inconsistent 
mducer of t-PA release, (see ref. 6). 

Table 2. Effeds of adenylate cyclase adivators on tiie induced release of t-PA and vWF. 

Compounds 

t-PA release (U/ml) (peak values of i 

Controls 
ForskoUn (10 nM) 
Isoproterenol (10 jiM) 

Compounds 

Release induced by 

1.66 ± 0.38' 
1.60 ± 0.25 
2.88 ± 0.33* 

vWF release (U/ml) (peak values of i 

Controls 
ForskoUn (10 ßM) 
Isoproterenol (10 ßM) 

Release induced by 
bradykinin (0.8 ßM) 

1.00 ± 0.23 
1.02 ± 0.25 
1.37 ± 0.44* 

15 min perfusion period) 

Release hiduced by 
PAF(SnM) 

234 ± 0.40 
1 6? + 0.40* 
?,?fi + 0.70 

1 5 min perfusion period) 

Rdease mduced by 
PAF (5 nM) 

1.16 ± 0.35 
2.19 ± 0.61* 
0.96 ± 0.15 

Number of 

esqperiments 

30 
10 
4 

Number of 

experiments 

30 
10 
4 

• Mean ± s.d. 

* Significantly different from control values by one-way ANOVA, foUowed by Bonferroni's modified t-test. 
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ISO had no effect on the release of t-PA and vWF induced by PAF. ISO did, however, 
significantiy increase the release of t-PA and vWF induced by bradykinin (Table 2). 
FSK did not affect the BRA-induced release of either t-PA or vWF. The effects of FSK 
on the PAF-mduced release of the two proteins were divergent: FSK increased the PAF-
induced release of vWF and simultaneously reduced the PAF-induced release of t-PA 
(Table 2). The effects were seen both in the peak values collected in a five minute 
perfusion (Table 2) and in the total sum amoimt of t-PA (or vWF) released over a five 
minute perfusion period (calculated as the sum of the concentrations in the five samples 
obtained). The effects on peak levels of release were thus not due to a change in the 
time-course of release. 

The effect of Qrclic nudeotide analogues on the release of t-PA and VWF. 
The ceU permeant analogue of cAMP, 8-br-cAMP, was perfused for 15 min at a dose of 
1 mM; no release of either t-PA or vWF was observed. 8-Br-cGMP, the lipid soluble 
analogue of cGMP, was also perfused through the rat hmdleg region for 15 min (at 1 
mM); this too mduced no release of either t-PA of vWF. 8-Br-cAMP had no significant 
effect on t-PA release mduced by either BRA or PAF (Table 3). However, it did 
mcrease the release of vWF by BRA and PAF. This increase in the induced release of 
vWF was thus simUar to the effect of FSK. 

In contrast, 8-br-cGMP had no effect on the mduced release of vWF by either BRA or 
PAF. However, it did significantly increase the t-PA induced release by PAF, though not 
tiiat by BRA (Table 3). 

Effects of PDE inhibitors on the release of t-PA and vWF. 
The PDE inhibitors M & B 22948, IBMX, SFK 94120 and RoUpram, were mvestigated 
at doses of 10 ßM, 100 juM and 200 ^M. None of these inhibitors released any t-PA or 
vWF from the rat hmdleg. The modulation of the induced release of t-PA and vWF by 
these inhibitors was investigated next. Figure 1 summarizes the results found in this 
series of experiments. This figure only shows the induced release of t-PA, as the data 
obtained for the vWF induced release foUowed the same ttend as that obtained for t-PA. 
IBMX, a non-selective PDE inhibitor, and M & B 22948, a cGMP-selective PDE 
inhibitor, did not significantiy affect the induced release by either BRA or PAF at 10 
ßM, 100 ßM and 200 ßM concentrations (Fig. 1). 
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Table 3. Effects of cydic nucleotide analogues on the induced release of t-PA and vWF. 

Compounds 

Controls 
8-Br-cAMP (1 
8-Br-cAMP (1 

Compounds 

Controls 
8-Br-cAMP (1 
8-Br-cAMP (1 

t-PA rdsase (U/ml) (peak 

mM) 
mM) 

Release mduced by 
bradykinin (0.8 ßM) 

1.66 ± 038 ' 
ZOO ± 0.31 
1.84 ± 0.30 

vWF release (U/ml) (peak 

mM) 
mM) 

Rdease induced by 
bradykinin (0.8 (iM) 

1.00 ± 0.23 
1.72 ± 0.54* 
1.15 ± 0.46 

values of i 

values of i 

15 min perfusion period) 

Release induced by 
PAF (5 nM) 

2.34 ± 0.40 
2.52 ± 0.23 
3.21 ± 0.11* 

15 min perfusion period) 

Release mduced by 
PAF (5 nM) 

1.16 ± 035 
2.27 ± 0.11* 
1.44 ± 038 

Number of 
experiments 

30 
4 
4 

Number of 
experiments 

30 
4 
4 

* Mean ± s.d. 

* Significantly different fi-om control values by one-way ANOVA, foUowed by Bonferroni's modified t-test. 

The effects of the cAMP-selective PDE inhibitors Rolipram and SKF 94120 were more 
complex. At 10 ßM, no significant effect was seen (Fig. 1). For BRA-induced release, 
both inhibitors significantiy dmiinished release at 100 ßM, an effed that was largely 
reversed at 200 ßM. For PAF-induced release, sùnilar effects as for BRA were seen witii 
SKF 94120. RoUpram, however, induced a highly significant, progressive reduction of 
both t-PA release and vWF release induced by PAF (Fig. 1). The effect of 200 ßM 
Rolipram was also tested in experiments where the sequence of activators was reversed, 
i.e. PAF was used as the first stimulus, followed by BRA. The same results were 
obtained, PAF-induced release of t-PA and VWF was sfrongly reduced while BRA-
induced release remained unaffected (data not shown). 

100 



Contrai M+B Z294B IBMX SKF 94120 Ro1ipram 

160 

1-40 

120 . 

-- 100 

a 
u 

Œ 
a. 
I 

80 

60 

40 . 

20 

10 100 200 10 100 200 10 100 200 
Concentration CLIM) 

10 100 2 0 0 

Fig. 1. The effects of PDE inhibitors on the release of t-PA. Bar graphs show the release of t-PA, as 
percentage of control values, by brad^dnin (0.8 ßM, D), foUowed by - after a 5 min wash-out - PAF (5 nM, 
• ) . Data shown are means ± s.d. for 30 control perfusions and for a minimum of 4 perfusions performed 
in the presence of the PDE inhibitor at concentrations of 10 liM, 100 liM and 200 ßM. 

The effects of combination experiments on the release of t-PA and vWF. 
Experiments were conducted that involved the combination of a PDE inhibitor and a 
cyclase activator. Four different combinations were run: M & B 22948 (100 ßM) and 
SNP (1 mM), IBMX (100 /xM) and FSK (10 ßM), SKF 94120 (100 ßM) and FSK (10 
ßM) and Rolipram (100 ßM) and FSK (10 ßM). The data from these experiments are 
shown in Figure 2. None of these combinations produced any t-PA or vWF release on 
their own. The combination of M & B 22948 and SNP on the induced release of t-PA 
and vWF, showed the same results as those observed by SNP alone (Fig. 2 and Table 1). 
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Fig. 2. The effect of combination of a cyclase activator with a PDE inhibitor on release. 
Bar graphs show the release of t-PA and vWF induced by bradykinin (BRA, 0.8 MM) and PAF (5 nM) for 
experiments combining a PDE inhibitor (100 ßM) and a cydase activator (FSK, 10 ßM; or SNP, 1 mM). 
The effect of each compound on the induced release of t-PA and vWF by bradykinin and PAF is shown as 
percentage of control values separately for each compound and for the combination. Data shown are means 
± s.d. for 30 control perfusions and for a minimum of 4 perfusions for each experimental compound. 
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The BRA- and PAF-induced release of both t-PA and vWF were significantiy reduced. 
The combination of IBMX and FSK showed the same results as those seen with FSK 
alone. There was no effect on the BRA-induced release of both t-PA and vWF, whUe the 
PAF-induced t-PA release was sigmficantiy reduced and the simultaneous vWF release 
was elevated (Fig. 2 and Table 2). In the experiments combining SFK 94120 and FSK, 
the combination results obtained were close to the confrol values. No significant 
increases or decreases were seen in the BRA- and PAF-induced release of either t-PA 
or vWF. In the experiments combining RoUpram and FSK, the reducing effects on BRA-
induced release by Rolipram (100 /iM) alone were removed (Fig. 2), vWF being even 
slightly increased. The effects of the combination RoUpram-FSK on PAF-induced release 
closely mimicked those obtained using RoUpram alone. Both t-PA and vWF release were 
strongly reduced (Fig. 2), similar to the inhibition obtained with Rolipram alone at 200 
ßM (Figs 1 and 2). In an experiment using a reversed order of stimuli, the same effects 
were seen as in the normal experiments (data not shown). 

DISCUSSION 

Neither cyclase activators such as FSK, ISO, SNP and ANF, nor the cycUc nucleotide 
analogs 8-br-cAMP and 8-br-cGMP, nor PDE inhibbitors such as IBMX and Rolipram, 
nor combinations of these compounds induced, in the perfused rat hindleg, the release 
of either t-PA or vWF. It is thus Ukely that changes m cycUc nudeotide levels ia 
themselves are not suffîdent to induce the acute release from endothelial cells of t-PA 
or vWF. These data would agree with the clinical observation (17) that cAMP infusion 
does not influence plasma fibrinolytic activity in humans. In contrast, once triggered by 
compounds such as BRA or PAF, the induced release of t-PA and vWF was inhibited 
by SNP and ANF, two activators of endotheUal guanylate cyclase. This would suggest that 
ongoing endothelial release is down-regulated by increased cGMP levels. A sinular 
inhibitory effect on the release of endothelium-dependent relaxing factor (EDRF) from 
endothelial ceUs has been described for ANF and 8-br-cGMP (9,11), whUe nitric oxide, 
another activator of guanylate Q^clase, reduces endotheUal prostacyclin production (5). 
In a previous paper (7) we suggested that the induction of the release of EDRF and of 
t-PA and that of prostacyclin production share, in endotheUal cells, a common metabolic 
pathway. The similar inhibitory effects of the cGMP-indudng agents mentioned above 
would agree with this suggestion. 

In contrast to these effects, exogenously applied 8-br-cGMP had no inhibitoiy effect, but 
even sUghtiy enhanced release (Table 3). No obvious explanation for this discordant 
result is avaUable. Possibly, cGMP has to be compartmentalized to have an inhibitory 
effect in endothelial ceUs, or 8-br-cGMP is handled in a different way than native cGMP 
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(10). The cGMP-selective PDE mhibitor M & B 22948 also had no significant effect on 
release, and did not enhance the effed of SNP. These results were Ukely due to the 
absence in rat endotheUal ceUs of a M & B 22948-sensitive PDE, as has recentiy been 
described for pordne endotheUal cells (26). As compounds that induce release also in 
general induce EDRF (7), which m tam wiU induce cGMP in endotheUal cells (18) the 
rapid, physiological, down-regulation of release from two min after the initiation of 
release onwards might have been due to cGMP. However, nitro-arginine, an inhibitor of 
EDRF formation (19), did not affect either the peak value, or the time course of the 
release of t-PA or vWF. 

No clear-cut pictare of the putative role of cAMP in endotheUal release could be 
obtained from the present experiments. FSK influenced only PAF-induced release, while 
ISO (at 10 ßM) affected only BRA-induced release, and 8-br-cAMP increased vWF 
release only (Tables 2 and 3). In mterpreting tine effect of ISO it should be remembered 
that - at the higher concentration of 40 ßM - ISO itself is a weak, inconsistent inducer 
of release (6), so that its effect may have been due to an effect as an inducer per se, and 
not as a modulating compound, thus possibly only affecting the weaker mducer BRA but 
not the stronger inducer PAF. FSK, though widely used as a direct activator of adenylate 
cyclase (25), is known to have several side-effects not related to its activation of 
adenylate cyclase (15). These side-effects include effects on ion chaimels (12), while we 
have shown previously that calcium fluxes are essential for release to occur (20, and 
unpublished data). The most clear-cut effect observed was that of Rolipram, which 
differentiated between the mode of action of BRA and that of PAF. RoUpram reduced 
the PAF-mduced release of both t-PA and vWF dose-dependentiy (Figs. 1 and 2); 
however, BRA-induced release was affeded inconsistentiy. As Rolipram has no known 
PAF-antagonistic properties, and as FSK enhanced the effect of Rolipram, resulting in 
an effect of RoUpram (100 ßM) and FSK (10 ßM) combmed that was identical to the 
effect of 200 ßM Rolipram alone (Fig. 2), it is likely that the said effect on PAF-induced 
release is due to an effect via cAMP. This would suggest that cAMP is more important 
in the mediation of PAF-induced release than in that of BRA. However, as was the case 
for 8-br-cGMP, this mterpretation leaves the effect of 8-br-cAMP unexplained. In 
summary, our data suggest that the cyclic nucleotides cAMP and cGMP by themselves 
do not induce acute release of t-PA or vWF from endothelial cells. Cyclic GMP, 
however, down-regulates the acute release of t-PA and vWF, while the role of cAMP, 
if any, is stiU undetermined and may be restricted to PAF-induced release only. 
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SUMMARY 

The effect on fibrinolytic components of pentoxifyUine (Trental), of its first metabolite 
BL 194 (penthydroJorfyUine) and of its analog HWA 448 (torbafyUine) were studied in 
rats. 
BL 194, though not pentoxifyUine and HWA 448, significantiy enhanced the induced 
release by platelet-activating factor (PAF) of tissue-type plasminogen activator (t-PA) 
from isolated perfused rat hindlegs. In contrast, the simultaneously induced release of 
von Willebrand factor (vWF) was reduced by BL 194. The effect of BL 194 on PAF-
induced release of t-PA and vWF could be mimicked by isobutylmethykanthine (IBMX), 
an inhibitor of phosphodiesterases. 
In vivo, BL 194 and pentoxifylUne did not affect baseline levels of plasma t-PA and PA 
inhibitor activity, nor did these compounds affed the in vivo induction of t-PA release 
by PAF. Similarly, the induction by endotoxin of PA inhibitor activity was not influenced 
by pentoxifylUne or BL 194. 
By its opposite effects on t-PA and vWF release, BL 194 might favourably mfluence the 
thrombotic balance. 

INTRODUCTION 

Pentoxifylline (frade name 'Trental"; 3,7,dimetiiyl-l-(5-oxohexyl)xanthine) is used 
cUnically to improve peripheral vascular drculation and to relieve intermittent 
claudication and increase walking distance (1). The mechanism of action of the drug is 
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beUeved to mainly involve the prevention of platelet aggregation and reduction of blood 
viscosity possibly by indudng changes in flexibiUty and aggregation of erythrocytes (2). 

PentoxifylUne has been found to enhance both infraceUular levels of cycUc adenosine 
monophosphate (cAMP), presumably by phosphodiesterase (PDE) inhibition, and also 
cAMP-dependent protein kinase activity (3,4). Further stadies using pentoxifylline have 
shown that pentoxifyUine stimulates vascular prostacyclin (PGI2) formation in animals 
and in human umbUical arteries and veins in vitro (5,6), and also in humans in vivo (7). 

Recently, pentoxifyUme was found to enhance polymorphonuclear leukocyte (PMN) 
motiUty by a dfrect effect on PMNs (8). PentoxifyUine was also found to attenuate acute 
lung injury in septic guinea pigs (9), this and the inhibitory effed on neutrophils indicates 
that pentoxifylline might have a use in the treatment of sepsis and Adult Respiratory 
Distress Syndrome (10). 

Fibrinolytic activity in humans has been shown to increase with repeated administration 
of pentoxifyUine (11,12). Klöcking et al. (13), using both pentoxifylUne and its first 
metaboUte BL 194, .showed a dose-dependent increase in the release of plasminogen 
activators from perfiised isolated pig ears by BL 194 only. In view of these observations, 
a detailed study was plaimed to investigate the effed of pentoxifylUne, BL 194, its first 
metabolite, and HWA 448, one of its analogues, on plasminogen activators, von 
Willebrand factor (vWF) and plasminogen activator inhibitor-1 (PAI-1) in rats. The acute 
release of both tissue-type plasminogen activator (t-PA) and vWF was studied Using the 
rat hindleg perfusion model. Experiments were done in vivo to ascertain the effects of 
pentoxifylline and BL 194 on both the induction of PAI adivity, and on the plasma levels 
of t-PA and urokinase-type plasminogen activator (u-PA) m the whole animal. 

METHODS 

Male Wistar rats (Broekman Institate, Helmond, The Netherlands), weighmg 250-350 g, 
anaesthetized using pentobarbital (Nembutal'*, 60 mg/kg intraperitoneally), were used 
in the following experiments. 

Rat hindleg perfusion. 
The perfused rat hmdleg system was used to stady the acute release of t-PA and vWF 
from a pertased vascular bed, as described in detail elsewhere (14,15). Briefly: the rat 
hindleg region was pertased through the aorta with oitygenated Tyrode's salt solution 
containing 0.1 mg/ml bovine serum albumin (BSA), pH 7.5, at 37 ° C using a roller-pump 
at a constant flow of 9-10 ml/min. Pertasate samples were collected from an out-flow 
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cannula inserted into the vena cava. A 30 min perfusion period using Tyrode/BSA 
solution was allowed to clear residual blood from the blood vessel system in control 
experiments. In experiments involving pentoxifyUine or analop, the drug under 
investigation was added to the Tyrode/BSA solution after 10 mins and pertased for 20 
mins before, and during, the period of stimulating release. Two compounds were used 
to stimulate release in each experimental animal; first bradykinin was perfused through 
the system for 5 min, foUowed by a 5 min wash-out period before PAF (platelet-
activating fador) was perfused for 5 mins. Sample coUections were taken every minute 
for 30 sec, kept on ice until the experiment was completed, and then centrifuged (3000 
g for 10 min). The supernatant was collected and mixed 1:9 with a solution containing 
0.5 M Tris/HCl (pH 7.5) and 1% Triton X-100, and either assayed immediately or stored 
at-20°C. 

In vivo experiment. 

The doses of pentoxifylline and BL 194 used in the following experiments were based on 
data and results presented by Weichen and Breddin (16) and Luke and Rocci (17). 
1. The induction of PAI activity by endotoxin (18) 
Rats were anaesthetized with Nembutal and injected i.v. with either pentoxifylline (20 
™g/kg), BL 194 (20 mg/kg) or salme (2 ml/kg). One hour later the rats were injected 
i.V. with endotoxin (10 /xg/kg). Three hours after the endotoxin injection, the rats were 
reanaesthetized and bled by aortic puncture. Plasma samples were prepared by taking 
nine parts of blood to one part of sodium dfrate (3.8% w/v), centritaged at 4°C for 10 
minutes at 2000 x g and stored as platelet-poor plasma at -20 °C. 

2. Ejfect of sub-acute treatment on base-line levels of plasminogen activators 
Rats were injected, i.p., daily for four days with pentoxifyUine (50 mg/kg), BL 194 (50 
mg/kg) or saUne (2.5 ml/kg). On the fourth day the rats were fasted overnight, and on 
the fifth day, they were bled by aortic punctare and plasma was prepared. 

3. Effect of acute treatment on plasminogen activator release in vivo 
Anaesthetized rats were initially injected (i.v.) with pentoxifylline (50 mg/kg), BL 194 (50 
mg/kg) or saline (2.5 ml/kg), and one hour later were injected with PAF (0.4 Mg/kg, 
i.V.). The animals were bled from the aorta exactiy one minute after the injection of 
PAF. Platelet-poor plasma was prepared, and plasma PA activities determined in the 
euglobulin fraction. 

4. Effect of acute treatment on dilute blood clot fysis times 
Rats were injected i.v. vrith pentoxifylline (20 mg/kg), BL 194 (20 mg/kg) or saline (2 
ml/kg) one hour before PAF (0.5 Mg/kg) was injected i.V.. Blood samples were obtained 
from a cannula in the carotid artery before and at 1, 2, 3, 5, 7 and 10 minutes after 
injection of PAF. 
Blood (0.2 ml) was diluted to 10% m 1.7 ml of 0.12 mol/1 sodium acetate (pH 7.4), 
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clotted with 0.1 ml thrombin (20 U/ml) and incubated at 37'C. Lysis tunes were read 

in minutes. 

Spectrophotometric plasminogen activator assay. 
The PA activity of the perfusate samples was determined by the indirect spedrophoto-
mefric rate assay described by Verheijen et al. (19). DUutions of human melanoma t-PA 
were run in each plate for caUbration, and the activity of the samples wiU be ei^ressed 
in Units, one Unit (of rat t-PA) being equivalent in our assay to one international unit 
(IU) of human t-PA (International Standard batch 83/517). 

Spectrophotometric plasminogen activator inhibitor (PAI) assay. 
PAI activity was determined in plasma samples by tifration with human t-PA foUowed 
by spectrophotomefric determination of residual t-PA activity as described by Verheijen 
et al. (20). One Unit of PAI activity represents mhibition of one IU of human t-PA. 

Spectrophotometric plasma plasminogen activator activity assay. 
Plasma PA activities were determined spedrophotometricaUy (19) in the plasma 
euglobulin fraction (pH 6.0, dilution 1:20). The t-PA activity represents the activity 
quenched by excess anti-rat t-PA IgG, the u-PA activity represents the activity quenched 
by 100 ßM amiloride (21). Results wiU be expressed in Units, as defined above. 

ELISA determination for von \^Uebrand Factor (vWF). 
The presence of vWF in the perfusion samples was determined using an ELISA assay 
adapted from Ingerslev (22) as detailed elsewhere (23). Briefly, 96-weU microtiter plates 
were coated with rabbit anti-human vWF immunoglobulin and left overnight at 4°C. 
After rinsmg the pertasate samples, 25 ßl, and 75 ßl of PBS-Tween buffer (pH 7.2)-were 
added. Bound antigen was detected using peroxidase-conjugated rabbit immunoglobulins 
to human vWF. Absorbances were measured at 450 nm in a Titertek multiscan spectro
photometer. Rat pooled plasma in a range of 0.05 to 5.0% was used in each plate for 
calibration. The concentration of vWF will be expressed as Units, a hundred Units being 
equivalent to the amount of vWF present in one ml of pooled rat plasma. The detection 
Umit of the assay was 0.1 U/ml. 

MATERIALS 

Platelet-activating factor was obtained from Bachem (Bubendorf, Switzerland). Nembutal 
was from Sanofi (Paris, France). Bovine thrombin from Leo Pharmaceuticals (BaUerup, 
Denmark). Bradykinin, bovine serum albumin, endotoxin (lipopolysaccharide from E.coU 
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0128: B12) and amüoride were from Sigma (St. Louis, U.SA.). Purified human t-PA 
(two-chain) was a gift from Dr. J.H. Verheijen of the Gaubius Institate. Anti-rat t-PA 
IgG had been raised against t-PA purified from L2 ceUs. Rabbit anti-human vWF 
immunoglobulin and peroxidase-conjugated rabbit immunoglobuUns to human vWF came 
from Dakopatts, Denmark. 
3-Isobutyl-l-methybtanthine (IBMX) was from Janssen Chimica, Beerse, Belgium. 
PentoxifylUne (Trental, 3,7-dmietiiyl-l-(5-oxoheityl)xantiime), HWA 448 (torbafyUme, 7 
etho3qmethyl-l-(5-lqrdroity-5-methyUiötyl)-3-metityl-xantiime), and BL 194 (3,7,dmietltyl-l-
(5-hydroxyhexyl)-xanthme) were all gifts from Hoechst AG, Wiesbaden, F.R.G. 
The materials used in the spectrophotometric PA assay have been detaUed elsewhere 
(19). AU other materials were of analytical grade. AU compounds to be injected were 
dissolved in sterile, pyrogen-free saUne. 
Titertek specfrophotometer and microtiter plates came from Flow Laboratories, Irvine, 
U.K. 

RESULTS 

The effects of pentoxifyUine, BL 194 and HWA 448 on t-PA and vWF release firom 
perfused rat hindlegs. 
Pertasion usmg only Tyrode/BSA solution did not resuh in any detectable baseline t-PA 
or vWF release in our system. Two compounds, such as bradykinin and PAF are used 
routinely to induce release in our system (24). 

PentoxifyUme, BL 194 and HWA 448 did not mduce any t-PA or vWF release m om-
model system when perfused for 20 minutes at a concenfration of 10 ßM, 50 ßM and 100 
ßM. 

Pentoxifylline did not potentiate t-PA release induced by bradykimn (0.8 ßM) or PAF 
(5 nM), as can be seen in Table la. However, BL 194 did potentiate the t-PA release by 
PAF. BL 194 increased both the maximal release of t-PA (Table la; Fig. 1) and the total 
amount of t-PA released over 5 minutes by PAF (calculated as the sum of the concen
trations in the 5 samples obtained (Table lb, Fig. 1). Although BL 194 did not signifi
cantiy increase the maximal release by bradykinin, its effeds reached significance 
concerning the total amount of t-PA release by bradykimn over 5 min (Table lb). 
Increasmg the concentration of BL 194 from 10 ßM to 50 ßM did not show any greater 
or different effect on the t-PA release seen (data not shown). 
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Table 1. Effect of pentoxifyUine, BL 194 and HWA 448 on the mduced release of t-PA from rat hindlegs. 

a) t-PA release (U/ml) (peak values of a 5 min perfusion). 

Compound 
Release induced by 
Bradykmm (0.8 ßM) 

Rdease induced 
by PAF (5 nM) 

Number of 
experiments 

Controls 
PentoxifyUme (10 ßM) 
BL 194 (10 ßM) 
HWA 448 (10 ßM) 

1.71 ± 032* 
1.29 ± 0.17 
2.09 ± 0.46 
135 ± 0.15 

1.96 ± 0.34 
1.94 ± 0.19 
3J5 ± 0.64" 
2.28 ± 0.49 

* Mean ± s.d. 
** Significantly different to conb-ols by ANOVA (p < 0.001). 

b) t-PA release (U/ml) (sum values over the 5 samples of one perfusion). 

Compound 
Release induced by 
Bradykmin (0.8 MM) 

Release induced 
by PAF (5 nM) 

Number of 
experiments 

Controls 
PentoxifyUine (10 jiM) 
BL 194 (10 MM) 

HWA 448 (10 ßM) 

3.64 ± 0.61* 
356 ± 0.80 
5.71 ± 1.41** 
3.77 ± 0.38 

4.81 ± 1.18 
432 ± 0.61 
7.24 ± 139*»* 
5.13 ± 1.06 

'Mean ± s.d. 
««Significantiy different to controls by ANOVA (p < 0.025). 

•»»Significantly different to controls by ANOVA (p < 0.05). 

PentoxifylUne had no effect on the vWF release induced by ei±er bradykinin or PAF in 
the perfused hmdleg (Table 2). However, BL 194 was found to affect the release of vWF 
induced by PAF. In contrast to the t-PA release, which BL 194 potentiated, BL 194 
sigmficantiy deaeased the vWF release induced by PAF (Table 2, Fig. 2). 
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Fig. 1. Tune course of the rdease of t-PA as mduced by bradykinin (0.8 liM), foliowed - alter a 5 min wash
out - by PAF (5 nM). Data shown are means ± s.d. for five control perfusions (G), and three perfusions 
performed in the contmued presence of 10 «iM BL 194 (0). 

Table 2. Effed of pentoxifylUne, BL 194 and HWA 448 on tiie mduced release of vWF fi-om rat hindlegs. 

vWF fU/ml^ rpeak values of a 5 min perfiision^ 

Compound 
Release induced by 
Bradykimn (0.8 fiM) 

Release induced 
by PAF (5 nM) 

Number of 
experiments 

Controls 
PentoxifyUine (10 ßM) 
BL 194 (10 ßM) 
HWA 448 (10 ßM) 

0.59 ± 0.18' 
0.60 ± 0.08 
0.43 ± 0.13 
0.60 ± 0.23 

0.61 ± 0.12 
0.67 ± 0.14 
0.32 ± 0.05** 
0.47 ± 0.07 

* Mean ± s.d. 

*• Significantiy different to controls by ANOVA (p < 0.01). 
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Altiiough the effects of HWA 448 on both t-PA and vWF induced release were not 
found to be statisticaUy significant, they did seem to foUow the same frend as the effects 
seen by BL 194 on tiie PAF-induced release of both t-PA and vWF (Table 1 and 2). 

E 
\ 
ZD 

C 
O 

-p 
(0 
s. 

-(-> 
c 
dj 
u 
c 
o 
u 

L. 

:> 

1.8 

.8 

.6 

.4 

.2 
0.8 

0 1 2 

B r a d y k i n i n ( 0 . 8 p M ) 

3 4 5 
m i nutes 

10 11 12 13 14 15 
m i nutes 

PfiF (5nri) 

Fig. 2. Time course of the rdease of vWF as mduced by bradykinin (0.8 nM), foUowed by PAF (5 nM). 
Data shown are means ± s.d. for four control perfusions ( • ) and four perfusions performed in the continued 
presence of 10 <(M BL 194 (0). 

The effects of BL 194 and IBMX on t-PA and vWF induced release in the perfiised 
hindleg. 

As pentoxifylline and BL 194 have been reported to have PDE inhibitor adivities, 
experiments investigating the actions of BL 194 and the (non-selective) phospho
diesterase mhibitor (PDE-1), IBMX were performed. IBMX (100 ßM, réf. 25) was 
pertased both on its own and in combination with BL 194. IBMX itself did not induce 
any t-PA or vWF release, but it did potentiate the release of t-PA induced by both 
bradykinin and PAF (Table 3). BL 194 did not affed the t-PA release induced by 
bradykimn but again did increase that induced by PAF. The combination of BL 194 and 
IBMX had an additive effect on t-PA release by both bradykinin and PAF. Total sum 
values (data not shown) over a 5 minute perfusion period showed the same effects as the 
peak values m Table 3. 

SimUar to BL 194, the effect of IBMX on vWF release was again found to be opposite 
to its potentiation effect on t-PA release. IBMX reduced the release of vWF induced by 
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bradykmin while BL 194 reduced the release of vWF mduced by PAF (Table 4, Fig. 2). 
However, in contrast to the results concerning t-PA release, no additive effect for vWF 
release could be demonstrated by the combination of IBMX and BL 194. 

Table 3. Effed of IBMX and BL 194 on the induced release of t-PA fi-om rat hmdlegs. 

t-PA release OJ/ml^ fpeak values of a 5 mm perfiision;) 

Release induced by Rdease induced Number of 
Compound Bradykinin (0.8 tM) by PAF (5 nM) eiqieriments 

Controls 1.03 ± 0.05* 1.89 ± 0.18 4 
BL 194 (10 ßM) 0.90 ± 0.16 2.28 ± 0.11 4 
IBMX (100 ßM) 1.56 ± 0.50 2.36 ± 029 4 
BL 194 (10 ßM) + 
IBMX (100 ßM) Z15 ± 0.67 2.99 ± 0.67 4 

* Mean ± s.d. 
For bradykinm, usmg two-way ANOVA IBMX significantly increased t-PA release (p < 0.025) but BL 194 
did not. 
For PAF, using two-way ANOVA, both IBMX and BL 194 were found to be significant m mcreasing t-PA 
release (p < 0.025). 

Table 4. Effed of IBMX and BL 194 on the mduced release of vWF fiom rat hmdlegs. 

vWF release fU/m» (peak values of a 5 min perfiision) 

Rdease induced by Release induced Number of 
Compound Bradykinin (0.8 «iM) by PAF (5 nM) e:q>eriments 

Controls 1.25 ± 0.19* 1.54 ± 0.48 4 
BL 194 (10 ßM) 1.01 ± 0.37 0J89 ± 0.15 4 
IBMX (100 MM) 0.62 ± 0.27 0.97 ± 0.29 4 
BL 194 (10 ßM) + 
IBMX (100 liM) 0.60 ± 0.20 0.96 ± 0.21 4 

* Mean ± s.d. 
For bradykinin, using two-way ANOVA IBMX was found to significantly decrease release (p < 0.05) but 
BL 194 did not. 
For PAF, using two-way ANOVA, BL 194 was found to reduce release significant (p < 0.025). 
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The effects of pentoxifylline and BL 194 on in vom fibrinolysis. 
In the first set of experiments, endotoxin was injected mto rats to induce an increase m 
PAI activity. Both pentoxifyUine and BL 194 had no effect, either in increasmg or in 
decreasing the mduction of PAI activity by endotoxin (Table 5). 

Table 5. Effect of pentoxifyUine and BL 194 on mduction of PAI activify by endotoxm. 

Pretreatment Plasma PAI activify U/ml 

SaHne 132 ± 45* 

PentoxifyUine (20 mg/kg) 118 ± 18 
BL 194 (20 mg/kg) 122 ± 31 

* AU data shown are mean ± s.d. (n = 5). 
No significant differences in PAI adivify by ANOVA. 
Ammals were bled three hours after the injection of endotoxin (10 ßg/kg). 

The sub-acute effect of pentoxifylUne and BL 194 on baseline fibrinolytic parameters was 
next investigated by mjecting rats daily for four days with these compounds. There was 
no significant effect seen on either tiie plasma PA activities or the PAI activity as a resuh 
of the pretreatment with either pentoxifylUne or BL 194 (Table 6). 

Table 6. Effect of sub-acute pretreatment on baselme levels of plasma PA and PAI activities. 

Pretreatment 

SaUne (2.5 ml/kg) 
PentoxifylUne (50 mg/kg) 
BL 194 (50 mg/kg) 

Total 

2.14 ± 0.41* 
233 ± 0.21 
2.08 * 0.27 

Plasma PA adivities 
t-PA 

0.47 ± 0.10 
035 ± 0.08 
0.40 ± 0.12 

(U/ml) 
u-PA 

1.26 ± 0.27 
1.25 ± 0.05 
1.24 ± 0.B 

Plasma 
PAI adivify 

U/ml 

6.9 ± 1.8 
5.4 ± 1.9 
5.6 ± 0.5 

* AU data shown are mean ± s.d. (n = 5). 
No significant difference seen by ANOVA in any parameter. 
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The effect of pentoxifyUine and BL 194 on the PAF-induced PA release in vivo was also 
stadied. Acute prefreatment with pentoxifylline and BL 194 (for one hour) had no effect 
on the PAF-induced PA release in the whole animal as measured in euglobuUn plasma 
fractions (Table 7). 

Table 7. Effects in plasma euglobulin fractions of pretreated rats on PA release (PAF (0.4 «i/kg) used to 
induce PA release). 

Pretreatment 

SaUne (2.5 ml/kg) 
PentoxifylUne (50 m 
BL 194 (50 mg/kg) 

g/kg) 

Number of 

experiments 

6 
3 
3 

Total PA 

100 ± 12* 
85± 10 
83± 12 

% of controls 

t-PA 

100 ± 13 
77 ± 22 
74± 24 

u-PA 

100 ± 9 
111 ± 28 
84 ± 9 

* Mean ± s.d. 
No significant differences were seen by ANOVA. 

SimUar investigations, using an acute prefreatment with pentoxifylline and BL 194, were 
performed on the induction of fibrinolytic activity La rats using dilute blood clot lysis 
times assay. The rats were mjected with pentoxifyUme (20 mg/kg), BL 194 (20 mg/kg) 
or saline one hour before the injection of PAF (0.5 Mg/kg). The injection of PAF rapidly 
resulted in a large reduction of the dilute blood clot lysis times to the same extent in aU 
the rats (Fig. 3; cf. 26). There was no significant difference seen between the saline 
group or those pretreated with either pentoxifyUine or BL 194 throughout the 
experiment. 

DISCUSSION 

Several reports have suggested that pentoxifylline has beneficial effects on the fibrinolytic 
system in ammals and humans. Jarrett et al. (11) showed an improvement in fibrinolytic 
activity and lowered fibrinogen levels in humans taking pentoxifylline (200 mg three 
times daUy over three months). Satewachin et al. (12) also showed an adivation of 
fibrinolysis (the results of an increase of plasminogen activator concentration and a 
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Fig. 3. Effed of PAF (0.5 ii/kg i.v.) on the dUute blood dot lysis tunes in vivo m control rats (P in = 4) 
and m rats pretreated one hour earlier with pentoxifyUme (20 mg/kg; i^ n == 3) or with BL 194 (20 mg/kg; 
0; n = 4). For reasons of clarify, mean values only are shown. At no time point was there a significant 
difference between the three groups by one-way ANOVA. 

decrease in antiplasmin activity) in patients taking pentoxifyUme. Ambrus et al. (27) 
found that pentoxifylUne slightly increased thrombolysis in stamptaUed monkeys and that 
it also potentiated the thrombolytic effect of u-PA and streptokinase-induced 
thrombolysis. 
In 1987 Klöcking et al. published that BL 194, the first metabolite of pentoxifylline, 
directly induced PA release from the vascular wall in perfused pig ears. Our results, using 
the perfused rat hindleg model, do not confirm this finding. In contrast to the perfused 
pig ear (13), where release of PA is detectable in the absence of stimulation, no baseUne 
release of PA occurs in our system. PentoxifylUne, BL 194 and HWA 448 alone did not 
induce any release of PA from the vascular wall of the rat hindleg. Our results did, 
however, show that BL 194, enhanced t-PA release induced by PAF and bradykmin 
(Table 1). It is thus likely ±at the increased release described by Klöcking et al. (13) m 
pig ears is due to enhancement, and not to induction, of release. In previous work we 
have shovm that the release of t-PA and vWF are simultaneous and quantitatively 
correlated (23) using several different drugs and conditions. As BL 194 was found to 
potentiate t-PA induced release, we were expeding to see BL 194 also enhandng the 
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induced vWF release. To our surprise we encountered the opposite effect: BL 194 had 
an inhibitor effect on the amount of vWF released by PAF (Tables 2 and 4). The same 
opposing effects were seen when using IBMX, and HWA 448 also had the same tendency 
to increase t-PA and decrease vWF as did BL 194. 

Several reports have suggested that pentoxifyUine acts as a PDE-Lnhibitor and increases 
cAMP levels in various human (29) and ammal tissues (30-32), including platelets (33). 
BL 194 has been shovm to be a more potent PDE-I than pentoxifyUine (Schönharting, 
1989, personal communication). Our results are compatible vrith the involvement of such 
a PDE inhibitoiy effect for BL 194, as IBMX had (using PAF as an inducer) a similar 
effect to that of BL 194 on both t-PA release (mcrease), and vWF release (decrease). 
The in vivo experiments involving pentoxifyUine and BL 194 showed no increase in either 
t-PA or u-PA activity after either acute or sub-acute pretreatment of the animals with 
these drugs, with or without stimulation of PAF. 

Recent findings suggest that pentoxifyUine enhances PMN motUity (8) and Lnhibits the 
inflammatory action of interleukin-1 ( I U ) and tamor necrosis factor, TNF (34-36). 
Endotoxin stimulates the production of I U and TNF. The three compounds, endotoxin, 
IL-1, and TNF also stimulate production of PAI and procoagulatory activity in rats. 
Recentiy, it could be demonstrated that pentoxifylline reduced endotoxin-induced 
procoagulatory activity in rats, thus interfering with disseminated intravascular 
coagulation in vivo (Dickneite, 1989, personal communication). However, pentoxifylline 
and BL 194 had no effect on the induction of PAI in our experiments. 
The mechanism of action of BL 194 in the perfused rat hindleg seems to be very 
complex and may involve several mechanisms, espedaUy as BL 194 has no direct effect 
that can be explained as an agonist-receptor interaction, but acts by enhandng and 
redudng induced release of t-PA and vWF respectively. This dual modulating effect of 
BL 194 suggests a beneficial effect on thrombotic tendendes. The antithrombotic effects 
of pentoxifylline seen after chronic treatment of patients may be attributed to its first 
metabolite, BL 194 (37). 

In summary, we have shown that BL 194, the first metabolite of pentoxifylline, enhances 
in pertased rat hindlegs the induced release of t-PA and reduces the concomitant release 
of vWF. In our pertased system pentoxifylline itself is inactive, possibly due to a lack of 
metaboUsm of the compound. 
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CHAPIDRP 

SUMMARY AND CONCLUDING PERSPECTIVES 

In Chapter one the two proteins, tissue-type plasminogen activator (t-PA) and von 
Willebrand factor (vWF), were briefly mtroduced and the possible pathways mvolved in 
their acute stimulated secretion (release) from the rat perfused hindleg endotheUal cells 
were discussed. It was suggested that the release of t-PA ftom endotheUal ceUular stores 
is the most Ukely mechanism to explain the acutely increased levels of drculating t-PA 
It had been shown that endotheUal ceUs store vWF within the Weibel-Palade bodies, and 
it is this store of vWF that is released in response to a stimulus. A working hypothesis 
for the release of t-PA (or vWF) was suggested in Chapter one (Figure 1). Briefly, 
release would be induced by the interaction of an appropriate ligand with its endotheUal 
ceU receptor, leading to the activation of the phosphatidate-phospho-inositol pathway 
and/or G-transdudng proteins, increased intraceUular free caldum, caldum influx, 
enzyme activation (e.g., phospholipase activation, adenylate and guanylate cyclase 
activation), increased availabiUty of arachidonic acid and arachidonic add metaboUtes, 
activation of protein kinase C, flnaUy resulting in the Laduction of the release reaction. 
As a model system to study these pathways the isolated perfiised rat hhidleg system was 
used (Chapter one. Figure 2). 

In Chapter two a stady was described to establish whether the t-PA released from 
pertased rat hindlegs was derived fi-om stores of t-PA or from recentiy-synthesized t-PA 
The release of t-PA was stadied after inhibiting protein synthesis by cydoheximide for 
periods of 1 to 5 hours, and the effect of protein synthesis inhibition by cycloheidmide 
on the t-PA content of hindleg skeletal muscle and lung was also studied. The results 
showed that continuing protein synthesis was not requhred for t-PA release to occur and 
that tissue levels of t-PA were littie affected by prolonged inhibition of protein synthesis 
suggesting that the t-PA released from endotiieUal cells following stimulation is derived 
from a stable endotheUal storage pool of t-PA 

It had been suggested by Emeis and Kluft (1985), based on a series of inhibitor studies, 
that products of the lipoxygenase pathway are involved in the acute release of t-PA from 
vessel waUs. Chapter three shows that leukotrienes C4 and D4, though not other 
eicosanoids, can induce in rats the acute release of t-PA, both in vivo and in the perfused 
rat hindleg model. 

In humans both t-PA and vWF are simultaneously released into the blood by various 
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stimuli, such as venous occlusion, exerdse and infiision of adrenaline and l-desamino-8-
D-arginine Vasopressine (DDAVP). Chapter 4 shows that La the experimental model of 
the pertased rat hindleg the induction of acute release of t-PA was also accompanied by 
release of vWF. The time-course of release was similar for both protems, peakLag at 1-2 
minutes and decreasing to baseline levels over a S minute period, and the amounts of 
t-PA and vWF released by a compound were closely correlated. The acute release of 
both t-PA and vWF was found to be dependent on the presence of caldum in the 
pertasion buffer and A-23187, a caldum ionophore, was able to induce the release of 
both proteins into the perfusate fluid in a rapid acute fashion. The protein kinase C 
activator, PMA also released t-PA and vWF but this release did not follow the usual 
time-course of release seen with other comppounds, but remained at a constant level for 
IS minutes. The data presented in Chapter 4 indicate that the mechanism of acute 
release for both t-PA and vWF is veiy similar and could involve the same cellular 
pathways. 

In Chapter five the involvement of the phospholipase pathway in the acute release of t-
PA was investigated. The release of t-PA induced by a number of agents, was found to 
be inhibited by mepacrine, a phospholipase Aj mhibitor and by nor-dUiydroguaiaretic 
add, a Upoxygenase inhibitor, suggesting an intermediary role for fatty add 
Upoxygenation in t-PA release. The release of t-PA induced by PAF was also inhibited 
by cytochrome P-450 mono-oitygenase inhibitors such as metyrapone, SKF 525-A and 
ketoconazole, indicating that the cytochrome P-450 mono-oxygenase pathway may be 
involved in the chain of reactions leading to the acute release of t-PA, PhosphoUpase Aj 
did not induce any t-PA or vWF release in our system, however, phospholipase C (from 
Clostridium perfringens) did, implying a possible phospholipase C pathway in acute 
release. Pretreatment with pertassis toxin had no effect on the acute release of t-PA or 
vWF, it neither induced nor affeded the induced release of both proteins. 

The investigation in Chapter sue established that the acute release of t-PA and vWF 
requires the presence of extraceUular caldum and calcium influx into the endothelial 
ceUs. L-channel blockers were found to have Uttle effect in our system, as did the caldum 
agonist BAY-K-8644, supporting the theory that voltage-operated caldum channels in 
endothelial cells are not involved in release. The release of t-PA and vWF may also be 
dependent on a calmoduUn-dependent pathway in the cell. 

The modulation of the induced acute release of t-PA and vWF by compounds affeding 
cycUc nucleotide levels was stadied in Chapter seven. The intracellular concentrations 
of the cyclic nucleotides appear to be regulated by two classes of enzymes, the cyclase 
enzymes and the phosphodiesterases. Using drugs that stimulate or inhibit these classes 
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of enzymes, it was shown that cGMP down-regulates the acute release of both t-PA and 
vWF whUe the role of cAMP, if any, stUl remains poorly defined. 

The effed on fibrinolytic components of pentoxifylline (Trental*, a clinicaUy used drug 
to improve peripheral vascular drculation and to relieve intermittant daudication), its 
first metaboUte, BL 194, and its analog HWA 448 were stadied in rats (Chapter 8). In 
vivo, neither pentoxifyUine nor BL 194 affected baseline levels of plasma t-PA and PA 
inhibitor activity. However, using the pertased rat hindleg system, BL 194, but not 
pentoxifyUme or HWA 448, significantiy enhanced the PAF-induced acute release of t-
PA and, in contrast, reduced the simultaneous PAF-induced release of vWF. By its 
opposite effects on t-PA and vWF release, BL 194 might favourably infiuence the 
thrombotic balance. 

In the introduction of this thesis we proposed a hypothesis (see Figure 1, Chapter 1) for 
the possible pathways involved in the acute release of t-PA and vWF. Different aspects 
of Figure 1 have been stadied and to briefiy conclude, the foUowing points can be 
deduced based on the data provided in this thesis: t-PA Uke vWF can be acutely released 
from a stable cellular storage pool in endothelial cells; inhibiting the products of the 
phospholipase pathway, espedally those of the arachidonic add cascade, reduces the 
acute release of both t-PA and vWF; both extracellular calcium and caldum influx are 
necessary for the acute release of both t-PA and vWF; activation of the protein kinase 
C pathway results in littie release; and finally regulation of this acute release involves the 
cyclic nudeotides, cGMP, and possibly cAMP. 

In the above summary of the data provided in this thesis it is clear that though the 
pertased rat hindleg model is a very effident example of a perfused vascular bed, and 
experiments performed on rats can be checked in vivo (such as PAF or the leukotriene 
induction of t-PA release) the information it provides is limited to an external overall 
view of endothelial cell tanctions (black box system). Using this system one can induce 
the acute release of t-PA or vWF, inhibit it, modulate it by various enzymes or products 
involved in the cellular mechanisms of release, but one caimot determine the exact 
intracellular mechanisms involved. The data provided in this thesis help to clarify the 
general intracellular mechanisms involved in this acute release. Further stadies foUowing 
the same general outiine such as the involvement of the phospholipase pathway, the roles 
of caldum and the cyclic nucleotides in the acute release mechanism, should be 
conducted but using an in vitro endotheUal ceU model where the intracellular pathways 
may be simpler to identify and stady than m an mtact pertasion system such as the rat 
hindleg (Kooistra, 1990). However, it is the combination of ex vivo, in vivo, and in vitro 
data that is important in the elucidation of these complex pathways. That t-PA is found 
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in endotheUal cells has been dearly estabUshed, however, the storage pool of t-PA in 
endothelial cells has yet to be identified. Further stadies using an in vitro ceU system 
might help to clarify this aspect of t-PA release, as it has been clarified for the presence 
and release of vWF from the Weibel-Palade bodies. 

The work presented in this thesis should be used as a guideUne to further investigate and 
eluddate the exact mtraceUular pathways involved in the acute release of t-PA and vWF 
from endothelial cells. 
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SAMENVATTING 

Hoofdstuk 1 geeft zowel een korte inleiding met betrekking tot twee eiwitten die in 
dit proefschrift centraal staan: wee&el-type plasminogeen activator (t-PA) en von 
Willebrand factor (vWF), als een mdicatie hoe de acute, gestimuleerde secretie 
("release") van deze twee eiwitten uit endotheelceUen zou kunnen verlopen. De 
voorgestelde hypothese houdt in dat secretie uit een mtracellulaire voorraad het 
waarschijnUjkste mechanisme is om een snelle toename in de plasmaconcentraties van 
circulerend t-PA te verklaren. In ander onderzoek was al aangetoond dat vWF in 
endotheelceUen ligt opgeslagen in opslaggranula, de zgn Weibel-Palade lichaampjes, 
waaruit het in reactie op prikkeling van de cel wordt gesecreteerd. Vervolgens wordt 
in Hoofdstak 1 een werkhypothese gegeven om de secretie van t-PA en van vWF te 
verklaren. 

Kort samengevat stelt deze werkltypothese (zie figuur 1 in Hoofdstuk 1) dat de 
secretie van t-PA en vWF in gang wordt gezet door het binden van een ligand aan 
diens receptor op de plasmamembraan van de endotheelcel. Deze interactie leidt a) 
tot activering van G-eiwitten en de fosfatidaat-inositolfosfaat route, b) een toename 
van de intraceUulaire caldumconcentratie, c) influx van caldum, d) activering van een 
aantal enzymen, waaronder fosfolipasen en adenylaat- en guanylaat-cyclase, e) een 
toename in beschikbaar arachidonzuur en arachidonzuurmetabolieten, en f) tot 
activering van protein kinase C. Waarna deze processen samen resulteren in de 
inductie van secretie van t-PA en vWF. 

Het in dit proefschrift beschreven onderzoek heeft tot doel deze werkhypothese te 
toetsen. Als modelsysteem is voor dit onderzoek gebruik gemaakt van de geïsoleerd 
gepertandeerde achterpoot van de rat (figuur 2 in Hoofdstak 1). 

Hoofdstak 2 beschrijft een onderzoek naar de rol van eiwitsynthese bij de secretie 
van t-PA en stelt de vraag: is het uit de geperfundeerde achterpoot van de rat 
uitgescheiden t-PA afkomstig van een in de cel opgeslagen liggende voorraad t-PA, of 
is het aflcomstig van kort daarvoor gesynthetiseerd t-PA? De secretie van t-PA werd 
bestadeerd nadat de eiwitsynthese met behulp van de eiwitsyntheseremmer 
cydoheximide voor een periode van 1 tot 5 uur vrijwel voUedig geremd was geweest. 
Ook werden zowel in de skeletspier van de achterpoot als in de long de t-PA 
concentraties gemeten. Uit de resultaten bleek dat ook zonder voortdurende 
eiwitsynthese t-PA secretie kon optreden en dat, als gedurende langere tijd de 
eiwitsynthese in deze weefsels werd geremd, dit vrijwel geen invloed had op de 
weefselniveau's van het t-PA Al bij al suggereerden deze resultaten dat, bij acute 
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secretie van t-PA het gesecemeerde t-PA afkomstig was uit stabiele voorraden t-PA 
in de weefsels. 

Op grond van een reeks onderzoekingen met behulp van remmers was al door Emeis 
en Kluft (1985) gesuggereerd dat producten van een Upoxygenase route betrokken 
waren bij de acute secretie van t-PA uit vaatwandendotheel. In Hoofdstak 3 van dit 
proefschrift wordt beschreven hoe leukotrieen C4 en leukotrieen D4 in staat bleken in 
de geperfimdeerde achterpoot een acute secretie van t-PA te induceren, terwijl 
andere eicosanoïden (bijvoorbeeld de cyclooxygenase producten Prostaglandine E2 en 
prostacycUne) daartoe niet in staat waren. De leukotriënen C4 en D4 induceerden ook 
in vivo een acute secretie van t-PA in de rat. 

Bij mensen kan acute secretie van t-PA in het bloed worden gestimuleerd door 
procedures als veneuze stawing en inspanning, of door stoffen als adrenaline of 1-
desamino-8-D-arginine Vasopressine (dDAVP). Ook de plasmaconcentratie van vWF 
neemt m deze gevallen sterk toe. In Hoofdstak 4 wordt aangetoond dat in de 
geïsoleerd geperfundeerde achterpoot van de rat de acute secretie van t-PA eveneens 
gepaard gaat met acute secretie van vWF. Het verloop van de secretie in de tijd was 
voor beide eiwitten hetzelfde: een of twee minuten na het begin van de prikkeUng 
trad maximale secretie op, waarna gedurende drie tot vier minuten de secretie afnam, 
zodat aan het eind van een vijf minuten durende prikkelmg voor beide eiwitten weer 
vrijwel de basisUjn was bereUrt. Ook waren de gesecreteerde hoeveelheden t-PA en 
vWF sterk gecorreleerd. De acute secretie van zowel t-PA als vWF bleek afhankelijk 
van de aanwezigheid van caldum in de pertasievloeistof, terwijl de caldumionofoor 
A-23187 in staat was de secretie van t-PA en vWF sterk te stimuleren. Phorbol-
myristaat-acetaat (PMA), een activator van protein kinase C, bleek bovendien enige 
secretie van t-PA en vWF te induceren, maar deze gestimuleerde secretie vertoonde 
een geheel ander tijdspatroon dan de door andere stimuli geïnduceerde secretie. De 
door PMA veroorzaakte secretie bleef gedurende 15 minuten op een stabiel, laag peU 
en vertoonde geen piekpatroon. De in Hoofdstuk 4 gepresenteerde gegevens duidden 
erop dat de bij de secretie van zowel t-PA als vWF betrokken mechanismen een 
sterke overeenkomst vertonen en mogelijk via dezelfde cellulaire wegen verlopen. 

In Hoofdstuk 5 worden experimenten over de mogeUjke rol van fosfolipasen en hun 
reactieprodukten bij de acute secretie van t-PA gepresenteerd. Secretie van t-PA werd 
geïnduceerd met een reeks van stoffen (bradykinine, substance P, thrombine, 
carbachol, caldumionofoor A-23187 en plaatjes-activerende factor). In al deze 
gevallen werd door mepacrine, een fosfoUpaseremmer, en nor-dihydroguaiareetzuur 
(NDGA), een lipoxygenaseremmer, de secretie van t-PA vrijwel volledig geremd, 
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hetgeen erop duidde dat de lipoxygenatie van een vetzuur bij de secretie van t-PA 
een rol zou kunnen spelen. Daar BW755C de secretie niet remde, werd met behulp 
van de remmers metyrapon, SKF 525-A en ketoconazol bekeken of misschien ook de 
(ytodiroom P-450-afhankemke mono-oxygenase route bij de secretie betrokken was. 
Daar deze drie remmers de secretie van t-PA (en vWF) sterk verminderden (en 
NDGA bovendien de mono-oitygenase route kan blokkeren) is het waarschijnUjk dat 
ook een cytochroom P-450-afhankeUjke mono-oitygenatie bij de secretie betrokken is. 
Fosfolipase Aj gaf in ons systeem geen secretie van t-PA of vWF, een fosfolipase C 
(uit Clostridium perfiingens) echter wel, waaruit mogeUjk kan worden afgeleid dat 
ook in vivo de fosfoUpase C-route een rol speelt bij de acute release van t-PA 
VoorbehandeUng van ratten met Pertussis toxine had 24 uur later geen enkel effect 
op geïnduceerde secretie van vWF of t-PA; het is dan ook aannemelijk dat pertussis-
gevoelige eiwitten geen rol van betekenis spelen bij acute secretie van t-PA en vWF. 

Het in Hoofdstuk 6 beschreven onderzoek toonde aan dat acute release van t-PA en 
vWF afhankelijk was van de aanwezigheid van extracellulair caldum en caldum 
influx. Stoffen die caldum L-kanalen blokkeren hadden weinig effect, evenals de 
caldum agonist BAY-K-8644. Deze gegevens waren in overeenstemming met de 
theorie dat spaimingsafhankelijke caldumkanalen niet betrokken zijn bij secretie uit 
endotheelceUen. Bij de secretie van t-PA en vWF leek daarentegen wel sprake te zijn 
van een calmoduUne-afhankelijk proces. 

Het effect van stoffen die de cellulaire niveaus van cyclische nucleotiden (cAMP en 
cGMP) be'invloeden vormt het onderwerp van Hoofdstuk 7. Bij de regulatie van deze 
niveaus zijn twee klassen ettzymen betrokken: de cyclasen en de fosfodiesterasen. Met 
behulp van farmaca die deze en^men beïnvloeden, kon worden aangetoond dat 
cGMP een negatief effect had op de acute release van t-PA en vWF, terwijl over een 
mogelijke rol van cAMP geen duidelijkheid kon worden verkregen 

Het laatste onderzoek (Hoofdstuk 8) betrof de effecten op fibrinolytische 
componenten in de rat van a) Pentoxifylline (Trental*, een geneesmiddel dat 
klinische toepassing vindt om de perifere drculatie te verbeteren en claudicatio 
mtermittens te verUchten), b) zijn belangrijkste metaboUet BL 194, en c) een analoog 
(HWA 448). PentoxifyUine en BL 194 hadden in vivo geen effect op de basale 
plasmaniveaus van t-PA en PA remmer activiteit. In de geperfundeerde achterpoot 
had BL 194 daarentegen wel een effect, terwijl PentoxifyUine en HWA 448 het nog 
steeds Ueten afweten. BL 194 verhoogde de door plaatjes-activerende factor 
geïnduceerde secretie van t-PA maar verlaagde aan de andere kant de secretie van 
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vWF. Door deze tegengestelde effecten op de secretie van t-PA en vWF, zou BL 194 
een gunstig effed kunnen hebben op de haemostatische balans. 

In de mleiding van dit proefschrift (Hoofdstak 1) werd een werkhypothese 
geformuleerd over de processen die een rol spelen bij de acute secretie van t-PA en 
vWF (zie figuur 1 in Hoofdstak 1). Uit het m dit proefechrift beschreven onderzoek 
kunnen over deze processsen de volgende conclusies worden getrokken: 

zowel t-PA als vWF kunnen acuut worden gesecemeerd uit stabiele voorraden 
die in/op de endotheelceUen aanwezig zijn; 
het remmen van de vorming van produkten uit de fosfolipase route (in het 
bijzonder uit de arachidonzuurcascade) remt op zijn beurt sterk de acute secretie 
van t-PA en vWF; 
voor de acute secretie van t-PA en vWF zijn extraceUulair caldum en caldum 
influx nodig; 

bij de regulatie van de acute secretie zijn zowel protein kmase C als de cycUsche 
nudeotide cGMP - en mogelijk ook cAMP - betrokken. 

Uit deze samenvatting moge bUjken dat het model van de geïsoleerd geperfundeerde 
achterpoot van de rat zeer bruikbaar is voor het bestaderen van de secretie m een 
geperfiindeerd vaatbed, en wel mede omdat de m dit modelsysteem verkregen 
gegevens (zoals de inductie van seaetie door plaatjes-activerende factor of 
leukotriënen) in vivo kunnen worden gecontroleerd. De belangrijkste beperking van 
het model is echter dat men alleen mformatie kan krijgen over de werking van het 
systeem als geheel (black box systeem). In dit model kan de secretie van t-PA en 
vWF door een grote verscheidenheid aan componenten worden geïnduceerd, geremd 
en gemoduleerd, maar kan men niet nauwkeurig meten wat er in de cel aan de hand 
is. De m dit proefechrift gepresenteerde gegevens zijn van belang voor een beter 
inzicht in de vraag weUce processen bij de secretie van t-PA en vWF betrokken zijn. 
Om deze processen nauwkeuriger te kunnen bestaderen zal echter een ander 
modelsysteem moeten worden opgezet, waarbij men m eerste instantie kan denken 
aan een in vitro celsysteem waarbij de secretie van t-PA en vWF in gekweekt 
endotheel kan worden gemeten (Kooistra, 1990). Naar verwachting zullen in een 
dergelijk systeem de te onderzoeken routes (fosfolipasen, caldum, cAMP/cGMP) 
eenvoudiger toegankelijk en beter kwantificeerbaar zijn. Het is echter van het 
grootste belang dat men ook in de toekomst de in vivo, ex vivo en in vitro systemen 
blijft combineren voor het ophelderen van de complexe routes die bij dé secretie door 
endotheelceUen betrokken zijn. Hoewel de aanwezigheid van t-PA in endotheelceUen 
duidelijk is vastgesteld, moet de manier waarop t-PA m de endotheelcel is opgeslagen 
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nog worden bepaald. Nader onderzoek aan in vitro celsystemen kan ook hier meer 

opheldering verschaffen, zoals dat ook voor vWF is gebeurd. 

Het in dit proefechrift gepresenteerde onderzoek moge als leidraad dienen voor 
nadere stadies naar de ceUulaire routes die verantwoordeUjk zijn voor de acute 
secretie van weefeel type plasminogeen activator en von WiUebrand fador. 

Emeis JJ, Kluft C. Blood 1985; 66: 86-91. 
Koolstra T. Fibrinolyüs 1990; 4, supplement 2: 33-39. 
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