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The multiple interactions between blood, vascular wall, and physical flow dynamics appear to 
dictate the hemostatic balance. Correspondingly, thrombosis is the pathologic process that 
results when the hemostatic response is inappropriate. To be more specific, blood contains 
both soluble and cellular elements, which affect the equilibrium between procoagulant and 
anticoagulant action. At the same time, the normally functioning vascular endothelium 
maintains resistance to thrombus formation in the vessel wall. In addition, hemodynamic 
forces, of which shear stress is the most relevant to hemostasis and thrombosis, are capable of 
modulating the function of the endothelium. Consequently, endothelial injury or dysfunction 
is a trigger event in the pathogenesis of various vascular diseases including atherosclerosis 
and vein graft disease. The cellular mechanisms of intimal thickening and subsequent 
thrombotic occlusion in vein graft failure are relatively well understood. However, there is no 
clinical remedy for graft loss except a new surgical intervention. 
 
The aim of the present study was to evaluate the vascular regulation of platelet functions, 
coagulation activation, and fibrinolysis under various flow conditions. In particular, the 
effects of stimulated cutaneous mast cells on bleeding time and the formation of thrombin in 
primary hemostasis were studied. Also, the local inhibitory effects of mast cell-derived 
heparin proteoglycans on platelet-collagen interactions were examined under both flowing 
and static conditions in vitro. Furthermore, the effect of peripheral arterial disease on platelet 
function, coagulation activation, and fibrinolysis was assessed. Finally, the association of the 
plasminogen/plasmin system with intimal hyperplasia and vein graft thrombosis was 
evaluated.  
 
Stimulated skin mast cells were found to prolong bleeding time and decrease the formation of 
thrombin at the high shear rate prevailing in the microcirculation. It was suggested that this 
effect was due to the presence of mast cell-derived heparin proteoglycans (HEP-PG), which 
are known to blunt the platelet-collagen interactions important in primary hemostasis. In 
another set up, immobilized HEP-PG were shown to inhibit platelet deposition on collagen, 
possibly by attenuating glycoprotein Ia/IIa-mediated platelet activation. This inhibitory effect 
of HEP-PG on platelet functions was strongest under high shear conditions. When hemostatic 
changes were studied at the moderately high shear rate found in atherosclerotic arteries, it 
was observed that the interaction between von Willebrand factor and platelet glycoprotein 
receptor GPIb was impaired, probably due to the defective, already preactivated GPIb 
receptor. Since, in generalized atherosclerosis both coagulation and fibrinolysis are 
upregulated, the role of thrombin and plasmin generation may result in a relative dysfunction 
of GPIb in vitro. Moreover, it could be demonstrated that urokinase-type plasminogen 
activator (u-PA)-mediated plasminogen activation was enhanced under high shear conditions 
in the stenosed vein grafts. Simultaneously, plasminogen activator inhibitor-1 (PAI-1) protein 
accumulated in graft tissue. The upregulation of u-PA expression was considered particularly 
prominent in the areas beneath the non-occluding microthrombi, which indicated local 
proteolytic degradation and may have been associated with the formation of occluding 
thrombi. In conclusion, the present study refines the old concept of Virchow's triad and 
suggests some novel ideas for the pathogenesis and prevention of vein graft thrombosis. 
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Adequate flow in blood vessels is a prerequisite for all vital functions. In the stenotic segment 
of the arteriosclerotic vessel, the blood flow is disturbed, which leads to impaired tissue 
perfusion and oxygen supply. More severely, in the case of an acute thrombotic occlusion, 
complete arrest of the flow results in severe ischemia, and, eventually, irreversible tissue 
injury.  
 
The pathogenesis of thrombosis was first described by a German pathologist, Rudolf 
Virchow, 140 years ago, when he emphasized the interactions between the three independent 
components of thrombosis: blood, the blood vessel, and blood flow (Virchow 1856). During 
the last few decades, a large body of evidence has accumulated documenting the interplay of 
blood and vascular cells in the progression of atherothrombotic disease (Ross 1993, Ruggeri 
et al. 1999). Also, remarkable breakthroughs in the field of molecular biology have 
elucidated the structure of the extracellular matrix (Savage et al. 1999, Arroyo & Lee 1999) 
and adhesive molecules crucial in cell-to-cell and cell-to-vessel wall interactions (Wu et al. 
1996, Braun et al. 1999). It is only recently, however, that the role of physical forces in the 
regulation of hemostasis has been re-emphasized (Kroll et al. 1996, Goto et al. 1998). 
 
The present study was designed to clarify how changes in blood flowing conditions 
contribute to the function of the vascular wall and the hemostatic balance. The five separate 
publications gathered together in this thesis examine the different approaches taken to study 
the vascular regulation of platelet functions, activation of coagulation, and fibrinolysis. The 
aim is to improve our understanding of the pathophysiologic mechanisms of thrombosis and, 
to this end, novel therapeutic options are also considered. 
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Three different types of mechanical force affect the vessel wall in the vasculature: pressure, 
tensile strain, and shear (Traub & Berk 1998). Pressure stretches the vessel in all directions, 
causing circumferential deformation and subsequently blood flow in the lumen. Tension pulls 
the vessel wall along one axis without constraining the tissue in other directions (Gotlieb & 
Langille 1996). However, the force most relevant to thrombosis and hemostasis is shear stress 
(Kroll et al. 1996) (Figure 1). 
 
 

 
 
Figure 1. Schematic representation of blood flow in arteries. Maximal shear stress and 
minimal velocity are observed at the vessel wall. Correspondingly, areas of maximal velocity 
and minimal shear stress are located at the center of blood flow. Adapted from Kroll et al. 
1996. 
 
 
Shear stresses are relatively weak forces that cause only minor changes to the full thickness 
of the vessel wall (Gotlieb & Langille 1996). However, they can markedly modulate the 
function of the endothelium (Traub & Berk 1998, Niebauer & Cooke 1996). In the case of a 
liquid acting according to Newton's second law, fluid shear stress is defined as "the tangential 
force per unit area exerted in the direction of flow on a layer of fluid at a radial distance r by 
fluid at a radial distance r + dr" (Goldsmith & Turitto 1986). In other words, wall shear stress 
is the force per unit area applied by flowing blood to the vessel surface. Actually, blood is not 
a Newtonian fluid in which shear stress is directly proportional to shear rate (Goldsmith & 
Turitto 1986); nevertheless, in the high flow environment of the arterial circulation, blood is a 
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minimal velocity, maximal shear stress

maximal velocity,
minimal shear stress
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suspension that sufficiently resembles a Newtonian fluid (Turitto 1982). In a tubular chamber 
having radius r, flow direction z, fluid viscosity µ, and fluid velocity v the following 
mathematical formulas apply (Kroll et al. 1996): 
 
shear stress (τ)τ)τ)τ) = viscosity (µ) * shear rate (dvz/dr)    
shear rate (dvz/dr) = shear stress (τ) / viscosity (µ) 
 
Shear stress and shear rate values are usually given as dynes/cm2 and 1/s, respectively. 
Alternatively, wall shear stress can be expressed as N/m2. Since blood viscosity, which 
mostly depends on hematocrit and the concentration of fibrinogen, is about 0.035 poise in the 
International System (SI) of units (Gotlieb & Langille 1996), normal shear stresses and shear 
rates in the human aorta are 1.6-10.7 dynes/cm2 and 45-305 1/s, respectively (Goldsmith & 
Turitto 1986). At arterioles, shear values can locally increase to 56 dynes/cm2 (1600 1/s) 
(Goldsmith & Turitto 1986, Kroll et al. 1996). Moreover, extremely high shear values (105-
350 dynes/cm2, i.e. 3000-10 000 1/s) have been detected at top of plaques in stenotic 
atherosclerotic coronary arteries (Ruggeri 1997). Interestingly, the average shear stress in 
superficial venous circulation is 0.2 dynes/cm2, which is less than one-tenth of the shear 
stress in a bypass graft inserted in the arterial circulation (3-6 dynes/cm2) (Golledge 1997), a 
fact that will test the adaptation potential of the vein wall.  
 

#"#"��&���&���'� (��) $�

Platelets 

Platelets are small anuclear bodies that fragment from their precursors, megakaryocytes, into 
the circulation (Nurden et al. 1997). Platelets circulate in the blood for 8 to 10 days and their 
key roles in the vasculature are to maintain primary hemostasis and to conduct healing after 
vascular injury (Clemetson 1999). The plasma membrane of platelets contains abundantly the 
adhesive glycoproteins (GPs) needed in various platelet interactions (see later). In addition to 
regular cell organelles, every normal platelet also contains three types of cytoplasmic granule 
(α-granules, dense granules, and lysosomes), all of which are secreted upon platelet 
activation (Table 1). α-granules are the most numerous type in platelets and constitute about 
10% of the platelet volume (Stahl et al. 1978), whereas dense granules are smaller and serve 
mainly as storage pools of adenine nucleotides (Holmsen 1994).  
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Table 1. Content of platelet granules and cytoplasm. Adapted from Ware and Coller 1995 
(Ware & Coller 1995). 
            
α-granules 
 platelet specific proteins (e.g. platelet factor 4 and β-thromboglobulin) 
 adhesive glycoproteins (e.g. von Willebrand factor, fibrinogen, fibronectin 
 thrombospondin, and vitronectin) 
 coagulation factors (e.g. factor V and factor XI) 
 coagulation inhibitors (e.g. protein S) 
 mitogenic factors (e.g. platelet-derived growth factor, transforming growth 
 factor-β, endothelial cell growth factor, and epidermal growth factor) 
 fibrinolytic inhibitors (e.g. plasminogen activator inhibitor-1 and α2-
 antiplasmin) 
 other proteins (e.g. albumin and immunoglobulins) 
Dense granules 
 adenosine diphosphate (ADP) 
 adenosine trisphosphate (ATP) 
 calcium 
 serotonin 
 pyrophosphate 
Lysosomal granules 
 acid hydrolases  (e.g. elastase, collagenase, cathepsins and endoglucosidase ) 
Cytoplasm 
 factor XIII     
            
            
 
 
Platelet receptors 

The platelet surface expresses several types of hemostatically relevant adhesive GP receptor. 
Indeed, in every platelet there are numerous receptors capable of varying matrix and cellular 
interactions. These receptors belong to different receptor families such as integrins, leucine-
rich GPs, and immunoglobulin cell adhesion molecules (Ware & Coller 1995); hence, only 
the most important interactions in platelet physiology are described here. The initial adhesion 
of platelets to von Willebrand factor (vWF) of the subendothelium is mediated by GPIb/IX 
(Ruggeri 1997b). Furthermore, a current model presumes that platelets have two important, 
but functionally different, receptors for collagen (Moroi & Jung 1997). GPIa/IIa (integrin 
α2β1) is thought to be responsible for the firm adhesion to collagen whereas GPVI may play 
a crucial role as a mediator of platelet activation (Clemetson 1999). In addition to these two, 
GPIV, 65 kDa protein, 68/72 kDa proteins, and 85/90 kDa proteins are capable of interacting 
with collagen in some circumstances (Alberio & Dale 1999, Siljander 2000). After platelet 
activation, GPIIb/IIIa (integrin αIIbβ3) receptors mediate the aggregation of platelets by 
binding soluble or immobilized fibrinogen and hence promote platelet-platelet interactions. 
GPIIb/IIIa also mediates platelet attachment to vWF and subsequent platelet aggregation 
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under high shear conditions (Fressinaud et al. 1988). Moreover, under suitable conditions, 
this crucial integrin receptor can also interact with other ligands having an arginine-glycine-
aspartic acid (RGD) amino acid sequence such as fibronectin and vitronectin (Abrams & 
Shattil 1991). Finally, P-selectin, which mediates the attachment of platelets to leukocytes 
and the endothelium, is present in the membrane of α-granules, and is thus expressed on the 
platelet surface after platelet activation (Hamburger & McEver 1990). Recently, a novel role 
for P-selectin in the stabilization of initial platelet aggregates was described (see later) 
(Merten & Thiagarajan 2000).  
 
Platelet-vessel wall interactions, platelet activation, and platelet aggregation  

After vascular injury, platelets appear to adhere to subendothelial highly thrombogenic 
structures, i.e. collagen and vWF (Ross et al. 1995). The current understanding is that this 
adhesion and the subsequent activation constitute a stepwise process in which the platelet 
receptors GPIb/IX, GPIa/IIa, GPVI, and GPIIb/IIIa act in concert to permanently seal the 
vascular leakage (Barnes et al. 1998). The shear forces markedly contribute to these 
interactions; at high shear rate, subendothelial vWF is suggested to play an important role in 
the primary arrest of bleeding by binding to platelet membrane GPIb/IX and thus mediating 
both platelet adhesion and aggregation (Goto et al. 1998). In a contemporary two-site two-
step model, attachment of GPIb/IX to vWF is considered as a weak rolling interaction that is 
followed by firm adhesion mediated by GPIa/IIa and GPIIb/IIIa integrins (Clemetson 1999). 
Simultaneously, another collagen receptor, GPVI, intercedes collagen-induced signaling and 
hence activates platelets (Barnes et al. 1998, Clemetson 1999). Activated GPIIb/IIIa receptors 
can then bind fibrinogen and vWF, which enable platelets to adhere to each other to form 
platelet aggregates (Lefkovits et al. 1995). It has recently been suggested that after initial 
binding of fibrinogen to activated GPIIb/IIIa, P-selectin expressed on the platelet surface 
binds to its binding sites on adjacent platelets and thereby stabilizes the interactions between 
already-bridged platelets (Merten & Thiagarajan 2000). 
 
In addition to the adhesion to thrombogenic surfaces described above, several other activators 
such as thrombin, collagen, adenosine diphosphate (ADP), and epinephrine are capable of 
causing platelet activation in vitro (Ware & Coller 1995). During activation, platelets undergo 
a calcium-dependent conformational change in GPIIb/IIIa (Shattil et al. 1985). Furthermore, 
platelets generate thrombin and thromboxane A2, and release their α-granules and dense 
granules containing ADP and serotonin among other substances (see above). Hence, platelet 
release reactions function as positive feedback mechanisms that potentiate the hemostatic 
response. To limit thrombus formation to an adequate level, there are several physiologic 
inhibiting factors of platelet activation such as the dilutional effects of flowing blood and the 
secretion of prostacyclin and nitric oxide, all of which regulate the hemostatic balance (Ware 
& Coller 1995).  
 
Platelets and shear stress 

It has recently been shown that shear stress modulates platelet reactivity (Tandon & Diamond 
1997, Goto et al. 1998). To be more specific, shear stress noticeably contributes to all 
significant platelet functions: adhesion, activation, signaling (not discussed here), and 
aggregation (Kroll et al. 1996). 



 REVIEW OF THE LITERATURE 

 

 

14 
 
 

  
As already pointed out, platelets do not adhere to intact endothelium, even under high shear 
conditions (Grabowski 1990). However, after endothelial injury, several proteins of the 
subendothelium can support platelet adhesion, a process that depends on the protein substrate 
as well as on shear forces (Polanowska-Grabowska et al. 1999). Platelet adhesion and 
subsequent platelet aggregation tend to occur when the shear stress is approximately 1 to 200 
dynes/cm2 (Kroll et al. 1996). When the shear stress exceeds 30 dynes/cm2, platelet adhesion 
is considered to depend on vWF binding to both GPIb/IX and GPIIb/IIIa (Sixma et al. 1984, 
Ikeda et al. 1991, McCrary et al. 1995). Collagen is the most important thrombogenic 
substrate in the subendothelium of natural vessels. Accordingly, an increased shear rate leads 
to enhanced adhesion up to 2000 1/s, above which adhesion to collagen remains unchanged 
(Wu et al. 1996).  
 
Shear-induced platelet aggregation, which is a vWF-mediated phenomenon and bears a 
resemblance to ristocetin-induced platelet aggregation (RIPA), requires functional vWF 
binding sites on both GPIb-IX and GPIIb/IIIa receptors (Peterson et al. 1987). Shear-induced 
platelet activation habitually occurs in native human blood under high shear forces (Holme et 
al. 1997). In a study evaluating platelet activation in a human ex vivo model of 
thrombogenesis, platelet activation correlated with thrombus growth at a shear rate 
corresponding to moderately stenosed arteries (2600 1/s) (Hagberg et al. 1997). In another 
study, flow cytometry showed that exposure of blood to very high shear forces activated 
platelet GPIIb/IIIa. Simultaneous formation of microparticles was also observed (Holme et 
al. 1997, Sakariassen et al. 1998). Furthermore, in a recent clinical study, Goto et al. 
demonstrated enhanced shear-induced platelet aggregation in a group of patients with acute 
myocardial infarction. This observation was at least partly explained by the abnormally high 
plasma concentration of vWF in patients with myocardial infarction (Goto et al. 1999). 
Interestingly, the presence of epinephrine seemed to potentiate the effects of shear stress on 
platelet activation, an observation that may be of importance in thrombus formation in vivo 
(Goto et al. 1996). In yet another study epinephrine was demonstrated to enhance platelet 
recruitment to immobilized collagen under conditions of high shear rate (Mustonen & Lassila 
1996). 
 
Disorders of platelet function 

As already noted, normally functioning platelets play a key role in hemostasis. When this 
crucial function fails, clinically more or less manifest bleeding may result. There are 
numerous descriptions of hereditary platelet defects in medical history. Glanzmann 
thrombastenia, for example, is a congenital hemorrhagic disorder characterized by a lack of 
GPIIb/IIIa platelet receptors (Nurden & Caen 1974). Thus, platelets in Glanzmann 
thrombastenia show a substantial reduction in platelet aggregation. Correspondingly, in the 
Bernard-Soulier syndrome, which is a hereditary disorder showing markedly decreased levels 
of GPIb-IX in platelets, the vWF-dependent platelet interactions are dramatically blunted 
(Caen et al. 1976). As well as these two rare disorders, there are other infrequent hereditary 
qualitative disorders that affect platelet glycoproteins Ia/IIa (Niewenhuis et al. 1985), IV 
(Yamamoto et al. 1990) and VI (Moroi et al. 1989), and also platelet granules (α- and γ-
storage pool deficiencies) (Levy-Toledano et al. 1981, Weiss et al. 1969). 
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In myeloproliferative disorders both enhanced and depleted platelet reactivities have been 
described (Wehmeier et al. 1997). Increased reactivity of platelets is also seen in patients 
with diabetes mellitus and with hypertension (Knobler et al. 1998, Islim et al. 1995). 
However, in the case of hypertension, recent reports have suggested that the enhanced 
platelet reactivity is a feature of the familial predisposition to hypertension rather than a 
consequence of the high blood pressure itself (Dockrell et al. 1999). Furthermore, a growing 
body of evidence supports the critical role of increased platelet reactivity in the progression 
of atherothrombosis (Elwood et al. 1991). On the other hand, atherosclerosis has been shown 
to impair both platelet aggregatory responses and platelet degranulation capacity (Knight et 
al. 1997). The cardiopulmonary bypass necessary for cardiac surgery affects both platelet 
count and platelet functions. Consequently, the platelet count can fall by as much as 50% of 
the preoperative level (Czer et al. 1987). Platelets also activate during cardiopulmonary 
bypass, which can be detected by β-thromboglobulin measurements (Harker et al. 1980). This 
in vivo platelet activation seems to be associated with marked "ex vivo exhaustion", i.e. 
progressive loss of platelet function as the cardiopulmonary bypass proceeds (Khuri et al. 
1992).   
 
Other acquired causes of platelet dysfunction also exist. As is well known, aspirin and other 
non-steroidal anti-inflammatory drugs effectively reduce the reactivity of platelets, as do also 
the proper antiplatelet agents: ticlopidine, clopidogrel, and inhibitors of platelet GPIIb/IIIa. In 
addition, other types of drugs such as β-lactam antibiotics and dextran have been shown to 
prolong the bleeding time (Vermylen & Blockmans 1989). On the other hand, it has been 
shown that ADP-induced aggregation of platelets is enhanced in cyclosporin-treated patients 
(Grace et al. 1987). Consumption of alcohol seems to have ambiguous effects on platelet 
function. Many reports have documented depleted platelet aggregation after intake of alcohol 
(Mikhailidis et al. 1987) whereas one study revealed hyperaggregability of platelets after 
cessation of alcohol use (Desai et al. 1986). Finally, advancing age is associated with 
enhanced platelet aggregability (Meade et al. 1985). 
 
Several platelet glycoprotein receptor polymorphisms have recently been associated with the 
risk of atherothrombotic disease. These observations may partly explain ethnic and 
geographical differences in the prevalence of acute thrombotic complications. Murata et al. 
showed that polymorphisms in the GPIb/IX receptor were associated with an increased risk 
of coronary artery disease (CAD) (Murata et al. 1997). Similarly, in some reports, PlA2 

polymorphisms of GPIIIa contributed to ischemic coronary syndromes (Weiss et al. 1996, 
Pastinen et al. 1998). In contrast, other studies did not find any association with myocardial 
infarction and thromboembolic complications (Ridker et al. 1997a, Aleksic et al. 2000). At 
least one study concluded that PlA2 polymorphism did not make any difference to platelet 
fibrinogen binding (Meiklejohn et al. 1999) whereas other investigators clearly demonstrated 
that PlA2-positive platelets had a lower threshold for platelet activation and fibrinogen 
binding than had PlA1,A1 platelets (Goodall et al. 1999, Michelson et al. 2000). Thus, 
although it is very likely that PlA2 polymorphism is a relative risk factor for arterial 
thrombosis in some populations, its specific role in the epidemiology of arterial disease needs 
further study. Finally, polymorphisms of GP Ia/IIa were also associated with myocardial 
infarction in two recent studies (Santoso et al. 1999, Mosgfegh et al. 1999).  
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Effects of heparin on platelets 

The classical effect of heparin on hemostasis is its ability to inhibit the synthesis and function 
of thrombin - a key enzyme of hemostasis - by accelerating the binding of antithrombin III 
(AT) to thrombin, and by blocking other intrinsic pathway proteases (Damus et al. 1973). 
However, heparins also interact with platelets (Westwick et al. 1986). Indeed, the antiplatelet 
effects of heparin were first described a good 50 years ago, when commercial heparin entered 
clinical use (Fidlar & Jaques 1948). Clinically, the effects of heparin treatment on platelet 
functions are noticeable in the occurrence of heparin-induced thrombocytopenia, a disorder 
that can cause severe thrombotic and hemorrhagic complications (Greinacher 1999). In 
addition to platelet count, heparins also have effects on specific platelet functions; very high 
concentrations of unfractionated heparin can impair the adhesion of platelets to collagen in 
vitro (Messmore et al. 1989). Nevertheless, some studies have also reported platelet 
aggregation in platelet-rich plasma induced by the administration of heparin (Eika 1972, 
Salzman et al. 1980). Of interest is that the molecular weight of heparins seems to contribute 
to their antiplatelet effects (Salzman et al. 1980, Holmer et al. 1980). Consequently, heparin 
proteoglycans (HEP-PG) of very high molecular weight (750 000 Da) completely inhibit 
collagen-induced platelet aggregation and secretion in platelet-rich plasma (Lassila et al. 
1997). Furthermore, when the effects of heparin on platelets were studied in vivo, it was 
shown that intravenous administration of a therapeutic dose of heparin clearly prolonged 
bleeding time and diminished serotonin release from platelets in response to collagen (Heiden 
et al. 1977). Moreover, Metcalfe et al. observed markedly prolonged bleeding time, as a sign 
of blunted platelet function, in skin areas with a high local tissue concentration of heparin 
(Metcalfe et al. 1980). To date, however, the specific mechanisms by which the heparin-
associated effects on platelets are mediated remain largely unknown. 
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Coagulation cascade 

After primary hemostasis, i.e. instant vasoconstriction and formation of an initial platelet 
plug, activation of the coagulation system is needed to stabilize the loose accumulation of 
platelets by cross-linked fibrin. The blood coagulation system is composed of inactive 
precursors of coagulation enzymes and cofactors that are sequentially activated to functional 
coagulation factors (Davie 1995). These active serine proteases are in their turn capable of 
activating the following latent zymogens of the cascade until the goal - formation of a fibrin 
network - is achieved. 
 
The coagulation cascade model comprises two distinct but closely linked pathways (Figure 
2). When blood is exposed to tissue factor (TF), present on most cell surfaces excluding the 
endothelium, plasma factor VII is activated to factor VIIa, which then attaches to TF to create 
a TF-factor VIIa complex (Kirchhofer & Nemerson 1996). This complex then triggers the 
activations of factor IX and factor X, and subsequent activation of the remaining coagulation 
factors of this tissue factor-mediated pathway (extrinsic pathway) results in the formation of 
thrombin, the key enzyme of the coagulation system. The physiological significance of the 
TF pathway as a trigger of coagulation activation is far superior to the intrinsic factor 
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pathway, which initially was considered to be the principal promoter of blood clot formation. 
Since the coagulation cascade as a whole is a very complex system, theories on its function 
and the players involved are still changing, especially in the case of the intrinsic pathway. 
The current opinion is that the intrinsic pathway is initiated by activation of factor XI by an 
as yet unknown mechanism. Accordingly, factor XIa activates factor IX to factor IXa, after 
which the coagulation cascade continues as the tissue factor pathway presented above. 
Finally, at the end of both pathways, fibrinogen is converted to fibrin monomers, which then 
polymerize and are cross-linked to insoluble fibrin by activated factor XIII (Dahlbäck 2000). 
 
 

 
 
Figure 2. Synthesis of fibrin. This representation shows tissue factor (extrinsic), intrinsic, 
and common pathways of coagulation cascade. Inhibitors of the coagulation system have 
been omitted. Phospholipid surface = platelet or other cell membrane. 
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Regulation of coagulation activation 

To limit blood thrombus formation at the site of injury, the coagulation system is strictly 
regulated. In addition, it acts in concert with the fibrinolytic system to maintain sufficient 
blood flow in the vasculature. There are three main inhibitors in the coagulation system. Of 
paramount importance is the tissue factor pathway inhibitor (TFPI), which inhibits factor Xa. 
Furthermore, it attaches in a factor Xa–dependent manner to the tissue factor-factor VIIa 
complex and blocks the generation of factor Xa (Broze 1995). Second, in the presence of a 
cofactor protein S, thrombomodulin-bound thrombin activates protein C to activated protein 
C (APC), which is then capable of proteolyzing coagulation factors Va and VIIIa (Dahlbäck 
2000). Thus, thrombin also has anticoagulant effects when it diminishes its own synthesis by 
feedback mechanisms. Third, AT reacts irreversibly with thrombin, and also with some other 
activated coagulation factors such as factor IXa, factor Xa and factor XIa, to form a stable 
thrombin-antithrombin III (TAT) complex that permanently inactivates thrombin. AT occurs 
in two isoforms, AT alpha and AT beta. AT alpha accounts for 90-95% of the total plasma 
content of AT but has been shown to inhibit thrombin less effectively than AT beta on the 
injured vessel wall (Frebelius et al. 1996).   
 
Disorders of blood coagulation 

Abnormal predisposition to spontaneous or traumatic bleeding may be due to congenital or 
acquired defects in the coagulation system. The most well-established bleeding disorders are 
hemophilia A (deficiency of factor VIII), hemophilia B (deficiency of factor IX), and von 
Willebrand disease (deficiency or dysfunction of vWF). Moreover, although not discussed 
here further, defects in other coagulation factors such as factors VII, X, and V can also cause 
bleeding disorders of varying severity.  
 
On the other hand, disturbances in the blood coagulation system can cause pathologic 
thrombus formation, or thrombophilia as it is traditionally called. Since thromboembolic 
disease is a common cause of morbidity and mortality especially in the Western world, much 
effort has been made to disclose whether the predisposition to (venous) thrombosis is 
inherited (Francis 1998). Furthermore, the role of the abnormal coagulation system in the 
progression of atherosclerosis has recently been emphasized. 
 
Hereditary resistance to APC, found by Dahlbäck et al. in 1993, is now known to be the 
common form of congenital thrombophilia (Dahlbäck et al. 1993). Resistance to APC is 
caused by a single Arg506->Gln point mutation in the gene for factor V (factor V Leiden), 
and it occurs in approximately 20% to 60% of Caucasian patients with venous thrombosis 
(Svensson & Dahlbäck 1994). The factor V Leiden mutation ranges in prevalence from 2% to 
15% in Europe but is totally absent in indigenous populations of Asia, Africa, America, and 
Australia (Ridker et al. 1997b, Zöller et al. 1996, Pepe et al. 1997). Other well-recognized 
inherited thrombophilic states include deficiencies of the natural anticoagulants: AT, protein 
C, and protein S. These three congenital disorders, which are also associated with an 
increased risk of venous thrombosis, are much rarer than factor V Leiden and form a 
heterogeneous genetic cluster containing hundreds of different, documented point mutations 
(Lane et al. 1993, Reitsma et al. 1995).  
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Recently, new interest has focused on the elevated levels of plasma homocysteine in some 
patients with an increased tendency to thrombosis. Hyperhomocysteinemia was first 
associated with the pathogenesis of atherosclerosis 30 years ago (McCully 1969). Over the 
past two decades, several case-control and cross-sectional studies have suggested mild-to-
moderate hyperhomocysteinemia as an independent risk factor for atherosclerosis, and 
arterial and venous thrombosis (Cattaneo 1999). In addition, several inherited and acquired 
disorders such as prothrombin 20210A gene mutation (Poort et al. 1996), heparin cofactor II 
deficiency (Bertina et al. 1987), lupus anticoagulants (Mueh et al. 1980) and congenital 
dysfibrinogenemia (Haverkate & Samama 1995) can predispose to venous thrombosis. 
However, in most cases, their role in arterial thrombosis remains ambiguous.  
 
Shear stress and coagulation activation 

Coagulation activation is a highly dynamic process that also depends on local flow conditions 
(Nemerson & Turitto 1991). Despite this well-established fact, most experimental studies in 
this field have been performed in static non-flow conditions. In the last 20 years, however, 
major advances have been made in our understanding of the role of shear forces in blood 
coagulation. High shear forces were shown to shorten blood clotting time in vitro  (Ernst et 
al. 1984). By using microcapillaries coated with TF in flowing conditions, Gemmel et al. 
evaluated the effects of concentrations of factor VII and factor X and wall shear rate on the 
formation of factor Xa, and found that the activation of factor X by TF-factor VIIa complex 
was enhanced when the shear rate was increased (Gemmel et al. 1988, Gemmel et al. 1990). 
Shear-induced elevation in factor Xa production was also demonstrated in the presence of 
factors VIII and IX (Repke et al. 1990), and blood flow was reported to affect the structural 
properties of the synthesized thrombin. Hence, during flow the major prothrombin activation 
product was found to be α-thrombin, not meizothrombin (des fragment 1), which was 
predominantly synthesized in static systems (Schoen et al. 1990). 
 
It has been demonstrated that the endothelium of saphenous veins synthesizes diminished 
amounts of thrombomodulin when exposed to high shear conditions (Gosling et al. 1999). In 
contrast, other data reveal that in the flow system a high shear rate blunts the formation of 
fibrin (Weiss et al. 1986); hence we can not state conclusively that high shear stress always 
activates the coagulation cascade. Finally, it should be kept in mind that elevated shear stress 
also activates fibrinolysis (see later) (Diamond et al. 1989). 
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Components of the fibrinolytic system 

The fibrinolytic system comprises a combination of proteolytic enzymes whose main 
function is to degrade of fibrin deposits in blood vessels (Figure 3). In addition to hemostasis, 
the fibrinolytic system, or the plasminogen/plasmin system as it is also called, participates in 
several physiologic and pathophysiologic processes such as wound healing, reproduction, 
inflammation, neoplasia and atherosclerosis (Lijnen & Collen 1995).  
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Figure 3. The plasminogen/plasmin system. Adapted from Lijnen & Collen 1995. 
 
 
During fibrinolysis, plasminogen, an inactive proenzyme, is converted to plasmin, an active 
enzyme, that is capable of degrading fibrin and many extracellular matrix proteins such as 
laminin, fibronectin, and thrombospondin (Liotta et al. 1981, Lawler & Slayter 1981). 
Furthermore, plasmin can activate other latent proteinase systems to degrade matrix 
components (Saksela & Rifkin 1988). Two distinct serine protease plasminogen activators are 
involved in the plasminogen activation process: the tissue-type plasminogen activator (t-PA) 
and the urokinase-type plasminogen activator (u-PA), which appears in both a single chain 
(scu-PA) and a two-chain form (tcu-PA). T-PA is mainly responsible for the dissolution of 
fibrin in the vasculature (Collen & Lijnen 1991), whereas u-PA is mostly involved in 
pericellular proteolysis during cell migration and tissue remodeling (Vassalli 1994). During 
plasminogen activation, plasmin can convert scu-PA to tcu-PA, which is a more potent 
activator of plasminogen but has a much lower fibrin-specificity than scu-PA.  
 
Plasminogen activation is inhibited by plasminogen activator inhibitors (PAI), of which PAI-
1 is the most important. Other inhibitors capable of regulating the function of t-PA or u-PA 
are PAI-2, PAI-3, and protease nexin I. PAI-1 inhibits and makes a complex with both t-PA 
and u-PA, whereas PAI-2 is mainly a u-PA inhibitor. The roles of PAI-3, which, 
interestingly, is believed to be identical to the inhibitor of activated protein C (Heeb et al. 
1987), and protease nexin I in the inhibition of fibrinolysis are considered to be less important 
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and less specific (Hong & Kwaan 1999). The fibrinolytic system can also be inhibited at the 
plasmin level by α2-antiplasmin. This enzyme reacts with plasmin by forming a stable 
plasmin-α2-antiplasmin complex that irreversibly inhibits the catalytic site of plasmin. 
Thrombin-activatable fibrinolysis inhibitor (TAFI) is a recently described inhibitor of 
fibrinolysis that circulates in plasma as an inactive procarboxypeptidase zymogen and can be 
activated into a functional form during coagulation (Bajzar et al. 1995). The functional role 
of TAFI is not yet known; however, it has been suggested that it may be involved in the 
regulation of fibrin deposition (Juhan-Vague et al. 2000). In addition, there are several 
protease inhibitors such as α2-macroglobulin, antithrombin, α1-antitrypsin, α1-
antichymotrypsin, and C1 inactivator that have varying degrees of inhibitory capacity on 
plasmin. However, their physiological significance in the inhibition of fibrinolysis has not 
been definitively established (Hong & Kwaan 1999). 
 
Pathophysiology of fibrinolysis 

When the delicate balance between profibrinolytic activity and fibrinolysis inhibition is 
disturbed, either bleeding or thrombosis may result. Attenuated fibrinolytic activity is usually 
due to upregulation of PAI-1. Increased plasma levels of PAI-1 have been associated with 
many manifestations of (athero)thrombotic disease such as CAD, acute myocardial infarction, 
peripheral atherosclerosis, and venous thromboembolism (Juhan-Vague & Alessi 1993, 
Wiman et al. 1985, Juhan-Vague et al. 1987). Recently, several attempts have been made to 
associate 4G allele of the common 4G/5G polymorphism of PAI-1 gene with CAD. However, 
the findings of these studies have been contradictory. Some investigations have revealed an 
unquestionable association between 4G and CAD (Gardemann et al. 1999) whereas several 
others have not been able to demonstrate any significant association between varying 
genotypes of PAI and arterial disease (Anderson et al. 1999, Hamsten et al. 2000). 
Furthermore, several studies suggest that high plasma levels of PAI-1 are associated with 
sepsis, pre-eclampsia, and insulin resistance syndrome (Colucci et al. 1985, Estellés et al. 
1994, Juhan-Vague et al. 1993). Moreover, hereditary hypoplasminogenemias, 
dysplasminogenemias, and dysfibrinogenemias are rare forms of defective fibrinolysis that 
commonly contribute to the onset of thrombosis (Hach-Wunderle et al. 1988, Robbins 1992, 
Haverkate & Samama 1995). On the other hand, enhanced fibrinolysis can also induce a 
bleeding tendency. A number of studies report augmented fibrinolysis with hemorrhagic 
disorders due to increased levels of t-PA (Booth et al. 1983, Aznar et al. 1984). Other 
possible, but rare, causes of excessive fibrinolytic activity are deficiencies and/or 
abnormalities in the synthesis of PAI-1 or α2-antiplasmin (Fay et al. 1992, Aoki et al. 1979).  
 
Shear stress and vascular fibrinolysis 

In an uninjured artery, under physiological shear forces, a well-regulated equilibrium prevails 
between t-PA production by the endothelium and PAI-1 synthesis by endothelial cells (ECs) 
and smooth muscle cells (SMCs) (Carmeliet & Collen 1995). However, this balance can be 
disturbed by various pathophysiological states capable of interfering with the function of the 
ECs. A number of studies have indicated that hemodynamic forces can influence EC structure 
and function. In vitro, arterial shear stresses as high as 15 to 25 dynes/cm2 markedly increase 
t-PA protein and messenger ribonucleic acid (mRNA) levels whereas high shear stress does 
not have an effect on PAI-1 production (Diamond et al. 1989). Thus, at least during the first 



 REVIEW OF THE LITERATURE 

 

 

22 
 
 

24 h, the higher shear stress tends to contribute to enhanced fibrinolytic activity and to the 
non-thrombogenic function of the endothelium. Furthermore, cytokines released from 
aggregating platelets, activated leukocytes, and the vascular wall are important modulators of 
synthesis of t-PA and PAI-1 (Schleef et al. 1988). In view of this, Kawai et al. pointed out 
that in the presence of interleukin-1β or tumor necrosis factor-α, the shear stress-mediated 
enhanced synthesis of t-PA was further augmented but that the levels of PAI-1 protein and 
mRNA were diminished (Kawai et al. 1996). However, we do not yet know whether the 
endothelium in vivo is capable of maintaining the upregulated synthesis of t-PA for longer 
than a few days. The role of the plasminogen/plasmin system in arterial pathophysiology, and 
also in the progression of vein graft failure, is discussed at greater length in the following 
chapters. 
 
Fibrinolytic system in the vessel wall 

In normal arteries, ECs synthesize both t-PA and PAI-1 but not u-PA (Schneiderman et al. 
1992, Lupu et al. 1993, Lupu et al. 1995). Immunohistochemical t-PA positivity is especially 
strong in the ECs of the vasa vasorum (Falkenberg et al. 1996). Furthermore, studies utilizing 
immunohistochemistry and in situ hybridization have revealed that the medial SMCs in 
arteries produce t-PA, PAI-1, and also small amounts of u-PA (Lupu et al. 1993, Lupu et al. 
1995). Other investigations, in contrast, have not been able to illustrate localization and/or 
synthesis of u-PA in healthy arteries (Larsson & Åstedt 1985, Falkenberg et al. 1996). 
Urokinase receptors (u-PAR) do not occur in healthy arteries (Noda-Heiny et al. 1995).  
 
In atherosclerotic vessels, t-PA is associated with ECs, SMCs, and macrophages in the 
thickened intima (Lupu et al. 1995, Falkenberg et al. 1996). Some t-PA positivity is also 
present in the media (Lupu et al. 1995). As a sign of u-PA production in the diseased vessels, 
u-PA mRNA are detected in the thickened intima and in the media of atherosclerotic arteries 
(Lupu et al. 1995, Falkenberg et al. 1996). U-PAR is also abundantly present in human 
atheromas, particularly in areas where macrophages and SMCs are present (Noda-Heiny et al. 
1995, Ragnunath et al. 1995). In the early 1990s, PAI-1 became the first fibrinolytic enzyme 
to be associated with atherosclerotic plaques (Schneiderman et al. 1992, Lupu et al. 1993). In 
early atherosclerotic lesions, PAI-1 was shown in intimal SMCs and in extracellular areas in 
association with vitronectin (Lupu et al. 1993). In more advanced plaques, PAI-1 synthesis 
was also detected in macrophages (Lupu et al. 1993). 
 
The process of intimal thickening after endothelial denudation depends on the migration of 
SMCs from media to intima (Jackson et al. 1993). It is becoming increasingly clear that the 
plasminogen/plasmin system contributes to this process. By using a rat model of arterial 
injury, Clowes et al. demonstrated that SMCs express u-PA during mitogenesis and t-PA 
during migration (Clowes et al. 1990). Later, the same group showed that u-PA, t-PA, and 
plasminogen were involved in the migration of non-human primate SMCs (Kenagy et al. 
1996). In mice with targeted inactivation of genes involved in the fibrinolytic system, 
plasminogen activation has an important role in arterial neointima formation after vascular 
injury (Carmeliet et al. 1997c). According to other studies using this same model, intimal 
thickening is mediated by u-PA but not by t-PA (Carmeliet et al. 1997a). Moreover, PAI-1, 
the principal regulator of u-PA activity, is suggested to have an inhibitory effect on the 
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formation of neointima (Carmeliet et al. 1997b). Nevertheless, because of the very limited 
number of studies in humans, the role of plasminogen activation in intimal thickening after 
vascular injury is still not fully understood. 
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Origin and distribution of mast cells 

Tissue mast cells originate in the bone marrow. Mature mast cells develop from c-kit+, 
CD34+, Ly-, CD14-, and CD17- haematopoietic progenitor cells, which circulate in and 
invade various tissues (Agis et al. 1993). This migration process is regulated by the stem-cell 
factor (SCF), which is secreted by stromal cells, of which fibroblasts are probably the most 
important (Galli et al. 1993). After migration into tissues, the progenitor cells are converted, 
also through the action of SCF, into fully differentiated mast cells with a very high content of 
secretory granules in their cytoplasm.  
 
Mast cells are located throughout the connective and mucosal tissues. They are especially 
numerous in the skin and in the respiratory and gastrointestinal mucosa and submucosa, 
where they participate in a variety of pathophysiological and physiological processes such as 
gastric acid secretion, allergic reactions, and inflammation. Human mast cells are usually 
divided into two phenotypes according to their content of neutral proteases (Irani et al. 1986). 
TC mast cells contain both trypsin-like enzyme, tryptase and a chymotrypsin-like enzyme, 
chymase, in their secretory granules, whereas T mast cells contain only tryptase. 
Correspondingly, rodent mast cells, which are extensively used in experimental studies, are 
usually divided into connective tissue type and mucosal type mast cells according to certain 
phenotypic characteristics (Kitamura 1989). 
 
Mediators of mast cells 

Each mast cell has approximately 1000 secretory granules containing principally histamine, 
neutral proteases, and proteoglycans (Wasserman 1990). Histamine, the main physiological 
amine in human mast cells, is stored in the granules at a concentration of 3 to 8 pg/cell (Fox 
et al. 1985). Neutral proteases are the most abundant protein component of the mast cell 
granules. Human TC mast cells contain substantial amounts of four proteases: tryptase, 
chymase, cathepsin G-like protease, and carboxypeptidase A, whereas human T mast cells 
contain solely tryptase. Proteoglycans are the third major component and also an essential 
structural constituent of the secretory granules. Proteoglycans are large molecules that 
comprise a protein core to which highly sulfated glycosaminoglycan side chains are attached. 
Two proteoglycans, heparin and chondroitin sulfate E, have been found in human mast cells 
(Stevens et al. 1988). The biologic functions of mast cell proteoglycans are somewhat 
speculative. However, it is suggested that in the secretory granules they act as storage 
matrices and facilitate the uptake and packaging of histamine and neutral proteases. After 
degranulation, histamine and other preformed soluble mast cell mediators are released from 
the proteoglycan matrix of the granules and exert their effects on neighboring cells. In 
contrast, the granule proteases remain bound to the proteoglycan matrix. Accordingly, the 
proteoglycans modulate the effects of extracellular mediators (Nilsson et al. 1999). 
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Immunologic activation of mast cells can also lead to the generation of new lipid-derived 
mediators such as prostaglandin D2 and leukotriene C4 (Irani & Schwartz 1989).  
 
Stimulation and degranulation of mast cells 

When stimulated, mast cells degranulate, i.e. they exocytose a fraction of their secretory 
granules into the extracellular fluid (Kokkonen 1990) (Figure 4). There is an array of 
immunologic and nonimmunologic activators capable of triggering the degranulation. The 
best understood stimulus to mast cell activation (and subsequent degranulation) is the binding 
of a specific antigen (i.e. allergen) to the high-affinity immunoglobulin E receptors located on 
the surface of mast cells to cause an allergic reaction of type I. During this classical type of 
degranulation, the soluble mediators of mast cells such as histamine, tryptase, chondroitin 
sulfate, a minor proportion of heparin proteoglycans, and various cytokines are released from 
the granules. However, at least in rat serosal mast cells, the majority of the heparin 
proteoglycans, as well as two other neutral proteases, chymase and carboxypeptidase A, 
remain tightly bound to the heparin proteoglycans and form granule remnants. There are 
experimental data showing that such granule remnants interact with a variety of cell types 
also found in atherosclerotic lesions (Kovanen 2000). The results of such in vitro experiments 
further suggest that degranulating mast cells are involved in atherogenesis. 
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Figure 4. Scanning electron micrograph of an unstimulated (A) and a stimulated (B) rat 
serosal mast cell. Bar, 1 µm. Reproduced from Kokkonen 1990, with permission. 
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Mast cells and atherosclerosis 

Several potential mechanisms exist by which mast cells could participate in the progression 
of atherosclerosis. It has been shown that stimulated mast cells promote the uptake of low 
density lipoproteins and formation of foam cells when co-cultured with macrophages or with 
SMCs (Kovanen 1996). Also, a series of in vitro experiments have demonstrated that mast 
cells can block the initial steps of reverse cholesterol transport, i.e. removal of cholesterol 
from extrahepatic tissues such as the arterial intima, to the liver (Lee et al. 1992, Lindstedt et 
al. 1996, Lee et al. 1999). Thus, mast cells are capable of regulating the balance between 
cholesterol influx and efflux and also the local appearance of foam cells. Furthermore, mast 
cells have been reported to accumulate in the rupture-prone inflammatory areas of human 
coronary (Kaartinen et al. 1994, Kovanen et al. 1995, Kaartinen et al. 1998) and carotid 
(Johnson et al. 1998, Jeziorska & Woolley 1999) plaques where they also show signs of 
activation.  
 
Role of mast cells in thrombosis and hemostasis   

As previously pointed out, acute arterial thrombosis is usually caused by the rupture of a 
preformed atheromatous lesion. Mast cells are the dominant source of neutral proteases in 
most tissues. Therefore, it is likely that this also applies to the atherosclerotic plaques. Both 
tryptase and, especially, chymase have been shown to degrade the pericellular matrix and to 
activate matrix metalloproteinases (Vartio et al. 1981, Lohi et al. 1992, Saarinen et al. 1994). 
Furthermore, mast cells in coronary atheromas contain a potent pro-inflammatory cytokine, 
tumor necrosis factor-α, which also can induce macrophages to produce matrix 
metalloproteinases (Kaartinen et al. 1998). In contrast, mast cell-derived heparin seems to 
inhibit the production of matrix metalloproteinases in arterial SMCs in vitro (Kenagy et al. 
1994).  
 
It has been suggested that vasospasm can contribute to thrombotic occlusion, in particular in 
the coronary arteries and vein grafts (Oliva & Breckenbridge 1977, Cross et al. 1988). 
Histamine causes vasodilation in healthy arteries, but it causes vasoconstriction in vessel 
segments with denuded or dysfunctional endothelium (Kalsner & Richards 1984). 
Consequently, adventitial mast cells have been shown to contribute to coronary spasm in 
patients with variant angina (Forman et al. 1985). Moreover, increased numbers of 
degranulated mast cells were found in the adventitial layer of coronary arteries occluded due 
to a ruptured atheromatous plaque (Laine et al. 1999) and such adventitial mast cells were 
connected with sensory nerve fibers (Laine et al. 2000). Therefore, neurogenic stimulation of 
mast cells in the adventitia of atherosclerotic coronary segments may release vasoactive 
compounds such as histamine and leukotrienes, which can contribute to the complex 
neurohormonal response that leads to abnormal coronary vasoconstriction. 
 
The role of mast cells in hemostasis is poorly understood. An interesting finding is that mast 
cell-deficient transgenic mice are susceptible to ADP-induced thrombosis in mesenteric veins 
(Hatanaka et al. 1985). Furthermore, it has been shown that bleeding time is prolonged and 
that generation of thrombin in blood collected from the bleeding-time wounds of atopic 
patients is delayed (Szczeklik et al. 1991). Similarly, markedly prolonged bleeding times 
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have been reported in the skin lesions of a patient with systemic mastocytosis (Metcalfe et al. 
1980). In experimental settings, mast cell chymase has been shown to cleave thrombin (Pejler 
et al. 1994). Moreover, tryptase has anticoagulant activities due to its ability to degrade 
fibrinogen (Schwartz et al. 1985) and high molecular-weight kininogen (Maier et al. 1983).  
 
Macromolecular heparin proteoglycans derived from rat serosal mast cells are capable of 
inhibiting collagen-induced platelet activation in vitro (Lassila et al. 1997). Thus, it is 
possible that, by exocytosing heparin proteoglycans, mast cells can locally attenuate the 
thrombogenicity of matrix collagen, also in vivo. A recent study examined platelet activation 
responses to the activation of human tryptase positive mast cell-like KU812 cells derived 
from a patient with chronic myeloid leukemia in blast crisis. It was found that IgE-dependent 
immunologic activation of KU812 cells caused the release of heparinoid substances capable 
of inhibiting collagen-induced platelet aggregation, whereas the activation of KU812 with 
compound 48/80 produced a releasate which did not inhibit platelet aggregation, and in which 
the heparinoid substances were absent (Gardiner et al. 1999). Hence, the type of stimulus, i.e. 
whether immunologic or non-immunologic, affects the composition of the mast cell releasate. 
Evidence abounds that mast cells are capable of producing t-PA (Sillaber et al. 1999) and that 
they express u-PAR (Sillaber et al. 1997). Recently, local accumulations of mast cells have 
been found at sites of thrombus formation, for example, in auricular thrombosis and in deep 
venous thrombosis (Bankl et al. 1995, Bankl et al. 1999).  
 
Histamine, released from activated mast cells, too, can contribute to hemostasis in several 
ways. Histamine enhances the anticoagulative potential of the endothelium by upregulating 
thrombomodulin activity (Hirokawa & Aoki 1991). Furthermore, histamine stimulates 
endothelial cells to release vWF, which regulates the intrinsic tenase complex by protecting 
factor VIII from factor Xa-dependent activation (Bombeli et al. 1997). 
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Patency of vein grafts 

Although arterial conduits, due to their structural properties, (Nikkari et al. 1989) have 
superior patency rates over autologous vein grafts (Lytle et al. 1985), saphenous vein remains 
the most important graft material for both coronary and infrainguinal bypass grafting (Mehta 
et al. 1997). Unfortunately, however, up to 15% of vein grafts occlude during the first twelve 
months after aortocoronary bypass surgery. Thereafter, the graft occlusion rate is 1% to 2% 
per year for 5 years and then 4% per year for the next 5 years. Thus, only 60% of vein grafts 
are still patent 10 years after surgery (Motwani & Topol 1998). Correspondingly, the 2-year 
assisted primary patency of femoropopliteal and femorocrural bypasses is approximately 80% 
and 70%, respectively (Lawson et al. 1999). However, for distal peripheral bypasses with 
poor runoff, which are needed for the revascularization of legs threatened by critical 
ischemia, the results are not so good, and the 2-year primary assisted patency rate may be as 
low as 50% (Tisi et al. 1996). 
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Vein graft disease  

Three separate processes, thrombosis, intimal hyperplasia, and atherosclerosis are involved in 
the progression of vein graft disease (Motwani & Topol 1998). Although each one is a 
distinct entity, they act in concert to jeopardize the patency of the graft. A temporal division 
into acute (< 1 month), subacute (1 to 12 months), intermediate (1-5 years and long-term (> 5 
years) subclasses is another way to categorize the types of graft failure (Cox et al. 1991) 
(Figure 5). Altogether 3% to 12% of aortocoronary vein grafts fail within 30 days after 
surgery, most commonly because of acute thrombotic occlusion (Motwani & Topol 1998, 
Bourassa 1991). Intimal hyperplasia is the dominant abnormality in grafts in the subacute and 
intermediate periods (i.e. the first 2(-5) years), but gradually atherosclerotic lesions, too, 
become more common (Cox et al. 1991). Finally, over 5 years after bypass grafting, the main 
reason for the compromised flow and subsequent occlusion is an accelerated form of 
atherosclerosis (Neitzel et al. 1986). 
 
 

 
 
Figure 5. Progression of vein graft disease. Modified as presented by Mehta et al. 1997. 
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Surgical procedure 

Clearly, technical and judgemental factors related to the preparation of the vein graft, 
construction of the anastomoses, and selection of patients with effective runoff are important 
predictive factors for the fate of a graft (Cox et al. 1991, Albäck 1999). However, not even 
the most meticulous surgical "no touch" technique can avoid causing some degree of vascular 
damage. Such implantation injuries are endothelial dysfunction, endothelial denudation, and 
medial SMC injury (Davies & Hagen 1995), which are associated with inflammatory cell 
infiltration and local oedema (Mehta et al. 1997). After implantation, circulating platelets and 
neutrophils adhere to the injured areas and release vasoactive substances (nitric oxide, 
prostacyclin, serotonin, angiotensin, endothelins, etc.) and cytokines (interleukins and tumor 
necrosis factor) (Mehta et al. 1997). Proto-onkogenes (c-fos, c-jun, c-myc and c-myb) 
probably also mediate the mitogenic stimuli to SMCs (Bennet et al. 1994), and therefore 
these early events may be important initiators for the intimal hyperplasia that appears later. It 
has been suggested that the in situ technique commonly used in infrainguinal bypasses 
protects the graft from implantation injuries (Bush et al. 1986, Cambria et al. 1985). 
However, the passage of a valvulotome along the length of the graft to destroy the valve 
cusps can also cause significant endothelial injury (Sayers et al. 1992). In coronary bypass 
surgery, high-pressure distension of the graft to check for leaks and overcome venospasm 
causes endothelial and medial injuries (Angelini et al. 1990) and results in attenuated 
endothelial fibrinolytic activity (Malone et al. 1981, Underwood et al. 1993). Furthermore, 
storage of the graft in a physiological solution prior to implantation can harm the 
endothelium (Jeremy et al. 1997), especially if the electrolyte composition is poorly chosen 
or if the storage temperature is too low (Schwartz et al. 1991, Solberg et al. 1987). Moreover, 
veins that are completely removed from their native anatomic location prior to grafting are 
necessarily exposed to ischemia-reperfusion injury, which causes decreased endothelial 
production of prostacyclin, nitric oxide, and adenosine, all known to inhibit both platelet 
reactivity and SMC proliferation (Holt et al. 1993). 
 
Hemodynamic forces and endothelium 

The normally functioning endothelium maintains patency and hemostasis in the vascular 
system. After implantation of a vein graft into the arterial circulation, the venous endothelium 
is immediately exposed to arterial pressure, wall tension, shear stress, and pulsatile flow, all 
of which modulate graft physiology. Both shear stress and cyclic strain promote the 
expression of nitric oxide synthase and release of nitric oxide (Noris et al. 1995). Likewise in 
experimental set-ups, the application of shear stress to cultured ECs induces increases in 
prostacyclin and t-PA release (Frangos et al. 1985, Diamond et al. 1989). Such changes result 
in inhibition of platelet adhesion and aggregation and contribute to the non-thrombogenic 
function of the endothelium (Golledge 1997). In contrast, using human saphenous vein in a 
validated ex vivo flow circuit, Gosling et al. have shown that the synthesis of 
thrombomodulin is downregulated within 45 to 90 min of exposure to arterial flow 
conditions, which leads the hemostatic balance in the prothrombogenic direction (Gosling et 
al. 1999). Hemodynamic forces also affect the adhesion of leukocytes. Using a bypass circuit, 
Golledge et al. showed that, on saphenous vein endothelium, the surface expression of 
intercellular adhesion molecule-1 (ICAM-1) increases 2-fold but that the surface expression 
of the vascular cell adhesion molecule (VCAM-1) decreases 3-fold within 45 min of 
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exposure to arterial flow (Golledge et al. 1997). They concluded that it is circumferential 
deformation, rather than shear stress, that promotes the endothelial expression of ICAM-1 
and VCAM-1 (Golledge et al. 1997). Results obtained from other studies have been 
conflicting; after exposure of the endothelium to high shear stress, VCAM-1 expression has 
been reported to be decreased (Sampath et al. 1995), unaffected (Nagel et al. 1994), or 
increased (Walpola et al. 1995). Thus, the effects of shear stress on leukocyte adhesion in 
vivo need further study. 
 
Intimal thickening 

Endothelial injury or dysfunction represents a trigger event in the pathogenesis of various 
vascular diseases (Ip et al. 1990). In the case of vein graft failure, the precise initial signals 
remain unclear. However, it is suggested that the progression of intimal thickening is 
promoted by physical, cellular, and humoral factors accompanied by dysfunctional 
endothelium (Davies & Hagen 1995). Recently, it was hypothesized that infiltration of 
macrophages followed by the release of macrophage-derived cytokines might be a central 
inducer of intimal hyperplasia. Hoch et al. demonstrated that intimal hyperplasia in vein 
grafts is suppressed by depletion of macrophages (Hoch et al. 1999). After initial activation, 
medial vascular SMCs proliferate. This process can be modulated by numerous growth 
factors and cytokines released from activated platelets, ECs, and macrophages (Motwani & 
Topol 1998). However, it is thought that basic fibroblast growth factor may play a very 
important role in the proliferation of medial SMCs (Kraiss & Clowes 1996). Subsequently, 
SMCs migrate through the internal elastic lamina into the intima in a process that seems to be 
dependent on platelet-derived growth factor (PDGF) (Ferns et al. 1991, Jawien et al. 1992, 
Jackson et al. 1993). Upregulation of PDGF-A and transforming growth factor-β1 mRNA 
expression is also observed in vein grafts before the development of intimal thickening (Hoch 
et al. 1995). In the intima, SMCs further proliferate and this new proliferation is accompanied 
by synthesis and deposition of extracellular matrix, when migrated SMCs modulate their 
phenotype from the contractile to synthetic mode (Ip et al. 1990).  
 
As noted earlier, the ECs are crucial to the regulation of intimal growth. If the endothelium is 
intact, the extent of intimal thickening remains low. If, however, the endothelium is 
dysfunctional or, even worse, has been destroyed, the accumulation of SMCs in the intima is 
enhanced (Kraiss & Clowes 1996). However, in contrast to angioplasty injury, in vein grafts 
the major cellular changes take place after endothelial regeneration. To explain the etiology 
of vein graft disease, then, additional mechanisms had to be explored. One recently described 
phenomenon is the more pronounced thrombin-induced proliferation of SMCs in saphenous 
veins than in internal mammary arteries (Yang et al. 1997). Accordingly, AT has been shown 
to inhibit thrombin-induced proliferation of human arterial SMCs in vitro (Hedin et al. 1994). 
 
The roles of hemodynamic forces as modulators of intimal hyperplasia are contradictory. On 
the one hand, increased wall stress upregulates basic fibroblast growth factor and promotes 
intimal thickening in vein grafts exposed to arterial pressures (Nguyen et al. 1994). On the 
other, shear stress inhibits SMC migration via diminished expression of platelet-derived 
growth factor receptor-β and matrix metalloprotease-2 (Palumbo et al. 2000). In addition, 
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increased shear stress is an inhibitor of vascular SMC proliferation; hence, high flow actually 
induces regression of intimal hyperplasia (Ueba et al. 1997, Mattsson et al. 1997). 
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The complex interactions between blood cells and the vascular wall appear to be crucial in 
thrombosis and hemostasis. Prompted by the attention paid recently to the role of 
hemodynamic forces in hemostatic balance and vascular biology, the present study aimed to 
assess platelet reactivity, coagulation activation, and fibrinolysis under various shear 
conditions. The tissue regulation of hemostasis and fibrinolysis in the vascular wall was 
specifically addressed. 
 
The particular approaches used were as follows:  
 
1. Study of the effects of stimulated and non-stimulated skin mast cells on primary 

hemostasis in the microcirculation. 
 
2. Assessment of the effects of immobilized mast cell-derived macromolecular heparin 

proteoglycans on platelet-collagen interactions under low and high shear conditions in 
an experimental model of local vascular therapy.  

 
3. Assessment of the effects of moderately high shear forces on platelet functions, 

coagulation activation, and fibrinolysis in atherosclerotic arteries. 
 
4. Study of the expression and function of fibrinolytic proteins during compromised 

flow conditions in both stenosed (high shear conditions) and occluded vein grafts. 
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The study protocols of this thesis were approved by the Ethics Committee of the University 
Hospital in Skin and Allergic Diseases, Helsinki University Central Hospital (I), by an 
institutional ethical committee of the Wihuri Research Institute (II), or by an institutional 
ethical committee of the Department of Surgery, Helsinki University Central Hospital (III, 
IV, and V). All patients and voluntary study subjects gave their informed consent before 
inclusion. 
 
Study I. The study was divided into two parts with 10 subjects in each. The first part 
comprised 10 patients (aged 19 to 46 years, 7 males and 3 females) with urticaria pigmentosa, 
which is the most common form of cutaneous mastocytosis. These patients had abundant 
cutaneous mast cell lesions but no evidence of systemic mastocytosis. The diagnoses of all 
subjects were proven by skin biopsy. For the second part of the study 10 healthy volunteers 
(aged 19 to 51 years, 6 males and 4 females) with known immunoglobulin E-mediated 
allergy were enrolled. Hypersensitivity to the specific allergens was verified by standard skin 
prick tests. With one exception, all 20 study subjects reported not having taking any 
medication within 2 weeks prior to the study. The exception was a patient with urticaria 
pigmentosa, who had to take cetirizine 10 mg daily because of chronic pruritus. 
 
Study II. Blood for the second study was donated by 49 healthy volunteers who had not 
taken any drugs during the previous 14 days. The study subjects avoided coffee, tea, and 
dietary fats before taking blood samples were taken, but complete fasting was not required. 
To verify the absence of acute infections, white cells were counted prior to blood donation. 
 
Study III. In collaboration with the National Public Health Institute (Helsinki, Finland) we 
were looking for a possible genetic predisposition to peripheral arterial occlusive disease in 
Finnish families. In part of this project, 15 patients (aged 60 to 72 years, 2 males and 13 
females) from 10 families with peripheral atherosclerosis of moderate severity were recruited 
to the study. The criteria for inclusion of the 10 probands were: objectively assessed arterial 
insufficiency of the lower extremities, age 75 years or less and absence of two major risk 
factors, i.e. smoking and insulin-dependent diabetes mellitus. However, there was one current 
smoker and one ex-smoker in the patient group because we did not have any exclusion 
criteria for the affected siblings of the probands. Hence, there was also one diabetic in the 
patient group. The control population comprised 15 healthy sex- and age-matched siblings 
(aged 50 to 71 years, 6 males and 9 females) coming from the same ten families. Two of 
them were current and five of them ex-smokers. None of them was diabetic. 
 
Studies IV and V. Twenty-two arteriosclerotic patients with an identified vein graft stenosis 
(IV, V) or occlusion (V) after femorodistal in situ vein bypass were enrolled in the fourth and 
fifth studies. All study subjects had participated in a surveillance program to verify short- and 
long-term graft patency. The surveillance included measurements of ankle/brachial systolic 
pressure indices and duplex scanning of the entire graft at regular intervals. If graft failure 
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was indicated by these non-invasive examinations, angiography was performed to identify the 
localization of the stenosis or occlusion.  
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For each patient with urticaria pigmentosa, four incisions for bleeding time determinations 
were made with a disposable standard device (Simplate R, Organon Teknika, Durham, NC, 
USA), which has a single retractable blade and makes a 5 mm long and 1 mm deep skin 
wound. Briefly, the upper arm of the subject was compressed to 40 mmHg using a 
sphygmomanometer cuff, and a horizontal incision was made on the volar forearm either on 
the mast cell lesion or on the non-lesional site. Two lesional sites and two control sites were 
studied in each patient and blood samples were collected from every wound as described 
below.  
 
For atopic patients, skin prick tests with an individually chosen allergen (Soluprick ALK A/S, 
Copenhagen, Denmark), histamine (histamine dihydrochloride 10 mg/ml, ALK) and vehicle 
control (Soluprick Negative Control, ALK) were made on the volar side of the forearm. 
Three bleeding-time incisions were made in the indurated or normal skin prick test areas 
(allergen, histamine, and vehicle) at 30, 60, 120, and 240 min after the skin prick tests. After 
the incision has been made, blood emerging from the wound was carefully dried off with a 
filter paper every 15 s without touching the wound, and blood samples were collected as 
described below. The test was stopped and the time was recorded when blood no longer 
stained the filter paper.   
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Collection of venous blood (I, II, and III) 

After subjects had rested in a supine position for 10 min, superficial cubital vein was 
cannulated (Venflon 2, 17-gauge, BOC Ohmeda AB, Helsingborg, Sweden) and 9 volumes of 
free flowing blood were collected without stasis into one volume of anticoagulant. The first 3 
ml of blood were discarded if not needed for the blood cell count. 
  
Blood samples from bleeding-time wounds (I) 

The skin incisions for bleeding time determinations and blood collection were made by a 
standard method as described above. In patients with cutaneous mastocytosis, the bleeding-
time blood samples were collected at 1 min and at either 4 or 5 min, depending on the arrest 
of bleeding. In study subjects with atopy, the blood samples were routinely collected 4 min 
after a skin incision had been made. In addition, some blood samples from the control 
wounds were collected at 1 min to evaluate the progression of thrombin generation during 
bleeding time. Five µl of blood emerging from the incision were sampled gently with a 
polypropylene-tipped pipette and transferred to ice-cooled Eppendorf tubes containing 145 µl 
of diluted anticoagulant.      
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Anticoagulants (I, II, and III) 

Samples for blood cell counts, blood group, cholesterol, triglycerides, and glycocalicin 
analyses were collected in 0.47 M ethylenediaminetetraacetic acid (EDTA). Samples for 
fibrinogen, thrombin time, thrombin-antithrombin III complex (TAT), t-PA, vWF, vWF 
multimer analysis, and ristocetin cofactor activity were collected in 1 volume of 0.11 M 
trisodium citrate per 9 volumes of blood. For D-dimer samples, aprotinin was added to the 
citrate at a final concentration of 0.2 trypsin-inhibiting units per ml. For PAI-1 antigen 
samples, the 0.11 M trisodium citrate anticoagulant was supplemented with prostaglandin E1 
at a final concentration of 0.09 µM and theophylline at 1 mM. For ristocetin-induced platelet 
aggregation (RIPA), nine volumes of blood were collected in one volume of acid-citrate-
dextrose (ACD) (citric acid 0.042 M, sodium citrate 0.082 M and dextrose 0.136 M, pH 6.0). 
For whole blood perfusion studies and platelet-collagen interaction studies in platelet-rich 
plasma (PRP) 9 vol of blood were collected in 1 vol of 300 µM D-phenylalanyl-L-prolyl-L-
arginine chloromethyl ketone (PPACK) (Calbiochem, Calbiochem-Novabiochem Co, La 
Jolla, CA, USA). The blood emerging from the bleeding-time wound was collected in diluted 
anticoagulant mixture containing (final concentrations) citric acid (0.463 mM), trisodium 
citrate (0.997 mM), dextrose (1.81 mM), EDTA (80 µM), adenosine (79.9 µM), hirudin 
(0.333 U/ml) and heparin (0.333 U/ml). The same anticoagulant mixture with some 
modifications (7.5-fold higher concentration of all components) was also used when samples 
were collected for β-thromboglobulin assay after platelet interaction studies in PRP.   
 
Processing of blood samples (I, II, and III) 

The blood emerging from the bleeding-time wound and anticoagulated venous blood for PAI-
1 antigen analysis were held on ice throughout the sample handling. To obtain citrated and 
EDTA plasma, blood samples were centrifuged (1800 x g) for 10 min at 22°C, except the 
samples for t-PA and PAI-1 antigen assays, which were centrifuged for 30 min at +4°C. After 
centrifugation, the plasma was divided into aliquots and frozen at -20°C or -70°C (D-dimer, 
t-PA and PAI-1). The diluted whole blood collected from the bleeding-time wounds was 
immediately centrifuged (1500 x g) for 5 min at +4°C, after which the clear supernatant was 
separated and frozen at -70°C. PRP was prepared by centrifugation (180 x g) for 12 min at 
22°C after which it was held at room temperature until use.   
 
Labeling of platelets with 3H-serotonin (II) 

To assess the number of deposited platelets on the collagen-coated coverslips in perfusion 
and PRP incubation studies, the platelets were labeled with 3H-serotonin. Briefly, PRP was 
prepared from blood collected in 30 µM PPACK anticoagulant as described above. Then, 3H-
serotonin with a final specific activity of 14 µCi/ml (platelet-interaction studies in PRP) or 43 
µCi/ml (whole blood perfusion studies) was applied prior to 15 min incubation at 37°C. After 
labeling, the whole blood needed in perfusion studies was reconstituted by mixing together 
PRP and the remaining blood components. Both labeled PRP and whole blood were stored at 
22°C until use within 3 h of blood collection.  
 
Preparation of paraformaldehyde-fixed platelets (III) 

Paraformalde-fixed human platelets were fixed as described by Brinkhous and Read 
(Brinkhous & Read 1989) (study III). In brief, 42.5 parts of blood from a healthy donor were 



 MATERIALS AND METHODS 

 

 

36 
 
 

collected in 7.5 parts of acidic ACD (citric acid 0.064 M, sodium citrate 0.084 M, dextrose 
0.11 M, pH 4.5), afterwhich PRP was prepared as described above. To wash the platelets, 
PRP was pelleted and resuspended three times in citrate-saline. The platelets were fixed for 2 
h in 1.8% paraformaldehyde. After fixation, the platelets were washed four times with 
imidazole-buffered saline and resuspended in citrate-saline with 5% bovine serum albumin 
(BSA).   
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Collection of vessel specimens   

Tissue specimens from stenotic vein grafts and normal veins were collected during revisions 
of failing grafts for an average of 13 months after infrainguinal bypass. Before reconstruction 
of a new conduit, small pieces from the stenotic graft segments and from the control veins 
were harvested and immediately snap-frozen in liquid nitrogen. Before the snap-freezing, 
vessel sections for immunohistochemistry and in situ hybridization were embedded in 
optimal-cutting-temperature compound (Tissue-Tek, O.C.T. compound, Miles Scientific) to 
improve the quality of the cryosections. Correspondingly, tissue specimens from occluded 
grafts were collected during graft revisions for an average of 32 months after the primary 
reconstruction, with the difference that these specimens were fixed in 10% formalin and 
embedded in paraffin before being cut into 5 µm thick sections.  
 
Tissue homogenization 

Frozen vessel specimens were thawed in PET buffer (PBS-EDTA-Tween 20 buffer from 
TintElize PAI-1 kit, Biopool). To prevent proteolysis during thawing, aprotinin (0.2 trypsin 
inhibition units/ml, Sigma Chemical Co) was added to the samples used in the antigen 
analyses. Samples for zymography, radial fibrinolysis assay, and u-PA activity were 
processed without aprotinin. After thawing, the samples were weighed, cut into pieces, and 
sonicated for 4 x 30 s (Branson Sonifier Cell Disruptor B 15) in PET buffer on ice. The tissue 
homogenate was then centrifuged (15 min, 1500 g), after which the supernatant was 
separated and stored at -70°C. To test the yield of t-PA, u-PA, and PAI-1 in the described 
extraction procedure, experimental tests with normal vein tissue were performed. These tests 
showed that most of the PAI-1 and about 80% of the t-PA were recovered by our method. 
The experiments with a reducing agent (dithiothreitol 2 mM) did not show any improvement 
in the yield of t-PA and PAI-1, and thus the use of a reductant was omitted.  
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For purification of HEP-PG, mast cells were collected from the peritoneal and pleural cavities 
of rats by lavage with phosphate-buffered saline (PBS) supplemented with 0.5 mg/ml BSA 
and 5.6 mM glucose, pH 7.3 (Kokkonen & Kovanen 1989). After centrifugation, the cells 
were resuspended in Roswell Park Memorial Institute 1640 medium supplemented with 5% 
BSA, 25 mM NaCl, 2 mM L-glutamine, 100 IU/ml penicillin, and 5% fresh rat serum, and 
transferred to plastic Petri dishes. The cells were incubated in a humidified CO2 incubator at 
37°C for 1 h after which nonadherent cells (mostly mast cells; 90-95% purity) were removed. 
After washing, the mast cells were resuspended in PBS and treated with compound 48/80 
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(Sigma Chemical Co, St. Louis, MO, USA) to induce degranulation. The degranulated mast 
cells and the granule remnants were then sedimented by two consequent centrifugations to 
get granule-free supernatant. Finally, the content of the very large (750 kDa, range 500 to 
1000 kDa) HEP-PG in the supernatant was analyzed by the Alcian Blue method (Fluka, 
Buchs, Switzerland) or by Blyscan glycosaminoglycan assay (Biocolor Ltd., Belfast, 
Northern Ireland) (Lindstedt et al. 1992). The isolated HEP-PG were stored at -20°C.    
 

,"2"����6�����) �)'�$�-$������()���%�()1��$&�6$�')��$��%��$�)'�
6&���&���� ����(��) �� ������ %�')��6��'�$�) �$��%��$�4��5�

The Thermanox coverslips (Nunc, Naperville, IL, USA) were coated with soluble monomeric 
collagen type I (10 µg/ml or 50 µg/ml) or commercial fibrillar collagen type I (Collagen 
reagent Horm, Nycomed Arzneimittel, Munich, Germany, 16 µg/ml) in PBS. These 
concentrations were chosen on the basis of measurements of adhered collagen (see later) 
showing that markedly higher amounts of collagen fibrils than monomers adhered to the 
surface during the coating procedure. To study the effects of HEP-PG and unfractionated 
heparin (UFH) on platelet-collagen interactions, 10 µg/ml of HEP-PG or 10 µg/ml (10 mg/ml 
in perfusion studies) of UFH were applied to the coating solutions. After 60 min incubation at 
37°C in a humidified atmosphere, excess collagen solution was pipetted off and an equal 
amount of 2% human serum albumin (HSA) was added to block the coverslips (60 min at 
37°C). The coverslips were then stored at 22°C until use on the same day. To ensure that 
coating was homogeneous, some of the coverslips were stained with Coomassie brilliant blue 
R250 and viewed by light microscopy. 
 
For some experiments, plastic micro-titer wells (Labsystems, Helsinki, Finland) were coated 
with vWF (10 µg/ml) (Calbiochem), monomeric collagen (10 µg/ml), UFH (10 µg/ml), HEP-
PG (10 µg/ml), or with mixtures of them. After primary coating, wells were blocked with 2% 
HSA as described above.  
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For RIPA, PRP was prepared as described before. The platelet count of PRP was adjusted to 
300 x 106 /ml with platelet-poor plasma. RIPA was measured as a change in light absorbance 
with a dual-channel aggregometer (Payton Dual Channel Aggregation Module 300 BD-5, 
Scarborough, Ontario, Canada) by using three standard concentrations of ristocetin (0.75 
mg/ml, 0.60 mg/ml, 0.55 mg/ml). In aggregation studies, the maximal aggregation (%), the 
rate of primary aggregation (1/min), and the lowest concentration of ristocetin capable of 
inducing aggregation were assessed. 
 
For ristocetin cofactor activity analysis, the platelet count of fixed platelets in citrate-saline 
with 5% BSA was adjusted to 200 x 106 /ml. The aggregometer was calibrated with pooled 
citrated plasma from healthy donors (before addition of ristocetin 0%, after agglutination 
100%). After the addition of ristocetin (1.0 mg/ml) to the mixture of 1:2 diluted 
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patient/control platelet-poor plasma (1 part) and fixed platelets (2 parts), the agglutination 
response of fixed platelets was assessed.  
 

,"8"��&���&���()&&�+� �� %�6&���&���1���� ����(��) $�� �����
4��5�

The coating of the coverslips was described above. For platelet interaction studies the 
collagen-coated coverslips were placed on precoated (2% HSA) 24-well plates (NUNC). To 
reduce the amount of vWF needed for coating, micro-titer wells were used in most of the 
platelet-vWF interaction studies. One ml of 3H-serotonin labeled PRP (platelet count adjusted 
to 300 x 106 /ml) was added to the wells (100 µl of PRP to the micro-titer wells) prior to 30 
min incubation at 37°C under slow rotation at 100 rpm. After incubation, the coverslips were 
washed in PBS and the 3H-scintillation activity (representing deposited platelets) was 
measured. In some experiments 10 µg/ml of c7E3, a GP IIb/IIIa inhibitor (ReoPro®, 
abciximab, Centocor, the Netherlands), was added to block thrombus formation. To study the 
binding of platelet-derived vWF to collagen, some experiments were done with unlabeled 
platelets, and the collagen-bound vWF was detected with the use of peroxidase-conjugated 
rabbit anti-human vWF (detailed description in II).  
 

,"9"��&���&���()&&�+� �� ����(��) $�$��%��%�� %���:�)&��-&))%�
6��'�$�) �4��5�

Before whole blood perfusions, PRP was isolated and platelets were labeled as described 
above. After labeling, blood was reconstituted, divided into aliquots (30 ml) and prewarmed 
for 5 min at 37°C. The coated coverslip was placed in a Badimon perfusion chamber 
(Badimon et al. 1986) and the prewarmed blood was allowed to circulate through the 
chamber for 5 min. The flow rate was either 30 ml/min (high shear) or 10 ml/min (low shear) 
corresponding to wall shear rates of 1600 and 200 1/s, respectively. To flush the unattached 
platelets, the coverslip was perfused with prewarmed PBS for 40 s immediately after 
perfusion with blood. The platelet count, total blood 3H-scintillation, and plasma 3H-
scintillation (serotonin release) were measured immediately before and after the perfusion. 
Finally, the 3H-scintillation activity was determined as previously described. For scanning 
electron microscopy, some experiments were performed with whole blood, without labeling 
of platelets. 
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After the whole blood perfusion experiments, the coverslips prepared for scanning 
electronmicroscopy were fixed in 2.5% glutaraldehyde-PBS for 2 h at 22°C. The fixed 
coverslips were washed meticulously in PBS and stored in the same buffer until dehydration 
with a series of increasing concentrations of ethanol. The fixed and dehydrated samples were 
then sputter-coated with platinum, examined with a JEOL Scanning Microscope 820 (Tokyo, 
Japan), and photographed. 
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Blood cell counts (I, II, and III). 

The blood cell counts were measured immediately after blood sampling with a 
Thrombocounter Coulter T-540 cell counter (Coulter Electronics Inc., Hialeah, USA).  
 
Lipid analyses (III) 

Total cholesterol and plasma triglycerides were determined by an enzymatic colorimetric test 
(Boehringer Mannheim, Mannheim, Germany). 
 
Quantitation of collagen and glycosaminoglycans (II) 

The amount of collagen and glycosaminoglycans in the coatings was assessed by specific 
dye-binding assays (Sircoll and Blyscan Assays, Biocolor Ltd., Belfast, Northern Ireland). 
 
Thrombin time and fibrinogen assays (III) 

Fibrinogen was determined by a functional method of Clauss (reference range 2.0-4.0 
mg/ml). Thrombin time, too, was functionally assessed and the same commercial bovine 
thrombin reagent (Baxter Healthcare Corp., Miami, Fla, USA) was used in both assessments.    
 
Assays of thrombin generation (I and III) 

The contents of thrombin-antithrombin III-complex (TAT) (reference values <4.1 ng/ml) and 
prothrombin fragments F 1+2 (F 1+2) (reference range 0.4-1.1 nM) in plasma were 
determined by commercially available enzyme-linked immunosorbent assay (ELISA) kits 
(Enzygnost TAT micro and Enzygnost F 1+2 micro, Behringwerke AG, Marburg, Germany). 
For the analysis of 1:30 diluted whole blood (study I), minor modifications were made to the 
manufacturer’s instructions (detailed description in I).  
 
von Willebrand factor assays (III) 

The levels of vWF antigen in plasma were determined with a commercially available ELISA 
(Asserachrom vWF, Diagnostica Stago, Asnières-sur-Seine, France; reference range 60-
150%). The multimeric composition of vWF was analyzed by sodium dodecyl sulfate (SDS) 
agarose electrophoresis (Raines et al. 1990) (detailed description in III). Before the vWF 
binding assay, washed platelets were frozen and then thawed, and the platelet count was 
adjusted to 100 x 106 /ml. vWF was labeled with 125I (final specific activity 13.1 cpm/ng) by 
the method of Bolton and Hunter (Bolton & Hunter 1973). In the vWF binding assay, the 
platelets were incubated at 37°C in the presence of 125I-vWF (15 µg/ml) and ristocetin (1.0 or 
1.5 mg/ml). After incubation, the samples were centrifuged at 9500 x g for 5 min and the 
platelet-bound activity was determined. 
 
Quantitation of plasma glycocalicin and GPIb (III) 

The level of glycocalicin in plasma was assessed by a previously described ELISA (Beer et 
al. 1994). In brief, several concentrations of plasma supplemented with purified GPIbα were 
added to a microtiter plate coated with the antibody (Ib-6). Plasma glycocalicin was detected 
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with the biotinylated second antibody (6D1) and the plates were developed with the 
streptavidin-peroxidase system.  
 
For analysis of the total GPIb content, washed platelets from EDTA blood were lysed by the 
addition of an equal volume of PBS containing 2% Triton X-100 and inhibitors. After 
centrifugation (8000 x g for 4 min), the supernatant was analyzed by ELISA (Beer et al. 
1994). A standard curve with the purified GPIb was obtained in every assay. 
 
ββββ-thromboglobulin assay (II)   

Platelet-collagen interaction experiments were performed in PRP as described above. After 
30 min incubation at 37°C, 450 µL of PRP was added to 50 µL of anticoagulant mixture (see 
above). The anticoagulated PRP was then centrifuged (1500 x g) for 5 min at 4°C, and the 
middle-third portion of the supernatant was separated and frozen at -40°C. The amount of β-
thromboglobulin in the samples was estimated by ELISA (Asserachrom® β-TG, Diagnostica 
Stago, Asnières-sur-Seine, France, reference range in plasma 10 to 40 IU/mL) within 2 weeks 
of sample collection. 
 
Quantitation of fibrinolytic proteins and fibrin degradation products (III and IV) 

T-PA (normal range in plasma 3.0-10 ng/ml), PAI-1 (normal range in plasma 4.0-43.0 
ng/ml), antigens in plasma (III) and tissue extracts were assessed by ELISA (TintElize tPA, 
TintElize PAI-1, Biopool. Umeå, Sweden). In tissue extracts (IV), the concentrations of t-PA 
and PAI-1 were related to the total protein concentration using Lowry's method (Lowry et al. 
1951). Plasma levels of D-dimer were assayed with ELISA (Asserachrom D-Di, Diagnostica 
Stago, reference values <400 ng/ml). 
 
Functional assays of fibrinolytic activity (IV) 

In zymography, the plasminogen activators were first separated by electrophoresis in 8% 
polyacrylamide gel in the presence of SDS under non-reducing conditions (Laemmli 1970). 
After electrophoresis, SDS was washed out and agarose minigel, to which casein and 
plasminogen (1.7 µg/ml) had beed added, was put on the polyacrylamide gel (Granelli-
Piperno & Reich 1978). After incubation for 48 to 96 h at 37°C in a humidified atmosphere, 
the lysis areas in agarose gel were compared with the known activity standards of u-PA 
(Calbiochem) and t-PA (American diagnostica) and with the low-molecular-weight marker 
proteins.  
 
Fibrin/agarose plates for radial fibrinolysis assay were prepared as previously described 
(Booth 1991). Briefly, 2 ml of 1% fibrinogen and 8 ml of 1% agarose in 
tris(hydroxymethyl)methylamine-buffered saline (pH 7.8) containing 60 mU/ml thrombin 
were mixed at 44°C and poured onto the Petri dishes. The wells were then made and loaded 
with 7 µl of vessel homogenate (protein content 1.5 mg/ml) or t-PA standards prior to 72 h 
incubation at 37°C. After assay, the lysis areas were measured and the gels were 
photographed. 
 
For assessment of u-PA activity, micro-titer wells (Nunc) were coated with goat 
immunoglobulin G antibodies to human urokinase (10 µg/ml) (American Diagnostica). In 



 MATERIALS AND METHODS 

 

 

41 
 
 

immunocapture assay, 50 µl of tissue extract was incubated for 2 h at 23°C (Stephens et al. 
1987) after which 40 µl of plasminogen solution (100 µg/ml) was added to the wells. The 
resulting plasmin generation was assessed colorimetrically. 
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Immunohistochemical stainings were performed either manually or with the Ventana Gen II 
in situ hybridization/immunohistochemistry Slide Stainer (Ventana Medical Systems Inc., 
Tucson, AZ, USA). Frozen vessel segments were sectioned at 5 µm and placed on gelatin-
coated slides, where they were allowed to thaw slowly. They were then fixed with cold 
acetone and air-dried. Paraffinized sections were first deparaffinized in xylene and then 
hydrated using a series of ethanol in decreasing concentrations (see methods in V). For 
immunohistochemical staining of patent grafts, a monoclonal antibody (MAb) against human 
PAI-1 (subclass IgG1, American Diagnostica) was used at a concentration of 5 µg/ml. For 
immunohistochemical staining of occluded grafts, MAbs against human t-PA and u-PA (cat. 
#373 and 3689, American Diagnostica) at a concentration of 10 µg/ml were also applied. In 
addition, some stainings were performed with the aid of the following antibodies: a 
polyclonal antibody against human active t-PA (ICN/Cappel), MAbs against platelet 
GPIIb/IIIa (CD 41, Immunotech), platelet endothelial cell adhesion molecule-1 (PECAM-1) 
(CD 31, DAKO A/S), monocytes/macrophages (CD 68, DAKO A/S), and fibrin II (T2G1, 
ACS) (see methods in V). Negative controls included a control isotype-matched MAb X63 
(ATCC) and MAbs against Neurofilament (Dako) and cytokeratin (NCL-5D3, Novocastra 
Laboratories Ltd.). Manual staining was done by the avidin-biotin complex/horseradish 
peroxidase method (Dakopatts A/S). Automatic staining was performed with the Ventana 
3,3'-diaminobenzidine tetrahydrochloride biotin avidin detection kit or the Ventana red 
alkaline phosphatase Fast red detection kit. Finally, the sections were dehydrated, mounted 
on coverslips with Entellan® (Merck), and examined under an Olympus light microscope. 
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Riboprobes and labeling 

The pHUK-8 u-PA clone (Verde et al. 1984) and the 2.3 kb PstI fragment of human t-PA 
complementary deoxyribonucleic acid (cDNA) were obtained from ATCC; the PAI-1 cDNA, 
which represented a Bam H1 fragment, was a kind gift from Dr. Leif Lund, Finsen 
Laboratory, Copenhagen, Denmark. The templates for oligonucleotide probes with either the 
SP6 or T7 promoter sequence on the 5' end were produced by polymerase chain reaction. The 
probes were labeled with digoxigenin-uridine triphosphate by in vitro transcription with SP6 
and T7 RNA polymerases. Positive controls comprised cells known to produce u-PA, t-PA, 
and PAI-1. Sense RNA probes were used as negative controls.  
 
Manual in situ hybridization (IV) 

Cryosections at 5 µm were mounted on Silane-coated slides and fixed for 10 min in 4% 
paraformaldehyde. The sections were then washed in PBS, dehydrated in ethanol, and stored 
at -70°C until use. Before hybridization, sections were treated with 0.2 N HCl for 5 min and 
permeabilized with proteinase K (5 µg/ml, Sigma) for 15 min at 37°C. After the treatment 
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with diethylpyrocarbonate, prehybridization and hybridization were performed as described 
in Boehringer Mannheim's application manual (detailed description in IV). 
 
Automatic in situ hybridization (V) 

Sections 5 µm thick were first deparaffinized in xylene and rehydrated using a series of 
ethanol in decreasing concentrations. In situ hybridization was then performed using the 
Ventana Research program in the automatic Ventana Gen II Slide Stainer (detailed 
description in V). Finally, the slides were dehydrated and mounted on coverslips prior to 
microscopy. 
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All data were analysed with StatView 4.02, the statistical analysis program for Macintosh 
computers. The results were reported as mean ± standard error of mean (SEM) (I), mean ± 
standard deviation (SD) (II, IV) or mean with 95% confidence intervals (CI) (III). The 
differences between patient and control groups were evaluated by an unpaired two-tailed t-
test or by the non-parametric Mann-Whitney U-test (III). The paired data in studies I, II, and 
IV were analyzed by the non-parametric Wilcoxon signed rank test. Correlation analyses 
were performed by the non-parametric Spearman rank test (I, III). Statistical significance was 
set at p<0.05.
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Bleeding time (I) 

The bleeding time test measures platelet functions in the microvasculature under high shear 
conditions. After an incision has been made, blood vessels contract rapidly before deposition 
of platelets on the transected vessel ends. The present study investigated the effects of skin 
mast cells on shear rate and primary hemostasis. The bleeding time was assessed by making 
skin incisions in areas of local mast cell accumulation and/or activation and in areas of 
normal skin. The bleeding time (mean ± SEM) in lesions made in normal skin was 342 ± 27 
s, and the average bleeding time at the site of a prick test made with a negative control 
solution was slightly shorter (316 ± 18 s). Application of exogenous histamine caused local 
transient inflammation and hyperemia lasting for up to 60 min. Despite vasodilation and 
permeability changes in the venules (Baldwin & Thurston 1995), the histamine treatment had 
little or no effect on bleeding time (I, Fig. 2). The bleeding time at the sites of chronic 
cutaneous mast cell accumulation was consistently higher (460 ± 34 s) than that in normal 
skin. Moreover, the flow rate and the amount of blood emerging from the wounds made on 
urticaria pigmentosa lesions seemed to be exceptionally high (visual impression, no objective 
flow measurement). After performance of a prick test with an individually selected allergen, 
the bleeding time in the lesions made at these sites was significantly prolonged at each 
recording. The maximal prolongation of the bleeding time occurred in wounds made at 120 
min after prick testing (I, Fig. 2). Thus, the maximal effect of acute mast cell stimulation on 
bleeding time exceeded that of the chronic accumulation of non-activated mast cells.    
 
Platelet-collagen interactions (II) 

The platelet interaction with immobilized collagen was studied under both low and high shear 
conditions. The effect of UFH and HEP-PG on platelet deposition was studied by co-
immobilizing them with collagen on plastic coverslips.  
 
Conditions of low shear rate    
When the platelet deposition from PRP onto a collagen-coated surface was studied under 
static conditions (slow rotation at 100 rpm), both UFH and HEP-PG were found to diminish 
the attachment of platelets. The content of collagen in the coating mixture varied from 10 to 
50 µg/ml, and the decreasing effects of UFH and HEP-PG on platelet deposition were 
strongest at the higher collagen concentration. In all experiments, the effect of HEP-PG 
exceeded that of UFH (II, Fig 1.). The addition of c7E3 to PRP before incubation decreased 
platelet deposition on collagen with and without UFH. In contrast, platelet deposition on 
collagen with additional HEP-PG was not affected, suggesting that HEP-PG was capable of 
blunting platelet aggregation induced by platelet adhesion to collagen (II, Fig.2). 
 
When the collagen- (50 µg/ml) and heparin-coated coverslips were perfused with flowing 
whole blood (shear rate 200 1/s), HEP-PG immobilized together with collagen significantly 
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decreased platelet deposition, but the effect of additional UFH did not differ from that of 
collagen alone (II, Fig. 4A). 
 
Conditions of high shear rate 
Both collagen monomer and fibril coatings were used in the whole blood perfusion 
experiments at the high shear rate (1600 1/s). At first, when the coverslips were coated with 
collagen monomers (together with UFH or HEP-PG), both UFH and HEP-PG were seen to 
blunt platelet deposition. It is of importance, however, that the effect of HEP-PG, which 
blocked the deposition of platelets almost completely in most cases, was consistently better 
than even the 1000-fold concentration of UFH (II, Fig. 4B). Because quantitation of collagen 
by Sircoll assay showed that higher amounts of fibrils than of monomers adhered to the 
surface during the coating procedure, collagen fibrils at a concentration of 16 µg/ml were 
used to make the coating comparable to that with 50 µg/ml of monomers. The perfusion 
experiments demonstrated that HEP-PG again markedly inhibited platelet deposition, 
whereas the effect of UFH was less noticeable (II, Fig. 4C). Thus, the HEP-PG appeared to 
be a considerably more potent inhibitor of platelet deposition on collagen than did UFH, 
especially when native-type collagen fibrils were used.  
 
When the localization of platelets was examined by scanning electron microscopy, it was 
observed that the surface-coverage and the size of aggregates were persistently larger in the 
coverslips coated with collagen monomers than in the presence of additional UFH or HEP-
PG. The coverslips coated with HEP-PG showed only a few aggregates, which were located 
at the margins of the flow channel (II, Fig. 5). In electron microscopy of the coverslips coated 
with collagen fibrils, the UFH collagen and especially the HEP-PG collagen coverslips 
showed both decreased surface coverage and size of aggregates. In the presence of HEP-PG, 
however, the small aggregates were more evenly distributed on the collagen fibrils, and there 
were none of the large bare areas seen in the collagen monomer-coated surfaces (II, Fig. 6). 
 
ββββ-thromboglobulin release during platelet activation (II) 

To evaluate α-granule release during the platelet-collagen interaction, the content of β-
thromboglobulin was assessed from PRP incubated on coverslips coated as described above. 
The highest levels of β-thromboglobulin (809 ± 148 international units (IU)/mL; mean ± SD) 
were found in PRP that had been in contact with coverslips coated with collagen (50 µg/mL) 
only, and they differed markedly from those (480 ± 157 IU/mL) (p<0.05) obtained with 
albumin-coated coverslips. The addition of UFH or HEP-PG to the coating mixture lowered 
the β-thromboglobulin levels (699 ± 139 IU/mL and 576 ± 130 IU/mL, respectively, p<0.05) 
in PRP. The difference between UFH and HEP-PG was again significant (p<0.05), 
compatible with stronger HEP-PG-induced platelet inactivation. 
 
Platelet-von Willebrand factor interactions (II) 

Conditions of low shear rate 
When PRP was incubated on vWF-coated coverslips under slow rotation, platelet deposition 
consistently increased in comparison with that of the albumin control. The addition of 
ristocetin (0.5 mg/ml) to PRP during incubation promoted the platelet deposition further, as 
expected (Kauhanen P. Previously unpublished data). In additional experiments, vWF was 
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immobilized together with collagen and heparin (UFH or HEP-PG). These studies showed 
that the co-immobilization of vWF with collagen increased platelet deposition more than did 
immobilisation of vWF alone. Also, both UFH and HEP-PG had a diminishing effect on 
platelet deposition but they did not differ from each other (II, Fig 3.). To determine the role of 
vWF in this inhibition, some experiments were conducted with unlabeled platelets, and the 
surface-bound vWF was immunologically detected. It was demonstrated that the amount of 
platelet-derived vWF attached to the coverslips was markedly lower in the presence of HEP-
PG (10 µg/ml) but less so when high concentrations of UFH (10 mg/ml) were used. The 
decreasing effect of HEP-PG on vWF exposure exceeded that brought about by the 
diminished platelet deposition on the HEP-PG collagen coverslips (data not shown). 
 
Conditions of high shear rate 
The role of vWF in the inhibition of platelet-collagen interactions by HEP-PG was studied at 
high shear rate in whole blood perfusions. In these experiments, vWF (10 µg/ml) was co-
immobilized with collagen with or without HEP-PG. Interestingly, HEP-PG had a decreasing 
effect on platelet deposition in only one experiment, when the basal level of platelet 
attachment was fairly high. In two other experiments, the maximal platelet deposition on 
collagen was small and additional HEP-PG paradoxically showed a slight increase in the 
deposition of platelets on to the vWF-collagen surface (Kauhanen P. Previously unpublished 
data).   
 
Thrombin generation in bleeding-time blood (I) 

To study the activation of coagulation in the primary hemostasis, TAT levels were 
determined from bleeding-time blood of the patients with chronic cutaneous mast cell 
accumulation. After 1 min of bleeding, the mean value of TAT in the 30-fold diluted blood 
was (mean ± SEM) 1.6 ± 0.7 ng/ml in samples collected from wounds made in mast cell-rich 
lesions and 2.4 ± 1.3 ng/ml in samples collected from wounds made in normal skin (NS). 
After 5 min of bleeding, the bleeding sites did not differ from each other either, the TAT 
levels being 45 ± 11 and 44 ± 11 ng/ml, respectively. 
 
When thrombin generation in the blood obtained from the bleeding time wound was studied 
in atopic subjects, the levels of TAT at 4 min were ten times those at 1 min. To study the 
effect of histamine and individually selected allergen on in vivo thrombin generation, the 
levels of TAT and F 1+2 were measured from the bleeding time blood. The mean value of 
TAT 4 min after the incision had been made was 26.2 ± 7.0. The application of exogenous 
histamine 120 min and 240 min earlier significantly lowered the TAT levels in the collected 
blood. Similarly, the TAT levels in the wounds made in the allergen-treated skin sites 60 min 
and 120 min after the skin prick tests were significantly diminished. In addition, at 240 min 
there was a strong trend toward a significant difference (p = 0.06). When compared with each 
other, the TAT levels at 4 min decreased also in the course of time. The lowest TAT levels 
were therefore found in the samples collected at 240 min; also the samples collected at 60 
min and at 120 min differed from the 30 min samples. The mean value of F 1+2 at 4 min at 
the control sites was 2.1 ± 0.7 nmol/l. After addition of histamine, the F 1+2 levels were 
markedly lower at 60 min and especially at 120 min than in the controls or the 30 min 
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samples (NS). Consequently, the F 1+2 levels at the allergen-treated sites were lowered at 60 
min. Moreover, the levels of F 1+2 were significantly lower at 240 min than at 30 min.  
 

0"#"�	''�(�$�)'������)$(&��)$�$�) �6&���&��$<�-&))%�()�+�&���) <�
� %�'�-�� )&.$�$�4���5�

Platelet count (III) 

The platelet count in peripheral blood was assessed in the clinical part of the study. The 
enhanced shear rate conditions in the diseased vessel segments were present in the group of 
15 patients with peripheral atherosclerosis of moderate severity (III). Their mean ankle to 
brachial systolic blood pressure index in the worse leg was 0.65 (95% CI, 0.56 to 0.74, not 
measured in five patients). This patient group was compared with their sex- and age-matched 
siblings without any atherothrombotic manifestations of cardiovascular disease. Blood cell 
count analyses showed that the mean platelet count was significantly higher in the patient 
group than in the control group (mean, 95% CI) (291 x 109 / l, 266 to 317 vs. 238 x 109 / l, 
215 to 260, respectively, p<0.05).  
 
Platelet reactivity (III) 

The effect of vascular injury in peripheral atherosclerosis on the interaction between vWF 
and platelet GPIb receptor was evaluated in the clinical part of the study. To investigate this 
interaction, which is crucial in shear-dependent platelet adhesion and activation, PRP 
aggregation experiments were conducted in the presence of ristocetin (RIPA). The maximal 
RIPA was significantly lower in the atherosclerotic patients than in the controls at both the 
higher (0.75 mg/ml) (mean ± SD, 67 ± 28 vs. 87 ± 14 %, p<0.05) and the lower (0.55 or 0.60 
mg/ml) (33 ± 21 vs. 59 ± 32 %, p<0.05) concentrations of ristocetin. The maximal rate of 
RIPA at a concentration of 0.75 mg/ml was lower in the patient group, and a larger threshold 
concentration of ristocetin was needed to cause aggregation.  
 
Next, the defective interaction of GPIb and vWF in atherosclerotic patients was further 
characterized. The vWF antigen concentration in plasma did not differ between the patients 
and the controls (mean, 95 CI) (106, 90 to 122% vs. 100, 85 to 114%). Accordingly, 
ristocetin cofactor assay (59, 44 to 73% vs. 60, 46 to 75%) and vWF multimer analysis (III, 
Fig. 3.) did not show any significant functional or structural differences in vWF between the 
patients and the controls. Similarly, the concentration of plasma glycocalicin (2.3, 2.0 to 2.6 
µg/ml vs. 2.1, 1.8 to 2.4 µg/ml), the platelet content of GPIb (2.8, 2.3 to 3.2 µg/ml vs. 3.2, 2.4 
to 4.0 µg/ml), and the binding of vWF to frozen and thawed washed platelets (see II) were 
equal in both groups. Thus, the reduced RIPA in atherosclerotic patients probably reflects a 
functional defect in the platelet surface GPIb.      
 
Coagulation activation and fibrinolysis (III) 

The effect of atherosclerosis on coagulation activation and fibrinolysis was evaluated in 
patients with peripheral arterial occlusive disease of moderate severity. In contrast to the 
findings of some previous studies (Lassila et al. 1993), a significant difference was not found 
in fibrinogen and TAT levels between the patients and the controls (III, Table 2). 
Accordingly, the mean thrombin time (mean, 95 CI) was equally high in the patient and the 
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control groups (26 s, 24 to 27 s vs. 26 s, 24 to 28 s). Furthermore, the plasma levels of t-PA 
(8.6, 7.3 to 10.0 ng/ml vs. 9.4, 7.5 to 11.4 ng/ml) and PAI-1 (15.0, 10.3 to 19.7 ng/ml vs. 
14.1, 10.5 to 17.7 ng/ml) did not differ from the levels in sex- and age-matched controls, 
whereas D-dimer, a degradation product of cross-linked fibrin, was significantly increased in 
the patient group (448, 350 to 547 ng/ml vs. 333, 266 to 400 ng/ml, p<0.05). 
 

0"*"�����6&�$/� )+� ?6&�$/� �$.$��/�� �1�� �+��'�$�4��<��5�

Plasminogen activation in patent but stenosed vein grafts (IV) 

When the vein graft is placed into the arterial circulation, it will be exposed to increased 
intraluminal pressure and shear stress. These sudden physical changes affect the endothelium 
in particular. The present study investigated the effects of arterialization on the 
plasminogen/plasmin system in vein grafts that had served as arterial conduits for 2 to 46 
months. All graft specimens showed marked intimal thickening but no signs of intraluminal 
thrombosis. The amount of PAI-1 per total protein of the tissue in the graft specimens was 
seven times as high as that in the normal saphenous vein (4.2 ± 2.1 vs. 0.6 ± 0.6 ng/mg 
protein, p<0.005) (IV, Fig 1.). In contrast, the levels of t-PA were significantly lower in the 
grafts than in the control veins (3.1 ± 2.1 vs. 8.1 ± 3.7 ng/mg protein, p<0.005). When the 
time elapsing since the operation was related to the determined PAI-1 and t-PA levels, it was 
observed that the PAI contents were highest in the grafts sampled <6 months after the 
primary reconstruction. The most marked decline in t-PA levels was in the grafts that had 
been in the arterial circulation for 7 to 24 months (IV, Fig 2). 
 
To study the function of the plasminogen activation in the grafts, the total fibrinolytic 
potential of the samples was analyzed by radial fibrinolysis assay. In addition, the distribution 
of plasminogen activators was studied by zymography. These experiments showed lower 
fibrinolytic activity (IV, Fig. 3) and a higher u-PA/t-PA ratio (IV, Fig. 4.) in the graft samples 
than in the control veins. However, an attempt to quantify u-PA activity by immunocapture 
assay failed to show any significant difference between the graft and the control vein 
specimens.  
 
Next, the localization of PAI-1 was demonstrated by immunohistochemistry. Specific PAI-1 
stainings showed that this protein was abundantly present in the SMCs of the thickened 
intima. PAI-1 positivity was most intense in the cells near the vessel lumen, and the intensity 
decreased toward the adventitial layer. It is of importance that none of the ECs demonstrated 
positive PAI-1 staining (IV, Fig. 5). Finally, the expression of PAI-1 and u-PA genes was 
localized by in situ hybridization. In the grafts, a strong positive signal for PAI-1 mRNA was 
present in the deeper layer of the thickened intima. Interestingly, the superficial layers 
beneath the endothelium, which were positive in immunohistochemical PAI-1 staining, did 
not present hybridization signals. The graft specimens demonstrated positive signals for u-PA 
mRNA, too, although the difference between the grafts and the control vein specimens was 
less clear than in the PAI-1 analyses.  
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Plasminogen activation in occluded vein grafts (V) 

To further study the role of the plasminogen/plasmin system in the progression of graft 
failure, infrainguinal human vein grafts with thrombosis of varying extent were explored by 
immunohistochemistry and by in situ hybridization. The results obtained in immunostaining 
against fibrin strands were ambiguous and reflected the heterogeneity of the vessels studied; 
five grafts demonstrated fibrin positivity whereas three were clearly negative. In non-
occluded grafts with mural thrombus formation PAI-1 protein and mRNA were illustrated 
uniformly in the intima. Also u-PA was present in same areas and a very abundant 
accumulation of u-PA positivity was detected beneath the thrombi of the denuded regions of 
the graft. In grafts with older, already organized, occluding thrombi, u-PA was found to be 
the predominant plasminogen activator. Strong u-PA protein and mRNA positivity was 
observed, mainly in the SMCs of the subendothelial layer. PAI-1 and t-PA were also detected 
in the ingrowing subendothelium; unlike u-PA expression, however, they were mainly 
located in the inner part of the thrombi. Moreover, u-PA and PAI-1 mRNAs were strongly 
expressed in thrombi showing signs of recanalization, whereas only scarce t-PA mRNA 
positivity and t-PA staining were shown in the thrombotic grafts. The adherence of platelets 
was visualized by GPIIb/IIIa and PECAM-1 stainings. Since PECAM-1 was positive only in 
the thrombi, there was probably not much healthy endothelium in the grafts. GPIIb/IIIa 
positivity colocalized with PECAM-1. In addition, a weak GPIIb/IIIa signal was shown in all 
graft walls. The amount of fibrin and the presence of macrophages varied markedly between 
the different grafts studied. In one graft, macrophages were detected under thrombi in the 
subendothelium, whereas in another they were located in the middle of the occluding 
thrombus. 
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Primary arrest of bleeding is achieved by the controlled interaction between platelets and 
vessel wall. More specifically, hemostasis depends on vWF and the platelet surface receptors 
GPIb/IX, GPIa/IIa, GPVI, and GPIIb/IIIa (Clemetson 1999) (Figure 6). Bleeding time, a 
well-established test of platelet function, is the classical way to evaluate primary hemostasis 
in microcirculation under high shear conditions. Note, however, that primary hemostasis 
functions also at low shear rates in venules and capillaries. The present study shows that 
activation of skin mast cells prolongs bleeding time. This prolongation occurs both in patients 
with urticaria pigmentosa having skin areas of chronic cutaneous mast cell accumulation and 
in atopic subjects after local stimulation of their mast cells. In addition, local mast cell 
activation reduces the generation of thrombin in the bleeding time blood. In urticaria 
pigmentosa, increased numbers of mast cells are present around capillaries and venules of the 
superficial vascular plexus (Soter 1991). Consequently, the prolongation of bleeding time 
may be partially due to neovascularization in the cutaneous lesions. Previously, prolonged 
bleeding time has been observed in the skin lesions of mastocytosis with a high tissue 
concentration of heparin (Metcalfe et al. 1980). Furthermore, reduced levels of F 1+2 and 
TAT in the bleeding-time blood have been measured after injection of unfractionated or low 
molecular-weight heparin (Eichinger et al. 1994). Therefore, although the heparin content in 
skin areas of bleeding time wounds was not shown in the present study, it seems plausible 
that mast cell-derived HEP-PG have a direct influence on the interaction between platelets 
and vessel wall. This hypothesis is supported by a previous study showing that HEP-PG 
exocytosed from stimulated mast cells strongly inhibit platelet-collagen interactions in vitro 
(Lassila et al. 1997). As noted above, the adhesion of platelets under high shear conditions is 
a vWF-dependent process (Goto et al. 1998). At low shear, however, adhesion of platelets to 
collagen does not depend on vWF. Therefore, the mechanisms contributing to platelet 
adhesion to subendothelial structures under low shear conditions need further evaluation. 
However, one can hypothesize that direct platelet interactions with fibronectin, laminin, or 
type VI collagen, which tends to promote platelet adhesion, especially at a low shear rate in 
contrast to type I collagen, may be involved in this process. Alternatively, there may be an 
indirect vWF-dependent interaction between type VI collagen and GPIb/IX or GPIIb/IIIa 
(Kroll et al. 1996). 
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Figure 6. Simplified overview of the function of platelet receptors in primary hemostasis. 
Modified as presented by Clemetson 1999 and Barnes et al. 1998. 
 
 
The platelet-collagen interaction after vascular injury seems to play a pivotal role in 
hemostasis and thrombosis. If this interaction is affected due to abnormal collagen synthesis 
or defective platelet glycoprotein receptors, bleeding may result. The vessel wall consists of 
at least nine type of collagen, of which types I, III, and IV are thought to be especially 
important in hemostasis (Sixma et al. 1997). Collagen types I and III are located mainly in 
the medial and adventitial layers and are thus exposed only after deeper lesions. In contrast, 
collagen type IV is an abundant structural component of the basement membrane and it will 
already be exposed after endothelial denudation without medial injury (Kehrel 1995).  
 
In the present study, type I collagen was immobilized on the plastic surfaces. To mimic the 
conditions present in the atherosclerotic arteries, the coatings were prepared with both native-
type collagen fibrils and proteolyzed collagen monomers. This experimental approach 
showed that large HEP-PG coimmobilized with collagen can effectively inhibit platelet 
deposition on collagen. The diminished attachment of platelets was detected in static 
experiments but, in particular, under flow conditions. Thus, the results of the present study 
were in agreement with those of the previous study by Lassila et al. (see above) (Lassila et al. 
1997). Here commercial unfractionated heparin, albeit to a lesser degree than HEP-PG, was 
also shown to inhibit attachment of platelets to collagen. This observation conforms well with 
the data of Messmore et al., who showed that standard heparin inhibits collagen-induced 
platelet aggregation and that this phenomenon depends on the molecular weight of heparin. 
Consequently, low molecular weight heparins seem to have very little effect on platelet-
collagen interactions unless they are present in very high concentration (Messmore et al. 
1989, Messmore et al. 1991). Of interest was that, HEP-PG appeared to compromise platelet-
collagen interactions more effectively when collagen monomers were used as a coating 
substrate; hence, the recruitment of platelets to collagen monomers seems to depend on 
GPIa/IIa (Siljander & Lassila 1999, Savage et al. 1999). Since HEP-PG also inhibited release 
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of β-thromboglobulin and exposure of vWF on the platelets adhered to the collagen surface, 
it can be hypothesized that HEP-PG inhibits GPIa/IIa-mediated platelet activation. A growing 
body of evidence supports the crucial role of GPIa/IIa in platelet deposition and thrombus 
growth on collagen monomers under high shear conditions (Saelman et al. 1994). In addition, 
it has recently been found that platelet adhesion and thrombus formation at a high shear rate 
are severely compromised by a specific MAb against GPIa/IIa (Savage et al. 1999). 
Consequently, the effects of HEP-PG on platelet-collagen interactions described here were 
also shear-dependent, since HEP-PG diminished stable platelet attachment to collagen, 
especially under high shear conditions. Moderate inhibition in platelet deposition was 
nevertheless noted, even at a low shear rate.  
 
The key role of vWF in mediating platelet thrombus formation is well established (Ruggeri 
1997). The function of vWF is especially important for platelet interactions with an injured 
vascular surface under the high shear conditions that prevail in stenosed atherosclerotic 
arteries and in the microcirculation (Meyer & Baumgartner 1983). As well as the 
glycoprotein receptors GPIb/IX and GPIIb/IIIa, vWF binds specifically to heparin and 
various types of collagen (Sadler 1991). In this study, the platelet-vWF interaction was 
investigated in several different set ups. First, surface-bound vWF was immunologically 
detected after platelet adhesion to collagen, which caused immediate activation of the 
platelets. Evidently, exposure of vWF on the collagen surfaces was associated with the 
degree of platelet activation and α-granule release. More precisely, the presence of HEP-PG 
or high concentrations of UFH in the thrombogenic matrix lowered surface-associated vWF-
levels, which accorded well with the obvious decline in platelet deposition data obtained in 
similar experiments. Second, when vWF was coimmobilized with collagen, deposition of 
platelets was, as expected, higher than with collagen alone. It is highly probable that collagen 
and vWF together provide more platelet-activating sites for platelets to adhere to than 
collagen on its own. Interestingly, there was not much difference in the inhibitory effect of 
additional HEP-PG and a high concentration of UFH on platelet deposition. Indeed, here, a 
high dose of UFH seemed to be even more potent than HEP-PG. Although this observation is 
not easily explained, it is possible that UFH is more effective than HEP-PG at inhibiting 
binding of vWF to thrombin-activated platelets in a process involving both GPIb and 
GPIIb/IIIa (Lassila et al. 1997). 
 
It has long been known that the interaction between GPIb/IX complex and vWF is crucial for 
platelet adhesion and activation. However, the interaction used to be thought of as a more or 
less all-or-nothing effect; it is only lately that the dynamic nature of the primary platelet 
adhesion has been understood (Savage et al. 1996). We now know that platelets are actually 
slowed down by a series of weak interactions between different GPIb/IX receptors and vWF 
molecules. Only after this "tethering" do platelets become firmly attached and activated 
(Clemetson 1999). Furthermore, it has recently been demonstrated that GPIb/IX plays a 
specific role in the platelet procoagulant response induced by thrombin (Dörmann et al. 
2000). The third approach used to evaluate platelet-vWF interaction in the present study was 
assessment of vWF-mediated in vitro platelet aggegation in response to ristocetin in patients 
with peripheral atherosclerosis. It was observed that atherosclerosis effectively blunts the 
interaction between vWF and GPIb/IX. Because vWF antigen and multimer analyses did not 
show any quantitative or structural deficiencies of vWF, it was suggested that this impaired 
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interaction was caused by an impaired GPIb/IX receptor. Previous reports have shown that 
GPIb can be cleaved by plasmin, leukocyte elastase (Amaro et al. 1995), or cathepsin G 
(Pidard et al. 1994), hence resulting in high circulating glycocalicin levels (Beer et al. 1994). 
Nevertheless, in the present study there was no difference in plasma glycocalicin levels 
between patients and controls, a finding that did not support the concept of proteolysis. 
Accordingly, thrombin is capable of inducing reversible down-regulation of GPIb from the 
platelet surface by a non-proteolytic mechanism (Michelson et al. 1991). Although not 
confirmed here, it is possible that this mechanism also explains the decreased RIPA found in 
the present study. Moreover, corroborating the idea of platelet glycoprotein down-regulation 
in atherosclerosis, Knight et al. have demonstrated decreased levels of both GPIb/IX and 
GPIIb/IIIa as well as increased resistance to agonist-provoked aggregation in patients with 
CAD (Knight et al. 1997). 
 
In blood vessels, a state of continuous equilibrium prevails between deposition of fibrin by 
the coagulation system and fibrinolysis by the plasminogen/plasmin system. Fibrinolytic 
activity in veins is considered to be superior to that in arteries (Todd 1959). In addition to 
fibrinolysis, the plasminogen/plasmin system takes part in remodeling the vessel wall 
(Clowes et al. 1990, Kenagy et al. 1996). Hence, this study evaluated the role of the 
plasminogen/plasmin system in vein graft stenosis and occlusion. The levels of PAI-1 in the 
SMCs of neointima in patent but severely stenosed vein grafts were high. The same SMCs 
were also shown to synthesize u-PA, which is not normally expressed by vascular cells, at 
least in notable amounts (Falkenberg et al. 1996). At the same time, the levels of t-PA in graft 
tissue were markedly depleted, leading to the diminished total fibrinolytic potential of the 
graft. Due to excess u-PA, then, there was a clear change in the balance of plasminogen 
activators. These results accord well with some early reports that also showed decreased 
fibrinolysis in vein grafts (Glas-Greenwalt et al. 1975, Risberg 1978, Brody et al. 1988). 
More recently, upregulated expression of PAI-1 mRNA has been found in the intima of 
thrombotic human saphenous veins (Arnman et al. 1994). Furthermore, in clinical studies 
high plasma levels of PAI-1 have been associated with both patent and occluded vein grafts 
(Peltonen et al. 1996, Rifón et al. 1997). In the present study, high amounts of u-PA and PAI-
1 mRNA were also present in the recanalization areas of occluded grafts. In addition, due to 
the obvious lack of t-PA, u-PA seemed to be the principal plasminogen activator present in 
the thickened intima. Therefore, it is probable that urokinase mediates neointima formation in 
humans just as it does in mice (Carmeliet et al. 1997a). Similarly, PAI-1 and u-PA were 
present in the neointimal layer of grafts with mural non-occluding thrombi. Furthermore, it is 
important that there were many areas of very active synthesis of u-PA exactly beneath the 
small thrombi. Thus, it can be speculated that local u-PA-mediated proteolytic degradation 
may serve as an initiator of thrombus formation (Figure 7). Since human mast cells express 
the receptor for u-PA (Sillaber et al. 1997), it is possible that the accumulated mast cells in 
the vessel wall contribute to local fibrinolysis by way of protease secretion. 
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Figure 7. Hypothetical role of the plasminogen/plasmin system in the progression of vein 
graft failure. 
 
Platelets appear to play a central role in the early, but especially in the late, thrombotic 
occlusions of vein grafts. On adhesion and activation, platelets release several thrombogenic, 
proliferative, chemotactic, and vasoconstrictor substances (see above). However, their exact 
function in neointima formation is not known (Schwarcz & Dobrin 1995, Jeremy et al. 1997). 
Here platelets attached to the vessel wall were visualized by immunohistochemical PECAM-
1 and GPIIb/IIIa stainings. PECAM-1 positivity was seen in thrombi but not in the vessel 
walls, implying fairly extensive deendothelialization in grafts, whereas GPIIb/IIIa positivity 
was consistently detected in the intima and on the luminal surfaces of both patent and 
occluded grafts. Occasional macrophages are known to accumulate in the thickened intima 
and are thought to play a significant role in the progression of vein graft disease and 
atherosclerosis (Mehta et al. 1997, Ross 1999). In the present study, too, macrophages were 
found in the occluding thrombi and under thrombi just below the endothelium. However, 
their contribution to graft failure remained unclear, although they may have been involved in 
the local regulation of fibrinolysis by upregulating PAI-1 production in ECs and SMCs 
(Tipping et al. 1993)  
 
The observations presented in this study are consistent with the concept that the vascular cells 
are capable of regulating several functions of hemostasis and that this regulatory potential of 
the vessel wall is dependent on prevailing flowing conditions. Therefore, in the prevention of 
thrombosis, the principles of Virchow's triad are still valid. Correspondingly, in the 
prevention of bypass vein graft failure, therapeutic attempts can be focused either on the 
circulating blood or on the graft wall. The use of aspirin or other antiplatelet drugs has been 
shown to improve the short-term patency of vein grafts (Motwani & Topol 1998) but 
traditional pharmacological agents do not significantly affect the course of vein graft disease 
itself (Mehta et al. 1997). Although contradictory opinions have been expressed (see 2.6.), 
high flow and shear stress have recently been shown to prevent intimal hyperplasia and 
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actually to cause vessel wall atrophy in animal models (Mattsson et al. 1997). However, the 
shear stresses in the experimental study of Mattson et al. were markedly higher than those 
achieved in a normal human vein bypass. Hence, other therapeutic approaches are needed for 
active graft salvage.  
 
Local pharmacological therapy or genetic engineering of vein grafts at the time of operation 
may reveal interesting new avenues to better graft survival (Mann et al. 1995). Currently, 
scientists are eagerly grappling with the problems of gene transfer in an attempt to find 
suitable gene vectors and, above all, the right genes to manipulate. In experimental studies, 
gene transfer has been used to enhance the function of nitric oxide synthase (Cable et al. 
1997), tissue inhibitor of matrix metalloproteinases (George et al. 1998), and VCAM-1 (Chen 
et al. 1994) among many others. So far, however, no clinical trial has made any significant 
progress in preventing vein graft failures in humans. Moreover, because of the limited 
efficacy of previous antithrombotic treatment options, the actual role of early thrombus 
formation on the eventual fate of the graft has still not been explored. However, some 
pharmacological attempts have been made to locally manipulate both vascular SMC 
proliferation and the thrombogenicity of injured arterial intima (Yang et al. 1999). Drugs can 
be delivered locally by specific catheters or by drug-releasing stents applied at the time of 
intervention. In theory, direct access to vein graft tissue during the bypass operation would 
provide an easy approach for local drug therapy. A number of studies describe the local 
application of high concentrations of standard commercial heparin as an antiproliferative 
agent to control the problem of intimal thickening; the preliminary results have been 
promising (Wolinsky & Thung 1990, Yang et al. 1999). Many more in vivo studies are, 
however, needed to establish whether locally applied HEP-PG or similar synthetic 
compounds can prevent thrombosis and/or SMC proliferation in human vein grafts and 
injured arteries. 
 



 CONCLUSIONS 

 

 

55 
 
 

7"�����������

At high shear rate in the microcirculation, mast cells appear to be capable of regulating 
primary hemostasis. This effect may be due to mast cell-derived HEP-PG, which can inhibit 
platelet-vessel wall interactions. 
 
Immobilized mast cell-derived HEP-PG inhibit platelet deposition on collagen, possibly by 
attenuating GPIa/IIa-mediated platelet activation. This inhibitory effect of HEP-PG on 
platelet functions is strongest under high shear conditions.  
 
At a moderately high shear rate in the atherosclerotic arteries the interaction between vWF 
and platelet GPIb is blunted, probably due to down-regulation of GPIb. Furthermore, in 
generalized atherosclerosis both coagulation and fibrinolysis are upregulated. 
 
U-PA activity is enhanced under high shear conditions in stenosed vein grafts. 
Simultaneously, PAI-1 protein accumulates in graft tissue. The upregulation of u-PA 
expression is especially prominent beneath the non-occluding microthrombi, which suggests 
enhanced local proteolytic degradation and may contribute to the formation of occluding 
thrombi.  
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