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Preface 

In 1978, Fritz Markwardt edited Fibrinolytics and Antifibrinolytics, vol. 46 of 
the Handbook of Experimental Pharmacology series. Since then tremendous 
strides have been made in our understanding of the pathophysiology of the 
fibrinolytic system, of myocardial infarction and of stroke. 

r am very grateful to the contributors to this new edition of Fibrinolytics 
and Antifibrinolytics, all outstanding scientists and/or clinicians in their field. 
They have succeeded in presenting an up-to-date account of basic aspects of 
the fibrinolytic system, of both older and new thrombolytic agents, and have 
analyzed in a balanced fashion the results of first to third generation throm
bolytic drugs in clinical trials. 

The book is arranged in three major sections. The first one deals with the 
molecular biology, biochemistry, physiology and pharmacology of the plas
minogen-plasmin enzyme system. The progress that has been made in this 
field since 1978 is staggering. Methods taken from molecular biology have 
been used successfully for cloning the zymogen plasminogen, the two princi
pal activators and three major inhibitors of the system, many receptors for 
plasmin( ogen) and its activators, and some modulators of this clot-dissolving 
system. For many compounds the crystal structure has been uncovered. 
Numerous regulators of the system, particularly cytokines, growth factors and 
hormones, have been identified and their action and signal transduction elu
cidated. This section is of particular interest to both basic scientists and phar
macologists. 

The large second section on the clinical use of thrombolytic agents is sub
divided into three subsections. In the first of these subsections, a great deal of 
space is devoted to the use of thrombolytic agents for patients suffering from 
acute myocardial infarction. Analysis encompasses all major megatrials up to 
early 2000. Given that the formation of an occlusive thrombotic blood clot is 
a very dynamic process, which involves platelets and activated clotting factors 
(particularly thrombin), ample space is devoted to the discussion of adjuvant 
therapy with antiplatelet and anti thrombotic agents. This part of the book will 
be of great interest to cardiologists. The second subsection provides a compe
tent discussion of thrombolytic therapy of massive pulmonary embolisms, 
deep venous thrombosis, peripheral arterial occlusion and thromboembolic 
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cerebrovascular disease. It should make for interesting reading for internists, 
angiologists, vascular surgeons and neurologists. The third subsection deals 
mostly with thrombolytic agents that are still in development and with com
pounds capable of stimulating the endogenous production and release of 
tissue-type plasminogen activator. 

The last major section of the volume deals with the pharmacology and 
clinical use of antifibrinolytic agents and will interest surgeons, internists and 
obstetricians. I have personally edited many of these chapters in order to 
prevent significant overlaps. Several chapters that had been submitted earlier 
by the authors have been updated to reflect the state of the art in early 2000. 

This book is dedicated to my loving wife Edith who - understanding the 
demands on time that editing this book made - laid aside many projects for 
common activities in recent years. Special thanks are due to Ms. Doris Walker 
and her collaborators of Springer-Verlag for their uncomplicated and fruitful 
collaboration. 

Lausanne, June 2000 Fedor Bachmann 
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Molecular Biology, Biochemistry, 
Physiology, and Pharmacology of the 
Plasminogen-Plasmin Enzyme System 



CHAPTER 1 

The Fibrinolytic System and 
Thrombolytic Agents 

F. BACHMANN 

A. The Fibrinolytic System 

The formation of a haemostatic thrombus is a useful defence mechanism for 
the closure of vascular lesions. However, undesirable thrombi are also formed 
in closed vessels, e.g. over atherosclerotic plaques or after rupture of such 
plaques. It has long been assumed that the primary function of the fibrinolytic 
system consists of dissolving such thrombi, a task to which it often does not 
measure up. Indeed, repeat venography in patients with deep venous throm
bosis treated with heparin and oral anticoagulation alone often shows only 
minimal resorption of the venous thrombus (DUROUX et al. 1991). The situa
tion is somewhat more favourable for arterial thrombi. The classical work of 
DEWOOD et al. (1980) has demonstrated that coronary thrombi undergo 
thrombolysis in the absence of thrombolytic therapy. While thrombotic lesions 
were present in 87% of patients undergoing coronary angiography 1-4h after 
the onset of symptoms, this figure was only 68% in patients examined 6-12h 
after start of symptoms (p < 0.01). In the UPET study the spontaneous 
recanalisation of pulmonary emboli was quite remarkable. Seven days after 
the embolic event, pulmonary angiography no longer showed a difference 
between control patients and those who had been treated with urokinase 
(UROKINASE PULMONARY EMBOLISM TRIAL 1970). 

Figure 1 is a simplified scheme of the fibrinolytic system. The zymogen 
plasminogen is activated to its active enzyme form, plasmin, by two plas
minogen activators - tissue-type plasminogen activator (tPA) and urinary-type 
plasminogen activator (uPA). Plasminogen and its activation is discussed in 
Chap. 2, tPA in Chap. 3 and uPA in Chaps. 4 and 9. The endothelial lining of 
blood vessels synthesises constitutively tPA and has storage sites in vesicles 
for release (LEVIN and LOSKUTOFF 1982; EMEIS et al. 1997; PARMER et al. 1997; 
ROSNOBLET et al. 1999). The coagulation of blood generates substances which 
trigger the release of tPA, such as bradykinin, which is formed when the 
contact system of the blood coagulation system is activated, and thrombin, the 
enzyme which brings about clotting of fibrinogen (HANSS and COLLEN 1987; 
LEVIN and SANTELL 1988). Endothelial cells also produce uPA, although this 
cell is not the major source for this zymogen (CAMOIN et al. 1998). It is not 
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THE PLASMINOGEN-PLASMIN SYSTEM 

Endothelial cell - ) 

sc-tPA 
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Fig.I. Scheme of the fibrinolytic system. tPA, tissue-type plasminogen activator; UK, 
urokinase; sc, single-chain; tc, two-chain; HRG, histidin-rich glycoprotein; HMWK, 
high-molecuclar-weight kininogen; C'l-INH, C'1 inhibitor; PAI-1, plasminogen activa
tor inhibitor type 1; a2AP, az-antiplasmin; a2M, az-macroglobulin 

clearly established what role the contact system plays. Activated factor XII has 
been shown to convert plasminogen directly to plasmin (SCHOUSBOE et al. 
1999).A third plasminogen activator has also been described, but was not char
acterised in detail (BINNEMA et al. 1990). The generation of kallikrein by the 
contact phase of coagulation leads to the conversion of single-chain uPA (sc
uPA, also pro-urokinase) to its two-chain form (tc-uPA, also denominated 
HMW-urokinase) (ICHINOSE et al. 1986; HAUERT et al. 1989). 

The two principal inhibitors in plasma are plasminogen activator inhibitor 
type-1 (PAl-I) and a,-antiplasmin. These are discussed in Chap. 5. The role of 
histidine-rich glycoprotein is not clearly established. It can bind to lysine
binding sites (LBS) on plasminogen and thus diminish the amount of free plas
minogen in the blood (LIJNEN et al. 1980). C'1 inhibitor is the most important 
inhibitor of the contact phase of coagulation. C'1 deficiency results in heredi-
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tary angioneurotic oedema. During acute episodes some activation of the fib
rinolytic system may occur (CUGNO et al. 1993). The molar concentration of 
a,-antiplasmin is about 1.umolll, that of plasminogen 2.umolll. During throm
bolytic therapy with non-fibrin specific agents most of the plasminogen is con
verted to plasmin and rapidly inhibited by a,-antiplasmin (WADA et al. 1989; 
WILLIAMS 1989). The formed complex is removed from the circulation. In 
this situation, where there is still excess of plasmin but exhaustion of a,
antiplasmin, a,-macroglubulin acts as a scavenger inhibitor in inhibiting free 
plasmin, albeit at a slower rate. 

The plasminogen-plasmin system is also involved in embryogenesis, cell 
migration, wound healing and spread of tumour cells. This is not discussed in 
this chapter. The reader is referred to some recent references covering these 
subjects (DEAR and MEDCALF 1998; CHAPMAN 1997; CARROLL and BINDER 1999; 
LOSKUTOFF et al. 1999; RIFKIN et al. 1999). 

B. Mechanisms which Lead to the Lysis of a Thrombus 
There is minimal fibrinolytic activity in the normal circulating blood. tPA is a 
very poor activator of plasminogen in the absence of fibrin (CAMIOLO et al. 
1971) and sc-uPA has virtually no enzymatic activity (PANNELL and GUREWICH 
1987; PETERSEN et al. 1988; LIJNEN et al. 1989). Even when the levels of tPA 
increase some 20- to 100-fold, such as after strenuous exercise, after the intra
venous injection of DDAVP to healthy volunteers, or in an occluded region 
during a venous stasis test, only trace amounts of plasmin form because plas
minogen activation is negligible at these still physiological tPA concentrations 
(ARAI et al. 1990; WEISS et al. 1998) This does not apply during the treatment 
of acute myocardial infarction (AMI) with recombinant tPA, where circulat
ing plasma concentrations of tPA are achieved which are approximately 
1000-5000 times higher than those observed in normal plasma (LUCORE et al. 
1992). 

Obviously, the fibrinolytic system is geared to remove fibrin from the cir
culation but its main function probably is to prevent excessive fibrin accumu
lation. Indeed, at the very earliest stages of fibrin formation, tPA and 
plasminogen bind to the forming fibrin strands (THORSEN et al. 1972). Once 
small amounts of tPA and plasminogen are bound to fibrin in the form of a 
ternary complex, the catalytic efficiency of tPA for plasminogen is several 
hundred times higher than in the absence of fibrin (reviewed by FEARS 1989). 
Plasmin generation will cause proteolytic cleavage of fibrin which starts at the 
C-terminal portion of the a-chain of fibrin and produces new C-terminallysyl 
residues (SUENSON et al. 1984; TRAN-THANG et al. 1984; HARPEL et al. 1985; DE 
VRIES et al. 1990). Partially digested fibrin binds up to ten times more Glu
plasminogen than native, undegraded fibrin (TRAN-THANG et al. 1986). sc-uPA 
binds with high affinity to plasminogen and appears to activate selectively Glu
plasminogen that is bound to C-terminallysines in the partially degraded fibrin 
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(LENICH et al. 1991; LONGSTAFF et al. 1992). Trace amounts of plasmin also acti
vate the single chain form of uPA to its enzymatically active two-chain form 
(LUNEN et al. 1987). 

Over de-endothelialised lesions of the vessel wall, the contact system 
probably becomes activated locally by interaction of Factor XII with fibrillar 
subendothelial material. Activation of the contact phase of coagulation 
generates Factor XIIa that is able directly to activate plasminogen (SCHOUS
BOE et al. 1999) and kallikrein which can convert sc-uPA to tc tPA (IcHINOSE 
et al. 1986; HAUERT et al. 1989). Thus each reaction leads to further events, all 
increasing the efficiency of fibrin breakdown and at the same time restricting 
the process to places where fibrin has been formed. During the generation 
of thrombin, some of it will bind to thrombomodulin, a membrane glyco
protein. The complex thrombin/thrombomodulin initiates the protein C 
pathway, resulting in inhibition of coagulation (reviewed by ESMON 1995), 
and activates the zymogen TAFl (thrombin-activatable fibrinolysis inhibitor; 
procarboxypeptidase U or B; reviewed by NESHEIM 1998). Active TAFl 
cleaves C-terminallysine and thus down-regulates the binding of plasminogen 
to these lysyl residues, resulting in inhibition of fibrinolysis (described in 
Chap. 5). 

Global circulating (a rare observation unless thrombolytic agents are 
administered to patients at high doses) and local fibrinolytic activity is modu
lated by serpins. sc-tPA, tc-tPA and tc-uPA are efficiently inhibited by PAl-I, 
which is nearly always present in molar excess over tPA (CHANDLER et al. 
1995). About 80% of blood PAl-l is located in the platelets and promptly 
released upon platelet activation (KRUITHOF et al. 1986). Although most of the 
platelet PAl-l is of the inactive type, there is still enough active PAl-1 in 
platelets to stabilise platelet rich thrombi, as occur in the arterial circulation 
where the blood pressure is high and premature lysis of a haemostatic plug is 
undesirable. 

Plasmin bound to fibrin is partly protected from inactivation by a,
antiplasmin. This assures that fibrinolysis proceeds on the surface of a clot. 
Free plasmin, that spills over into the general circulation, however, is rapidly 
inactivated by a,-antiplasmin (WIMAN and COLLEN 1978). 

Two types of receptors play important roles in the regulation of fibri
nolytic activity. Activation receptors localise PAs on cell surfaces and greatly 
enhance plasminogen activation. Clearance receptors continuously remove 
free PAs and PA/serpin complexes from the circulation (discussed in Chap. 6). 
Many of the components of the plasminogen/plasmin system are highly regu
lated (GRANT and MEDCALF 1990) (see also Chap. 20). This is especially the 
case for tPA, PAl-l and the uPAR. These constituents of the fibrinolytic system 
are up- or downregulated by hormones, growth factors, cytokines and also by 
oxidised LDL and lp(a). 

Thus the fibrinolytic system is a highly modulated enzyme system and 
nature has taken many steps to limit its action in time and space, but has also 
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provided the necessary feedback loops which enhance the fibrinolytic system 
on the local level. 

c. Pathophysiology of the Fibrinolytic System 
I. Decreased Fibrinolytic Activity and Deep Venous Thrombosis 

Elevated levels of PAI-l have been found to be associated with deep vein 
thrombosis (DVT) and arterial thrombotic events in patients with atheroscle
rosis, particularly in coronary heart disease, myocardial infarction and stroke. 
However, the question whether PAI-l is a pathogenic factor favouring throm
boembolic disease or merely a marker of disease has not been clearly 
answered to this date. Unlike thrombophilia caused by antithrombin III, 
protein C or protein S deficiency, very few families have been described with 
genetically increased PAI-I levels. In most instances, a high PAI-l level appears 
to be an acquired condition associated with an inflammatory state, with hyper
triglyceridaemia, insulin resistance, obesity or pregnancy. PAI-l belongs to the 
acute-phase proteins (JUHAN-VAGUE et al. 1985; KLUFT et al. 1985) and may be 
elevated for 2-4 months after an episode of deep vein thrombosis (JUHAN
VAGUE et al. 1984; JANSSON et al. 1989). 

1. Familial Thrombophilia with High PAI-1 Levels 

I have found only four families in which it was clearly demonstrated that high 
PAI-l levels were transmitted through at least two generations and were asso
ciated with idiopathic thrombosis. Many of these families were restudied 
several years after the first report had been published (JOHANSSON et al. 1978; 
BUESSECKER et al. 1993; J0RGENSEN et al. 1982; J0RGENSEN and BONNEVIE
NIELSEN 1987; PATRASSI et al. 1992; ANGLES-CANO et al. 1993; GLUECK et al. 
1993); reviewed by BACHMANN 1995. 

2. Acquired Association of Hypofibrinolysis and Deep Venous Thrombosis 

There have been many studies on the association of idiopathic DVT with a 
decreased basal fibrinolytic activity, mostly due to elevated levels of PAl-lor 
to a deficient release of tPA after a venous occlusion test or a DDAVP-infu
sion (reviewed by (JUHAN-VAGUE et al. 1995; WIMAN 1999). Some 20 case 
control studies in patients with DVT have been published (literature review 
and references by BACHMANN 1995). Among the descriptive studies, one is par
ticularly interesting because it dealt specifically with the question of the mech
anisms implicated in hypofibrinolysis before and after venous occlusion. It also 
established correlations with other risk factors (JUHAN-VAGUE et al. 1987). 

These studies are very heterogeneous. In many reports the diagnosis of 
DVT was not confirmed by phlebography, some studies included all cases with 



8 F. BACHMANN 

DVT, others only 'young' patients (mostly under the age of 40 years) and/or 
only subjects with no underlying disease predisposing to DVT. In several 
studies the interval between the acute episode and the execution of the fibri
nolytic studies was not mentioned or the studies were made within the first 
two months of the acute disease, when PAI-1levels may still be increased due 
to the inflammatory reaction occurring in DVT. In several studies some 
patients were on oral anticoagulation, others not. Methodologies to measure 
hypofibrinolysis varied greatly and only studies from 1985 on reported results 
of PAI-1 activity and antigen. Reference intervals were often arbitrarily 
chosen. Taken together, several conclusions can be drawn: 

1. The incidence of hypofibrinolysis in patients with idiopathic DVT varies 
from a few percent to 40%. Most likely the true figure will be below 10%. 

2. The two principal reasons for a low basal fibrinolytic activity or a deficient 
increase after stimulation with a venous occlusion test or a DDAVP
infusion are high PAl -1 levels in about 80% of patients and deficient release 
of tPA from the endothelial cells in about 20%. Much rarer (<1 %) are dys
and hypoplasminogenaemias, and dysfibrinogenaemias associated with 
poor binding of tPA or plasminogen to fibrin. 

3. Familial DVT associated with familial hypofibrinolysis is very rare. 
Although up to 10% individuals with hypofibrinolysis are detected who also 
report a positive family history of DVT, it is often found subsequently that 
there is no correlation between test results and clinical events in a partic
ular family. 

One truly randomised prospective trial and two prospective studies of 
patients who had already had an episode of DVT merit further discussion. The 
primary incidence rate of DVT was investigated in physicians participating 
in the Physicians Health Study. This randomised double-blind, placebo
controlled trial of aspirin in the prevention of cardiovascular disease and of 
/3-carotene in the prevention of cancer provided a unique opportunity to assess 
whether baseline PAI-1 and tPA levels are predictive of future DVT. Serum 
samples were prospectively collected from 14,916 participating physicians. 
Fifty-five individuals developed DVT during a mean follow-up period of 60 
months, and were matched with an equal number of subjects for age, sex and 
smoking habits (RIDKER et al. 1992). There was no difference in the mean PAI
l and tPA antigen levels between those physicians with and those without 
thrombotic event. It appears therefore that these fibrinolytic parameters do 
not predict the occurrence of a first future DVT. 

The first prospective study of patients who had already had an episode of 
DVT was reported by KORNINGER et al. (1984) In 121 patients with a history 
of DVT and/or pulmonary embolism a venous occlusion test was performed 
at the earliest 4 months (median 19 months) after the last thromboembolic 
episode when oral anticoagulation had been discontinued. The main criterion 
for the presence or absence of a hypofibrinolytic state was a euglobulin lysis 
time (ELT) of >60min and <59 min respectively after venous occlusion. 
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Approximately 5 years later (57 ± 19 months) patients were re-examined. The 
investigator who questioned the patients, evaluated medical records and per
formed a physical examination was unaware of the previous laboratory results. 
The recurrence rate for thromboembolic disease during this follow-up period 
was 4.8% per year in 76 patients with ELTs of <59 min after stimulation, but 
10.3% in 48 patients with ELTs over 60min (p < 0.05). A similar recent study 
in patients with idiopathic deep venous thrombosis demonstrated that 
increased PAI-1 levels predict the development of another thrombosis. 
However, the difference in plasma PAI-1 concentration between the group 
with a subsequent event as compared to the event-free group was small. Thus, 
these data are of limited prognostic value, even if a statistically significant dif
ference had been obtained in the two groups (SCHULMAN et al. 2000). 

Several studies have searched for predictive markers for the development 
of postoperative thrombosis. Among all the biological data evaluated only age 
and body mass index (CLAYTON et al. 1976) and elevated baseline PAI-1levels 
(MELLBRING et al. 1985; ROCHA et al. 1988; ERIKSSON et al. 1989; PRINS and 
HIRSH 1991) were predictive markers. 

In conclusion, for patients with an established episode of DVT the evi
dence for an association between elevated PAI-1levels and the risk of expe
riencing a further episode of a thromboembolic event is weak. There is no 
evidence so far for a predictive value of increased PAI-1levels for the devel
opment of a first episode of DVT. Families with a proven association between 
a hypofibrinolytic state and DVT are very rare. The incidence of postopera
tive thrombosis after orthopaedic surgery appears to be increased in patients 
with elevated PAI-1 levels. 

II. Impaired Fibrinolysis and Coronary Heart Disease 

After the first classical demonstration that increased PAI-1 levels in patients 
under the age of 45 years were associated with a significant risk for a subse
quent event (HAMSTEN et al. 1987), many further studies have shown increased 
PAI-1 and tPA antigen levels in patients with atherosclerosis (CORTELLARO et 
al. 1993; SALOMAA et al. 1995), angina pectoris (THOMPSON et al. 1995; JUHAN
VAGUE et al. 1996; HELD et al. 1997a,b; LEHMANN et al. 1999; HOFFMEISTER et 
al. 1999), AMI (RIDKER et al. 1993) and peripheral arterial disease (SMITH et 
al. 1995; reviewed recently by WIMAN 1999). Multivariate analyses revealed 
that PAI-1 antigen and activity were related to insulin resistance but not 
to other classical risk factors for AMI. tPA antigen was related to insulin 
resistance, to markers of inflammation and endothelial damage (JUHAN-VAGUE 
et al. 1996). Increased PAI-1 levels also are predictive of poor outcome in 
patients with AMI undergoing thrombolytic therapy (BARBASH et al. 1989; 
SINKOVIC 1998). About 4-12h after the administration of SK, tPA, or uPA 
there is in addition a massive rebound of PAI-1 levels, independent of the 
agent used (GENSER et al. 1998). It is not clear whether this rebound is related 
to outcome. 
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D. Thrombolytic Therapy 
I. Basic Considerations 

1. The Proteolytic State and Bleeding Complications 

F. BACHMANN 

Therapeutic doses of SK, uPA and, to a lesser extent, of tPA result in degra
dation of fibrinogen, Factor V, Factor VIII and von Willebrand factor and con
sumption of az-antiplasmin (COLLEN et al. 1986; TRACY et al. 1997) (see Chap. 
7, Sect. A.I1). Ex vivo studies in man and animal experiments revealed that 
this effect is greatly attenuated or absent in the presence of highly fibrin
specific agents, such as staphylokinase and vampire bat plasminogen activator 
(VANDERSCHUEREN et al. 1997; MELLOIT et al. 1992; MUSCHICK et al. 1993) (see 
also Chaps. 16 and 17). In addition, activation of the complement system takes 
place (OREN et al. 1998). This effect is more marked with SK than with tPA 
(HOFFMEISTER et al. 1998) and the activation of kallikrein may be one of the 
reasons why the coagulation cascade is activated. 

The question as to whether avoidance of a proteolytic state results in less 
bleeding has not been answered unambiguously. The comparison of SK vs tPA 
infusion in animals suggested that tPA produced less bleeding (AGNELLI et al. 
1985; WEITZ 1995) but in the large multicentre trials of patients with AMI this 
observation could not be confirmed. It even appears that the more fibrin spe
cific tPA causes a higher incidence of cerebral haemorrhage (THE GUSTO 
INVESTIGATORS 1993). 

2. Thrombin Generation and Reocclnsion 

All classical thrombolytic agents activate prothrombin to thrombin 
(EISENBERG et al. 1988; WEITZ et al. 1988; GULBA et al. 1991; SEITZ et al. 1993; 
GRANGER et al. 1998; HOFFMEISTER et al. 1998) as demonstrated by the increase 
of thrombin-antithrombin complexes and of fibrinopeptide A. Thrombin may 
also be found on non-dissolved thrombi and is a risk factor for reocclusion 
(GULBA et al. 1990). While free circulating thrombin is readily inactivated by 
antithrombin, particularly in the presence of heparin, thrombin bound to fibrin 
or the subendothelial matrix is poorly accessible to the action of antithrom
bin/heparin (WEITZ et al. 1990, 1998). Heparin attenuates the extent of circu
lating thrombin-antithrombin complexes but is not able to suppress these 
completely (RAPOLD et al. 1992). An intensive search is under way to develop 
drugs which are direct thrombin inhibitors and are able to neutralise effec
tively clot-bound thrombin (see Chap. 11). 

3. Delay to Treatment 

Numerous studies have shown that the earlier thrombolytic treatment is 
started after onset of symptoms, the better the results (discussed in extenso in 
Chap. 7, Sect. B.I.3.d). 
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4. Platelet Activation 

Platelets play an important role in the natural history of AMI. Intravascular 
platelet activation may lead to the extension of the primary platelet plug 
forming over injured endothelium and platelet-rich thrombi are more resis
tant to lysis by thrombolytic agents. Platelet-aggregating effects of throm
bolytic agents have been described as measured by increased generation of 
prostacyclin and of thromboxane (KERINS et al. 1989), ,B-thromboglobulin 
release (UDVARDY et al. 1992), P-selectin expression (YUSUF et al. 1996; 
KAWANO et al. 1998; SEREBRUANY and GURBEL 1999), exposure of the Gp 
lIb/IlIa receptor leading to increased binding of fibrinogen (RABHI-SABILE and 
PIDARD 1995; BIHOUR et al. 1995; RABHI-SABILE et al. 1998) and stimulation of 
aggregation by immuncomplexes arising when SK reacts with high anti-SK 
antibodies (VAUGHAN et al. 1991). The effect of staphylokinase on platelet 
function in vitro was negligible (ABDELOUAHED et al. 1997). However, antiag
gregating effects due to inhibition of platelet aggregation by fibrin ( ogen) 
breakdown products (GOUIN et al. 1992; PARISE et al. 1993; LEBRAZI et al. 1995) 
and redistribution of GP Ib from the platelet surface to the canalicular system 
(LU et al. 1993) have also been noted. In at least one study, platelet aggrega
bility was reduced for the first hours after thrombolytic therapy and increased 
above baseline values several hours later (GURBEL et al. 1998). Some of the 
contradictory results are due to methodological differences (BLOCKMANS 
et al. 1996). Plasmin can exert its effect in an unimpeded fashion when it 
acts on washed platelets. In plasma, free plasmin is rapidly inhibited by (X,

antiplasmin. 
Clinical evidence for a beneficial effect of aspirin on the outcome of AMI 

was first demonstrated in THE ISIS-2 (SECOND INTERNATIONAL STUDY OF INFARCT 
SURVIVAL) COLLABORATIVE GROUP (1988). The 35-day vascular mortality in 
4300 patients having received placebo treatment was 13.2%; in another 4300 
subjects an infusion of 1.5 Mio units of SK was administered and 35-day 
mortality was 10.4%, a reduction of 28%. Results in patients receiving only 
160mg/day of aspirin were similar (10.7%, a reduction of 23%). From 1988 
onwards aspirin was therefore added as adjuvant drug in the large majority of 
studies on thrombolytic treatment of AMI. More effective drugs inhibiting 
exposed Gp lIb/IlIa receptor have since been developed, particularly a 
humanised monoclonal antibody (abciximab) directed against this fibrinogen 
receptor. The efficacy of antiplatelet agents as an adjuvant therapy in AMI 
trials is discussed in Chap. 11. 

5. Contraindications for Thrombolytic Therapy 

A list of the contraindications is found in Table 3 of Chap. 7. 

6. Fibrin Specificity 

SOBEL (1999) has proposed the following nomenclature with reference to fibrin 
specificity: 
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Fibrin binding 
Fibrin selectivity* 

Clot selectivity 

F. BACHMANN 

The binding of a protein or other moiety to fibrin. 
A PA's increased enzymatic activity in the presence of 

fibrin as compared with activity in its absence. 
The clinically relevant effect of fibrin selectivity, i.e. the 

extent to which a lytic drug activates clot-bound plas
minogen to form plasmin, as opposed to acting on cir
culating plasminogen. 

Classifying the thrombolytic agents currently on the market or tested in 
clinical trials it can be stated that fibrin binding is greatest with TNK-tPA > 
alteplase = monteplase = pamiteplase > reteplase = lanoteplase (these two 
mutants have deletions in their finger domain) = vampire bat PA (binding 
takes place exclusively via the finger region) > APSAC > SK, uPA and staphy
lokinase, which do not bind to fibrin. Fibrin selectivity is highest for staphy
lokinase and the vampire bat PA. Both of these two PAs do not convert 
plasminogen to plasmin in the absence of fibrin; followed by TNK-tPA ~ 
alteplase > monteplase = pamiteplase = reteplase. APSAC has some fibrin 
selectivity in vitro. sc-uPA, tc-uPA and SK have no fibrin selectivity. Consid
ering clot selectivity the ranking order is identical as for fibrin selectivity with 
the exception of sc-uPA which binds to Glu-plasminogen at C-terminallysines 
in partially digested clots. It is still an open questions as to whether fibrin selec
tive agents produce less bleeding (AGNELLI et a1. 1985; WEITZ 1995). 

7. Antigenicity 

SK is highly antigenic and most persons have anti-SK antibodies in their plasma 
due to previous streptococcal infections (BACHMANN 1968; OJALVO et a1. 1999). 
Since thrombolytic therapy with SK often results in up to 100 times higher anti
SK titres, repeat treatment with this PA is better avoided. In patients treated 
with SK, moderately high anti-SK-titres have been demonstrated up to 4 years 
after such therapy (see Chap. 7, Sect. B.1.3.a). The antigenicity of APSAK was 
reported to be lower in animal experiments that that of SK. In man, APSAC 
probably is as antigenic as SK. The incidence and titres of preformed al1ti
staphylokinase antibodies is lower, but treatment with staphylokinase also 
results in an increase of anti-staphylokinase antibodies (DECLERCK et a1.1994). 
Great efforts have been undertaken to reduce the antigenicity of staphyloki
nase by mutagenesis (COLLEN et a1. 1996a,b). Sc-uPA, tc-uPA and also LMW
urokinase, as well as recombinant tPA, are not antigenic. It remains to be 
determined whether mutants of tPA evoke immunological responses in man. 

8. Treatment of Elderly Patients 

While mortality in patients with AMI increases with age, there is no scientifi
cally valid argument not to use thrombolytic agents in elderly patients. The 

* In many pUblications it is designated as fibrin specificity. 
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benefit of thrombolytic therapy in these patients is at least as good as in 
younger patients (GoTTLIEB et al. 1997; BARAKAT et al. 1999). Elderly patients, 
however, present more frequent contraindications to thrombolytic therapy 
such as arterial hypertension. 

E. Milestones in Thrombolytic Therapy of Acute 
Myocardial Infarction 

I. First Generation Agents 

The first non-randomised clinical trial of treating AMI with SK were performed 
by the St. Louis team in the late 1950s (FLETCHER et al. 1958; FLETCHER and 
SHERRY 1960). A few years later HMW-urokinase was also developed as a 
thrombolytic agent for AMI by the same group (FLETCHER et al. 1965) and by 
SASAHARA (UROKINASE PULMONARY EMBOLISM TRIAL 1970) (see Chap. 12) 
for pulmonary embolism. By the 1970s SK was already widely used for the 
treatment of deep venous thrombosis (see Chap. 13). Around 1980 it was 
increasingly realised that the pathogenesis of coronary occlusion was mainly 
due to thrombi, based on the pioneering study of DEWOOD et al. (1980) but also 
on the demonstration by RENTROP et al. (1979, 1981) of rapid recanalisation of 
coronary arteries upon intracoronary infusions of SK (see also Chap. 7). 

II. Second Generation Agents 

In the early to mid 1980s, tPA and sc-uPA were cloned (PENNICA et al. 1983; 
VERDE et al. 1984; HOLMES et al. 1985) and APSAC (anistreplase) was bio
chemically synthesised (SMITH et al. 1981). All three agents were rapidly tested 
in man (Chaps. 4, 7, 8 and 9). This period also saw the beginning of the 
randomised megatrials, investigating different thrombolytic regimens start
ing with THE ISIS-2 (SECOND INTERNATIONAL STUDY OF INFARCT SURVIVAL) 
COLLABORATIVE GROUP (1988). SK was compared with tPA, with APSAC and 
with sc-uPA (Chaps. 7, 9 and 10). The first trials in peripheral arterial occlu
sions were started (Chap. 14) and t-PA was used in the treatment of pulmonary 
embolism (Chap. 12). Table1 lists some of the salient features of first and 
second generation agents. Table 2 in Chap. 19 gives similar information on tPA 
mutants. 

III. Third Generation Agents 

The 1990s saw a panoply of megatrials comparing various dosage schedules of 
different thrombolytic agents such as the GUSTO trial comparing SK and tPA 
(Chap. 11). It was also a period of great human inventiveness. Hundreds of 
mutants of tPA and of uPA, of chimeras consisting of domains of tPA, uPA 
and plasminogen were created and first tested in vivo and later in animals with 
the sobering experience that is was hard to create better agents than nature 
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had already developed in hundreds of thousands of years of evolution (see 
Chap. 19). In the search for agents with still higher binding to fibrin, bifunc
tional agents were created consisting of a PA linked to anti fibrin - or 
antiplatelet antibodies (see Chap. 1S) and the highly fibrin-selective agents 
staphylokinase and vampire bat PA were cloned and tested in animals and 
then in man (Chaps. 16 and 17). New tPA mutants with longer half-lives, such 
as reteplase and TNK-tPA, were investigated. Cardiologists explored increas
ingly the value of adjuvant therapy with thrombin inhibitors, such as hirudin 
or argatroban and with GpIIb/IIIa receptor inhibitors such as the humanised 
monoclonal antibody abciximab and synthetic inhibitors (Chap. 11). Several 
large clinical trials were started in patients with stroke (Chap. 15). Antifibri
nolytic agents were increasingly used in patients with open heart surgery, 
orthotopic liver transplantation, uncontrolled menorrhagia and in a small 
series of promyelocytic leukaemia (see Chap. 21). 

IV. The Future of Thrombolytic Therapy 

In the new millennium we will see several mutants of tPA, of staphylokinase 
and of the vampire bat PA more thoroughly investigated. There is a tendency 
to use lesser amounts of PA and to combine thrombolytic agents with 
antiplatelet and/or antithrombin inhibitors. Only large and well designed clin
ical trials will be able to give answers as to the optimal treatment of AMI. 

List of Abbreviations and Acronyms 

AMI 
APSAC 
DDAVP 
GISSI 

GUSTO 

HMW 
ISIS 
LBS 
LMW 
PAI-1 
SK 
tPA 
sc-tPA 
TAFI 
tc-tPA 
TNK-tPA 
uPA 

acute myocardial infarction 
anisoylated plasminogen streptokinase activator complex 
1-deamino-S-D-arginine vasopressin 
Gruppo Italiano per 10 Studio della Streptochinasi nell'Infarto 

miocardico 
Global Utilization of Streptokinase and Tissue plasminogen acti-

vator for Occluded coronary arteries 
high molecular weight 
International Study of Infarct Survival 
lysine binding site 
low molecular weight 
plasminogen activator inhibitor type-1 
streptokinase 
tissue-type plasminogen activator 
single chain tPA 
thrombin activatable fibrinolysis inhibitor 
two-chain tPA 
triple mutant of tPA 
urinary-type (or urokinase-type) plasminogen activator, also 

called urokinase 
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sc-uPA 
tc-uPA 

single-chain uPA, also called pro-urokinase 
two-chain uPA, also called urokinase 
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CHAPTER 2 

Plasminogen and Streptokinase 

FI CASTELLINO and V.A. PLOPLIS 

A. Primary Structure of Human Plasminogen 

The primary structure of human plasminogen (HPg), diagrammed in Fig. 1, 
has been deduced from the nucleotide sequence of the cDNA (FORSGREN et 
al. 1987) and genomic DNA (PETERSEN et al. 1990) that encode this protein, 
and has been directly determined by amino acid sequence analysis (WIMAN 
1973; WIMAN and WALLEN 1975; WIMAN 1977; SOTTRUP-JENSEN et al.1978). 
HPg is synthesized as an 81O-residue single polypeptide chain. A 19-residue 
leader peptide is excised during secretion, producing the mature form of HPg, 
which contains 791 amino acid residues (FORSGREN et al.1987). The only other 
known processing steps involved in production of plasma HPg are N- and 0-
linked glycosylation (HAYES and CASTELLTNO 1979a,b), and phosphorylation 
(WANG et al. 1997). 

Plasmin (HPm) is formed from HPg as a result of activator-catalyzed 
cleavage of the Arg561_Va1562 peptide bond in the zymogen (ROBBINS et al. 
1967). The resulting Glu1-Pm contains a heavy chain of 561 amino acid 
residues, originating from the amino-terminus of HPg, disulfide-linked to a 
light chain of 230 amino acid residues. This latter chain, containing the car
boxyl-terminus of HPg, is homologous to serine proteases, such as trypsin and 
elastase. The heavy and light polypeptide chains of HPm are covalently linked 
by two disulfide bonds. One such bond bridges Cys54S of the heavy chain and 
Cys666 of the light chain, and another links Cys558 of the heavy chain and Cys566 
of the light chain. A second functionally-significant hydrolytic reaction, cat
alyzed by HPm, occurs in HPg between residues Lys77 and Lys78, with addi
tional assorted peptide bond cleavages within this 77-amino acid polypeptide, 
particularly at Lys62 and Arg6S (HORREVOETS et al. 1995). Hydrolysis of this 
peptide bond from the amino-terminus of Glu1-Pg, and/or the amino-terminus 
of the heavy chain of Glu1-Pm, provides Lys78_Pg and Lys78_Pm, respectively 
(VIOLAND and CASTELLTNO 1976). 

The catalytic triad of amino acids that define serine proteases is entirely 
present within HPm, and involves His603, ASp646, and Ser741 . The crystal struc
ture of the Ser741Ala mutant of the catalytic domain has been solved at 
2.0 A resolution. It revealed a deformed catalytic triad and a blocked Sl 
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Fig.I. Primary structure of human plasminogen. The cleavage sites of the signal 
peptide between residues - 1 and 1, necessary for proper maturation of the plasma 
protein, and that between residues 77 and 78 required for release of the activation 
peptide (AP) resulting in the transformation of Glu1-plasminogen (Glu1-Pgj to Lys7B_ 
plasminogen (Lys78_Pg), respectively of Glu1-plasmin (Glu1-Pm) to Lys 8- plasmin 
(Lys7R_Pm), and that between residues 561 and 562 required for activation of HPg to 
HPm (CS), are indicated by filled arrows. Positions of introns in the gene sequence are 
represented by unfilled arrows. The locations of the N-linked oligosaccharide at 
sequence position 289 and the O-linked glycan at position 346 are indicated by trian
gles. Members of the catalytic triad of plasmin consisting of Hisfi03 , Asp646, and Ser741 
are displayed (*). Disulfide bonds are depicted by heavy bars 

specificity pocket (WANG et a1. 2000). One consensus Asn-linked glycosyla
tion sequence, Asn289-Arg-Thr, is present, which in human plasma contains 
biantennary, bisialylated glycan in approximately one-half of the HPg mole
cules (HAYES and CASTELLlNO 1979a). HPg also contains one site containing 
O-linked glycan at Thr346 (HAYES and CASTELLlNO 1979b) that is occupied on 
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all HPg molecules. Other minor O-linked glycosylation sites may exist at Ser249 
(PIRIE-SHEPHERD et al. 1997) and Ser339 (HORTIN 1990). The two N-linked 
glycoforms of HPg can be resolved on Sepharose-Iysine affinity chromatogra
phy columns (BROCKWAY and CASTELLINO 1972). 

The heavy chain of HPm consists of a series of repeating homologous 
triple-disulfide-linked peptide regions, ca. 80 amino acid residues in length, 
termed kringles (SOTTRUP-JENSEN et al. 1978). Five such repeats are present 
within the latent HPm heavy chain, namely residues Cys84 to Cys162, Cys166 to 
Cys243, Cys256 to Cys333, Cys358 to Cys435, and Cys462 to CysS41. These modules are 
present in several other clotting and fibrinolytic proteins, such as prothrom
bin (MAGNUSSON et al. 1975), factor XII (McMuLLEN and FUJIKAWA 1985), 
tPA (PENNICA et al. 1983), uPA (STEFFENS et al. 1982), and apolipoprotein(a) 
(McLEAN et al. 1987). Some of these kringles are responsible for interactions 
with regulators of these proteins. Additionally, a major phosphorylation site 
was identified at residue Ser578 (WANG et al. 1997). 

The functions of kringles in HPg are primarily involved with mediation 
of protein-protein interactions, such as those between fibrin( ogen) and 
HPg (SUENSON and THORSEN 1981), with binding of HPg to mammalian 
(MILES et al. 1988) and bacterial (BERGE and SJORBRING 1993; DtCOSTA and 
BOYLE 1998; SJOBRING et al. 1998) cell surfaces, and with interactions of HPg 
and small molecule activation effectors, such as Cl- and m-amino acids 
(URANO et al. 1987a,b). Kringles in HPg that display interactions with effec
tor molecules are kringles 1,2,4, and 5. K3pg has not been directly implicated 
in the functioning of HPg. The interactions of HPg and HPm with fibrinogen 
and fibrin, as well as with cell surfaces, are inhibited by lysine and analogues. 
K1pg and K4pg contain the strongest of its m-amino acid binding sites 
(MENHART et al. 1991, 1993; SEHL et al. 1990), while K5pg exhibits somewhat 
weaker interactions with these ligands (MCCANCE et al. 1994; CHANG et al. 
1998). K2pg shows even weaker binding with this class of agents (MARTI et al. 
1999). 

Based upon site-directed mutagenesis studies with isolated kringle 
domains, the nature of the binding sites of kringles for lysine-type ligands has 
been identified. The anionic site that coordinates the amino group of the ligand 
consists of Asp residues in homologous locations to Asp54 and Asps6 (using 
K4pg as the reference structure and numbering from the first Cys residue of 
the kringle) (HOOVER et al. 1993; MCCANCE et al. 1994; CHANG et al. 1998). 
The cationic donor sites of these ligands in HPg kringles are the residues 
homologous to Arg69 of K4pg (HOOVER et al. 1993; MCCANCE et al. 1994; 
CHANG et al. 1998). In addition to these ion-pair contacts, there are a number 
of interactions between the methylene backbone of the ligand and certain 
hydrophobic residues in the kringJe binding sites. The most relevant hydropho
bic residues are those homologous to Trp60 and Trp70 of K4pg (HOOVER et al. 
1993; MCCANCE et al. 1994; CHANG et al. 1998). These results correlate well 
with predictions from models of the ligand/kringJe complexes based on crystal 
structures of EACA/Klrg (MATHEWS et al. 1996), EACA/K4pg (Wu et al. 
1991), and K5pg (CHANG et al. 1998). 
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B. Gene Organization of Human Plasminogen 

The cDNA encoding HPg has been cloned and sequenced (FORSGREN et al. 
1987), as has its genomic DNA (PETERSEN et al. 1990). The gene for HPg, 
which has been mapped to chromosome 6q26-6q27 (MURRAY et al. 1987), 
encompasses 52.5kb. The HPg coding sequence includes a 57bp signal 
sequence and a total of 2373 nucleotides for the mature protein. Nineteen 
exons (Fig. 1), with a size range of 75-387bp, and 18 introns, of type I, type II, 
and type 0 (SHARP 1981) are contained within the HPg gene. The first exon 
(amino acids -19 to -3) comprises most of the signal sequence of the protein, 
while exons II and III (amino acids -3 to 43 and 44 to 79, respectively) code 
for the amino-terminal peptide that is liberated consequent to activation of 
HPg to HPm. Each of the five kringles (amino acids 79-461) is encoded by 
two exons (exons IV-XIII). Exon XIV (amino acids 542-582) contains the 
Arg561_Va1562 peptide bond that is cleaved by HPg activators, the two cysteine 
residues (Cys548 and Cys558) on the heavy chain which form disulfide bonds with 
the light chain, as well as Cys566 on the light chain which forms a disulfide bond 
with Cys558. This latter bond appears to be essential for the substrate specificity 
of the Pg-molecule (LINDE et al. 1998). Exons XV and XVI (amino acids 
583-607 and 608-654) consist of the coding regions for the HPm active site 
residues His603 and ASp646. A stretch of amino acids (655-689) is contained in 
exon XVII, within which exists the partner (Cys666) of Cys548 that covalently 
stabilizes the two-chain structure of HPm. Exon XVIII is translated into a 
sequence of amino acids (690-738) which contains a disulfide loop of unknown 
functional significance. However, the additional Cys737 residue in this exon, 
which pairs with Cys765, is located proximal to the active center residue Ser741 , 
and may be of importance for the specific functioning of the active site through 
its importance to the folding of this region of the molecule. Finally, this active 
site serine residue of HPm (Ser741) is contained in exon XIX, beginning at 
Gly739, and terminates at an undetermined location 3' of the translation stop 
sequence. 

The regulatory portions of the HPg gene, contained in the nucleotide 
sequences 5' and 3' of the coding region, have been partly identified 
(PETERSEN et al. 1990). Transcription control nucleotide sequences 5' of the 
signal sequence-initiating methionine codon include TATAA promoter ele
ments and the forward and reverse CCAAT proximal upstream promoter 
element boxes. Nucleotide sequences (CTGGGA), found in several acute 
phase reactant proteins, e.g., fibrinogen (FOWLKES et al. 1984), human hapto
globin (MAEDA 1985), ai-antitrypsin (LONG et al. 1984), and transferrin 
(ADRIAN et al. 1986), are also located upstream of the MeC19 signal-initiation 
codon of the HPg. Two 5'-sequences, which appear to be recognition sites for 
hepatocyte-enriched HNF-l and a general nuclear factor,AP-3, located within 
the nucleotide span 2.5 kb upstream of the translational initiation signal regu
late transcriptional activation and liver specificity of the HPg gene (MERONI et 
al. 1996). These two transcription factors act synergistically in regulating the 
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transcription of the RPg gene. Several other putative regulatory transcription 
sites, such as for transcription factors IL-6,AP-l, DBP, C/EBP, GATA, LF/A-l, 
and CREB, are present in the 5' flanking region (reviewed by KIDA et al.I997). 
Regulatory GC boxes were not observed in the 5' region of the RPg gene. In the 
3' noncoding region of the cDNA, a primary mRNA polyadenylation recogni
tion sequence, AATAAA, is found 46 bp upstream from the poly(A) tail, and a 
second polyadenylation recognition unit, CTTTG (BERGET 1984),is positioned 
13 bp downstream from the above primary consensus sequence. In addition, 
another AATAAA primary polyadenylation signal was found downstream of 
the first, as well as a secondary polyadenylation recognition unit, CATTG, 43 bp 
downstream from this second recognition site. The YGTGTTYY consensus 
sequence that is also needed for efficient polyadenylation of mRNA 
(McLAUCHLAN et al. 1985) is present 32 bp downstream of this latter alterna
tive polyadenylation site in the RPg cDNA. This is close to the location of this 
sequence (within 24-30bp of the AATAAA sequence) found in a variety of 
other mammalian gene structures (McLAUCHLAN et al. 1985). No such 
sequence is found within this distance from the first polyadenylation signal. 

c. The Activation of Human Plasminogen 
I. General Considerations 

The activation of RPg results in formation of the serine protease, RPm, an 
enzyme potentially involved in many physiological and pathological pathways, 
the most notable of which is clearance by proteolytic degradation of the fibrin 
clot. Regulation of the generation and localization of RPm occurs by nature 
of the presence of a variety of agents present in cells, on cell surfaces, and in 
the fluid phase. A summary of these events is provided in Fig. 2. 

RPm is produced from RPg as a consequence of cleavage of a single peptide 
bond, Arg561_VaI562, in the zymogen. This event is catalyzed by agents termed 
plasminogen activators, which normally have very limited specificity. One acti
vator of this type, tissue-type plasminogen activator (tPA), preferentially acti
vates the subpopulation of RPg that is bound to the clot, thereby directing RPm 
toward clot dissolution. While residing on the clot surface, RPm and tPA are 
resistant to reaction with, and subsequent inactivation by, their major inhibitors, 
arplasmin inhibitor (a2PI) and armacroglobulin (a2M), for RPm (COLLEN 
1980), and plasminogen activator inhibitor type 1 (PAl-I) for tPA (KRUITHOF 
et al. 1993).After lysis of the thrombus, RPm and tPA are released from the clot 
and efficiently inactivated by the above circulating inhibitors. 

Activation of RPg also occurs on cell surfaces, and is based in the local
ized presence of another type of plasminogen activator, two-chain urinary
type plasminogen activator (tc-uPA) (VASSALLI et al. 1985), on normal 
(BAJPAI and BAKER 1985; STOPPELLI et al.1985; LAZARUS and JENSEN 1991) 
and neoplastic (STOPPELLI et al. 1986; BOYD et al. 1988; NIELSEN et al. 1988; 
DUGGAN et al. 1995) cells (see also Chap 5). Binding of tc-uPA to these types 
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Fig.2. The interactions involved in the activation of human plasminogen (HPg). Top: 
Solution phase activation of HPg readily occurs with two-chain urokinase (tc-uPA). 
uPA bound to its receptor (uPAR) can also catalyze this activation. The presence of 
circulating inhibitors of both uPA, viz., plasminogen activator inhibitor-I (PAl-I) and 
plasminogen activator inhibitor-2 (PAI-2), and of plasmin (HPm), viz., a r plasmin 
inhibitor (a2PI) and armacroglobulin (a2 M), probably limit the physiological effec
tiveness of true extracellular activation pathways, but may allow effective pericellular 
activation of HPg to be important, wherein local concentrations of HPm may be suf
ficiently high to overcome local levels of inhibitors. Solution phase activation of HPg 
may also occur directly from proteases, i.e., kallikrein, that evolve from the contact 
phase of blood coagulation, or indirectly from these and other proteases by way of acti
vation of sc-uPA (single-chain urokinase), or from activation of a uPA-related proac
tivator. The HPm formed in solution may be responsible for various proteolytic events. 
Exogenously added streptokinase (SK) or staphylokinase (SakSTAR), which are used 
in thrombolytic therapy, also activate HPg through indirect mechanisms by first com
plexing with HPg and HPm to form the actual HPg activator. In these cases, SK or 
SakSTAR is added in sufficient amounts to allow levels of HPm to form that overcome 
the circulating concentration of a2P!. Middle: HPg is also activated on various cell sur
faces by uPA bound to its cellular receptor (uPAR). The HPm thus formed is protected 
from inactivation by a2PI, and probably functions directly or indirectly in extracellular 
matrix degradation , perhaps locally after dissociation from the cell surface. The cell
bound uPA appears to be susceptible to inactivation by PAI-l and PAI-2, but at a some 
what slower rate than free uPA. Bottom: Activation of HPg also occurs on the surface 
of the blood clot. Here, the clot-bound activator, tissue-type plasminogen activator 
(tPA), activates fibrin-bound HPg. The HPm formed on the clot surface is resistant to 
inhibition by a2P1, as is clot-bound tPA toward PAI-1. After dissolution of the clot and 
release of HPm and tPA, these proteases are inhibited by their fast-acting circulating 
inhibitors 
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of cells occurs via a specific cellular receptor, uPAR (BEHRENDT et al. 1990), 
which has been cloned and its nucleotide sequence determined (CASEY et al. 
1994; WANG et al. 1995). That this interaction results in functional conse
quences for the cells is evidenced by the fact that binding of uPA to uPAR ini
tiates a transmembrane signal, as a result of phosphorylation on a Try residue 
of a 38kDa protein in ovarian cancer cells (DUMLER et al. 1993), or serine 
phosphorylation of 47kDa and 55kDa proteins in human epithelial cells 
(Busso et al. 1994). These activities of phosphotyrosine kinase and/or protein 
kinase C lead to a signal transduction pathway, which activates nuclear tran
scription factors (DUMLER et al.1994; reviewed in DEAR and MEDCALF 1998). 
Cells enriched in surface-bound tc-uPA promote HPm formation from the 
HPg that is also bound to normal and carcinoma cell surfaces (HAJJAR et al. 
1986; PLOW et al. 1986; MILES and PLOW 1987; MILES et al. 1988), perhaps 
through the HPg binding proteins, a-enolase (HAMANOUE et al. 1994; 
REDLITZ et al. 1995), actin (DUDANI and GANZ 1997), annexin II (reviewed 
in HAJJAR and KRISHNAN 1999), and/or a cytokeratin 8-like protein (HEM
BROUGH et al. 1995, 1996). a-Enolase was also found to be a Pg binding protein 
on the surface of pathogenic streptococci (PANCHOLI and FISCHETTI 1998). 
This epicellular HPm is also resistant to inactivation by a2PI (MILES and PLOW 
1988), and receptor-bound tc-uPA is slightly more resistant to PAI-1 and PAI-
2 than is solution phase tc-uPA (ELLIS et al. 1990). These cell-associated fib
rinolysis mechanisms provide a basis for the proposed roles of HPg activators 
in generating a protease employed for normal processes involving cell migra
tion in tissue remodeling. These include macrophage invasion in inflammation 
(UNKELESS et al. 1974; WOHLWEND et al. 1987), mammary cell involution after 
lactation (OSSOWSKI et al. 1979), breakdown of the follicular wall for ovula
tion (REICH et al. 1985), trophoblast invasion into the endometrium during 
embryogenesis (STRICKLAND et al. 1976; SAPPINO et al. 1989), angiogenesis 
(GROSS et al. 1983), and keratinocyte accumulation after wound healing 
(MORIOKA et al. 1991). Furthermore, tc-uPA and uPAR, likely through for
mation of epicellular HPm, have been implicated in pathological processes of 
cell migration that are involved in tumor cell growth and invasion of sur
rounding tissue, perhaps leading to metastasis (OSSOWSKI et al. 1979; 
HEARING et al. 1988; DE VRIES et al. 1994; FAZIOLI and BLASI 1994; STAHL 
and MUELLER 1994). These concepts are supported by the ability of HPm to 
degrade extracellular matrix proteins, such as proteoglycans (EDMONDS-ALT 
et al. 1980), fibronectin (JILEK 1977), lam in in (SCHLECHTE et al. 1989, 1990; 
GOLDFINGER et al. 1998), fibulin (SASAKI et al. 1996), tenascin-C (GuNDER
SSEN et al. 1997), perle can (WHITELOCK et al. 1996), and type IV collagen 
(MACKAY et al. 1990), either directly, or indirectly through activation of the 
metalloprotease zymogens, strome lysin and pro collagenase (STRICKLIN et al. 
1977; HE et al. 1989). As a result of degradation of the extracellular matrix, 
cell migration into surrounding areas is enhanced. 

Mechanisms for solution-phase activation of HPg also exist, providing 
HPm that may play roles as an extracellular or pericellular protease. However, 
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the physiological relevance of extracellular proteolytic mechanisms involving 
HPm are uncertain because of the presence of relatively high levels of azPI in 
plasma, which should rapidly inactivate circulating HPm. This inhibition may 
be attenuated by localized high concentrations of HPm, which may overcome 
local levels of azPI, and/or by compartmentalization in areas of low inhibitor 
concentration. When present, solution-phase HPm may participate in such 
diverse processes as zymogen conversions in the classic (AGOSTONI et al.1994) 
and alternate complement pathway (BRADE et al. 1974), in the contact phase 
of blood coagulation (COCHRANE et al. 1974), in proinsulin to insulin conVer
sion (VIRGI et al. 1980), in bradykinin generation from kininogen (HABAL 
et al. 1976), and in proteolytic destruction of other plasma proteins (MIRSKY et 
al. 1959; JANEWAY et al.1968; PIZZO et al. 1972; OMAR and MANN 1987; FED
ERICI et al. 1993; OHKURA et al. 1998). Solution-phase activation of HPg is cat
alyzed by soluble tc-uPA (KLUFT et al. 1981) and tc-uPA bound to uPAR 
(ELLIS et al. 1991). Additionally, tPA released from the vasculature by stimuli 
such as venous occlusion also provides a low level of activation of plasma HPg 
(RUKEN et al. 1980). In vitro, HPg is also directly activated to HPm by several 
plasma proteases involved in the contact activation of the clotting cascade, 
among which are factor XIa (MANDLE and KAPLAN 1979),factor XIIa (GOLD
SMITH et al.1978; SCHOUSBOE et al. 1999), and kallikrein (COLMAN 1980). Indi
rect activation of HPg by plasma proteases, e.g., HPm (ELLIS et al. 1987; 
URANO et al. 1988a) and kallikrein (ICHINOSE et al. 1986; HAUERT et al. 1989), 
by means of their abilities to convert sc-uPA to tc-uPA can also occur. Finally, 
a factor XIIa-dependent mechanism for HPg activation might exist (OGSTON 
et al. 1969), which is based upon the kallikrein-catalyzed activation of a HPg 
pro activator that shares some homology with uPA (BINNEMA et al. 1990). 

Products released from HPg as a result of activation, and/or of limited pro
teolysis of HPg or HPm, may also play functional roles in other processes. As 
one example, proteases such as elastase are capable of in vitro proteolysis of 
very specific peptide bond that liberate intact kringle domains or combina
tions of kringles (SOTTRUP-JENSEN et al. 1978). Of great recent interest is the 
discovery that angiostatin, an inhibitor of angiogenesis, is structurally related 
to the kringle 1-3, or 1-4 domain region of HPg, and that this fragment of 
HPg, but not the intact protein, blocked neovascularization in a Lewis lung 
carcinoma model (O'REILLY et al. 1994) and inhibited capillary endothelial 
cell proliferation (CAO et al. 1996, 1999). Recent studies have shown that 
angiostatin can be generated, in vitro, by matrix metalloproteases (MMP), viz., 
MMP-3 (LIJNEN et al. 1998), MMP-7 and MMP-9 (PATTERSON et al. 1997), 
and MMP-12 (DONG et al. 1997); serine proteases, e.g., urokinase, in the pres
ence of free sulfhydryl donors (GATELY et al. 1997); and protein disulfide iso
merase combined with thioredoxin (STATHAKIS et al. 1997). The in vivo 
mechanism(s) and the relative contribution of host and tumor derived factors 
in angiostatin generation is still unknown. Speculation on its mode of activity 
in inhibiting angiogenesis involves mechanisms associated with increased 
endothelial cell apoptosis and activation offocal adhesion kinase (CLAESSON-
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WELSH et al. 1998), as well as arrest of mitosis (GRrscELLI et al. 1998). Other 
kringle structures have been shown to exhibit angiostatin-like activity, such as 
kringle 2 of prothrombin (LEE et al. 1998). Amino acid sequence alignment of 
this kringle with Klpg indicates that each kringle has six conserved cysteine 
residues. Interestingly, it has been shown that isolated K5pg also exerts a strong 
angiostatin-like activity, to the extent that this property is reflected in its ability 
to inhibit cell growth and/or cell migration (CAO et al. 1997; Jr et al. 1998). 
Thus, HPg and other kringle-containing proteins that share structural similar
ities with the functionally active site(s) of angiostatin may act as substrates for 
the proteolytic generation of functionally relevant fragments exhibiting potent 
angiogenic inhibitor activities. 

II. Activation of Human Plasminogen by Two-chain Urokinase and 
Tissue-type Plasminogen Activator 

1. Mechanism of Activation of Human Plasminogen 

The obligatory step in conversion of HPg to HPm is the cleavage of the 
Arg561Val562 peptide bond in the zymogen, which alone is sufficient to gener
ate active HPm (ROBBINS et al. 1967). All HPg activators catalyze this peptide 
bond cleavage. Both positive and negative regulators of this activation exist, 
which play important roles in activation of this zymogen-enzyme system. 

The overall scheme for conversion of circulating Glu1-Pg to the final 
product, Lys78_Pm, is shown in Scheme 1 (VIOLAND and CASTELLINO 1976). 
Here, circulating Glu1-Pg is activated to Glu1-Pm by activator (A)-catalyzed 
cleavage of the Arg561_Va1562 peptide bond in Glu1-Pg. This step most likely pro
vides the first molecules of plasmin (Pm). This reaction is very slow in the pres
ence of Cl-, where Glu1-Pg exists in a compact (T-state) and a poorly 
activatable form (VroLAND et al. 1975,1978; VRANO et al. 1987a,b, 1988b). 
However, m-amino acids, such as EACA, enhance the rate of this reaction 
when Cl-is present because of the "loosening" (R-state) of the Cl--dependent 
conformation of Glu1-Pg (VIOLAND et al.1978; VRANO et al.1987a,b), leading 
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to more facile access of the activator to peptide bond cleavage at the required 
locale. The initial Glu1-Pm formed catalyzes cleavage of a 77-amino acid 
peptide from the amino-terminus of the Glu1-Pm heavy chain, providing Lys78_ 
Pm, or from the amino terminus of Glu1-Pg (VIOLAND and CASTELLINO 1976; 
GONZALEZ-GRONOW et al. 1977), yielding Lys78_Pg. The activator cannot cat
alyze cleavage of this latter peptide bond at a rate sufficiently significant to be 
involved in the activation mechanism (VroLAND and CASTELLINO 1976; GON
zALEZ-GRONOW et al. 1977). 

2. Positive and Negative Activation Effectors 

The activation rate of Lys78_Pg is substantially faster than that of Glu1-Pg 
(CLAEYS and VERMYLEN 1974), regardless of the presence of CI- and/or 
EACA, and its activation rate is approximately the same as that of Glu1-Pg 
when this latter protein resides in its R-state. This latter conformational state 
only occurs in the absence of anions, in the presence of low concentrations of 
weakly bound anions, such as acetate, or when saturating levels of w-amino 
acids are present (which reverses the anion-induced T-state of Glu1-Pg). Thus, 
CI-is a negative effector of Glu1-Pg activation and w-amino acid analogues are 
positive effectors of Glu1-Pg activation in the presence of CI-, or other Glu1-
Pg-bound monovalent anions (URANO et al.1987a,b, 1988b). From these con
siderations, it is clear that these regulatory events in HPg activation are 
dependent upon the presence of the 77-residue activation peptide in Glu1-Pg 
which, when cleaved from the HPg molecule, results in Lys78_Pg. This form 
of HPg does not have the ability to undergo transformation by anions into 
the relatively poorly activatable T-state. Thus, Lys78_Pg loses its ability to 
be regulated by these positive and negative conformation and activation 
effectors. 

The molecular basis of the reciprocal effects of anions and EACA on Glu1-
Pg structure and activation has been investigated further by generation of r
Glu1-Pg variants in which the EACA binding site in individual kringles was 
greatly diminished by alteration of a critical Asp residue in each to Asn 
(HOOVER et al. 1993; MCCANCE et al. 1994). Referring to the Glu1-Pg 
amino acid sequence of Fig. 1, these homologous Asp residues are located at 
ASp139, ASp413, and ASp518 in Klpg, K4pg, and K5pg, respectively. The mutants, r
[Asp139Asn]Glu1-Pg (Klpg mutant) and r_[Asp413]Glu1_Pg (K4pg mutant), were 
no longer able to adopt the T-state in the presence of anions, such as CI-, and, 
thus, their conformations were not altered by w-amino acids, such as EACA 
(MCCANCE and CASTELLINO 1995). These variants were concomitantly acti
vated by tc-uPA at a rate consistent with those HPg molecules that existed in 
the R-state (MENHART et al. 1995). An intermediate situation was found with 
the mutant r-[Asp518Asn]Glu1-Pg (K5pg mutant). In this case, CI- placed this 
variant in a conformation intermediate between the T- and R-states 
(MCCANCE and CASTELLI NO 1995). The activation rate of this zymogen in the 
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presence of Ct, and the effect of EACA on this rate, were also situated 
between those of HPg in the T-and R-states (MENHART et al. 1995). 

These studies point to complex structure-activation relationships in Glu l -

Pg. We propose that, in the presence of Cl-, Lys side chains in the activation 
peptide, and perhaps in other regions of HPg, interact with the m-amino acid 
binding sites of Klpg, K4pg, and, to a lesser extent, K5pg. Several activation 
peptide candidate residues have been identified as possible donors to the 
lysine binding sites of the kringle domains that assist in maintaining the T 
conformation (HORREVOETS et al. 1995). These interactions lead to confor
mational transformations that result in formation of the poorly activated 
compact T-conformation of Glu 1_ Pg. Addition of m-amino acids displace these 
intramolecular interactions and leads to the more readily activatable, 
conformationally-expanded, and more internally flexible R-state of Glu1-Pg. 
Since Lys78_Pg does not contain the activation peptide, these same intramole
cular protein interactions are not favorable. Thus, this latter form of HPg 
cannot transform to the T-state, always exists in the R-state, and is activated 
at a high rate by tc-uPA. 

Fibrin, and to a lesser degree fibrinogen, is also a potent positive effector 
of HPg activation with tPA, due to the ability of tPA, HPg, and HPm to inter
act and localize at the clot surface, as discussed above (see also Chap. 3). In 
fact, the basis of the efficacy of interventional clot-lysis therapy with tPA in 
the early stages of clot-related myocardial infarction is due to efficient acti
vation of HPg by tPA in the presence of fibrin. Solution-phase tPA catalyzes 
HPg activation rather inefficiently compared with tc-uPA. However, when 
fibrin is present, a large increase in the rate of tPA-catalyzed HPg activation 
occurs, primarily as a result of a large decrease in the Km of the activation 
reaction (HOYLAERTS et al. 1982). Fibrin does not significantly stimulate the 
activation rate of the tc-uPA-catalyzed activation of HPg. In cases of fibrin
stimulation of HPg activation by tPA, virgin fibrin is not as effective an acti
vation potentiator as is fibrin that is partially digested by HPm. Since these 
latter forms of fibrin contain COOH-terminal Lys and Arg residues, Pg and 
tPA would be more tightly bound to the clot when these residues are liber
ated than is the case in undigested fibrin. That these considerations may have 
more general relevance is evidenced by the fact the HPm binds very efficiently 
to its major plasma inhibitor, a2PI, a protein which contains a COOH
terminal Lys residue, but this inhibition is much less effective after treatment 
of the inhibitor with carboxypeptidase B (HORTIN et al. 1989). 

III. Activation of Human Plasminogen by Single-chain Urokinase 

The activation of HPg by sc-uPA represents a special case. Debates have 
occurred as to whether sc-uPA is a zymogen with a low level (<1 %) of HPg 
activator activity (PANNELL and GUREWICH 1987), or whether it is a true inac
tive zymogen, with some initial HPg activator activity observed as a result of 
low levels of tc-uPA contaminant, and a consequent feedback effect of the 



36 F.I CASTELLI NO and V.A. PLOPLIS 

HPm produced, converting sc-uPA to the potent HPg activator, tc-uPA 
(PETERSEN et al. 1988; URANO et al. 1988a; see also Chap. 4). An attempt to 
resolve this issue was forwarded with construction of a mutant of sc-uPA that 
was not capable of being converted into its two-chain form, and the finding 
that this mutant possessed a low level (ca. 1 %) of the HPg activator activity 
of tc-uPA. Similarly, examination of the activation rate of an HPg mutant in 
which the active site Ser740 was altered (to Ala), the activation of which should 
not lead to feedback conversion of sc-uPA to tc-uPA by the generated 
inactive [Ser74°Ala]r-Pm, showed that the mutant HPg was activated (mea
sured by gel monitoring of the cleavage of the Arg561_Va1562 peptide bond in 
the mutant HPg) at a rate consistent with a low level of inherent activity of 
sc-uPA, viz., <1 % of the rate of activation of [Ser74°Ala]r-Pm by tc-uPA 
(LIJNEN et al. 1990). 

Thus, the overall mechanism for the activation of Glul-Pg by sc-uPA is 
suggested to involve: (a) a low rate of conversion of Glul-Pg to Glul-Pm by 
the inherent sc-uPA activity (or by the presence of a small amount of tc-uPA 
if present); (b) feedback activation by the initial Glu1-Pm of sc-uPA to tc-uPA, 
a step that would accelerate this activation; and (c) similar feedback conver
sion by Glu1-Pm of Glu1-Pg to the more readily activatable Lys78_Pg, which 
also results in a much higher rate of activation of the newly generated Lys78_ 
Pg. During this process Glul-Pm is also converted to Lys78_Pm. The fibrin speci
ficity observed for this activation might involve a fibrin-stimulated conversion 
of sc-uPA to tc-uPA. 

IV. Activation of Human Plasminogen by Streptokinase 

1. Structural and Activation Features of Streptokinases 

SK, a protein secreted into the growth medium in cultures of several strains 
of hemolytic streptococci, is able to activate HPg, as well as plasminogens from 
some other mammalian plasmas. Interestingly, SK does not display hydrolytic 
activity. Therefore, the most intriguing biochemical questions surrounding SK 
involve first the nature of the mechanism whereby a protein without the inher
ent required activity nonetheless activates HPg, and second the reasons for its 
species selectivity. Amino acid sequence investigations of a group C strep
tokinase, isolated from a human host (HSKc), establishes that this protein con
sists of 415 amino acid residues contained in a single polypeptide chain (Fig. 
3). No disulfide bonds are present. Employing amino acid homology relation
ships, it has been proposed that SK evolved as two independent domains, each 
related to serine proteases, such as bovine trypsin and Streptomyces griseus 
protease, but containing critical amino acid substitutions, especially at the 
active center His of the catalytic triad, that render the protein enzymatically 
ineffectual (JACKSON and TANG 1982). NMR investigations have led to the 
conclusion that three autonomous domains exist in HSKc. These modules are 
predicted to encompass amino acid residues, 1-146, 147-287, and 293-380 
(PARRADO et al. 1996). 
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HSKa: T L P T Q P V Q E F L L S G H V R V K P Y Qr. K A 
HSKg: T L P I Q P V Q E F L L KG H V R V R P Y K E K P 

160 170 
HSKc: Q N Q A K S V D V E Y T V Q F T P L N P D D D F 
HSKc: Q N Q A K S V D V E Y T V Q F T P LoNP D D D F 
HSKa: V H N £ A ~ R V N V N Y ~ V £ F Y £~I.G. D L D F 
HSKg: YQ N Q A K S V DVE y T V Q F T P L N P D D D F 

Fig.3. Amino acid sequences of group A (HSKa), group C (HSKc), and group G 
(HSKg) streptokinases, isolated from human hosts, and a group C SK (ESKc) isolated 
from an equine host (ESKc). The amino acid sequence of a group C SK, obtained 
directly from the protein (HSKc) (JACKSON and TANG 1982), is compared to the amino 
acid sequence as deduced from the sequence of the SK gene, obtained from this same 
streptococcal strain (HSKc) (MALKE et aL 1985). These sequences are compared to 
those of group A (HSKa) and group G (HSKg) streptokinases, deduced from the 
sequence of the gene encoding this protein (HUANG et aL 1989), and of ESKc, obtained 
from protein sequencing. Amino acid residues present in HSKa, HSKg, and ESKc, as 
well as those determined directly on the protein, that differ from those deduced from 
the gene sequence of HSKc are presented in bold and underlined type 

The gene for an HSKc from Streptococcus equisimilis H46A cells, which 
is the same strain of bacteria used in past studies to purify the protein, has 
been cloned and sequenced (MALKE and FERRETTI 1984; MALKE et aL 1985). 
This gene consists of a 26-residue leader sequence and a mature protein con-
taining 414 amino acid residues. The single amino acid extension found in the 
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180 190 200 
HSKc: R P G L K D T K L L K T L A I G D T T S Q E L L 
HSKc: R P G L K DL T K L L K T L A I G D T I T S Q E L L 
HSKa: I P 1. L R NQ Y H L I T L A V G D S. 1. S. S Q E L A 
HSKg: R P A L K D T K L L K T L A I G D T I T S Q E L L 

210 220 
HSKc: A Q A Q S L N K N H P G Y I Y E R D S S V T 
HSKc: A Q A Q S L N K N H P G Y I y E R D S S V T 
HSKa: A I A Q E L S. K K H P .!! y I I K R D S S V T 
HSKg A Q A Q S L N K N H P G Y I y E R D S S V T 

230 240 250 
HSKc: H D N D I F R T L P M D Q E F T Y R V K N R E Q 
HSKc: H D N D I F R T L P M D Q E F T Y R V K N R E Q 
HSKa: H D N D I F R T L P M D Q E F T Y HI K .!! R E Q 
HSKg: H D N D I F R T L P M D Q E F T Y HV K N R E Q 

260 270 
HSKc: A Y R I N K K S G L N E E N N T D L I S * E K Y 
HSKc: A Y R I N K K S G L N E E N N T D L I S L E Y K 
HSKa: A Y KA N s.. K I G I E E KI N N T D L I S * E K Y 
HSKg: A Y R I N K K S G L N E E N N T D L I S * E K Y 

280 290 300 
HSKc: Y V L K K G E K P Y D P F D R S H L K L F T K Y 
HSKc: Y V L K K G E K P Y D P F D R S H L K L F T K Y 
HSKa: Y V L K K G E K P Y D P F D R S H L K L F T NY 
HSKg: Y V L K K G E K P Y D P F D R S H L K L F T K Y 

310 320 
HSKc: V D V D T N E L L K S E Q L L T A S E R N L D F R 
HSKc: V D V D T N E L L K S E Q L L T A S E R N L D F R 
HSKa: V D V NT N K L L K S E Q L L T A S E R N L D F R 
HSKg: V D V N T N E L L K S E Q L L T A S E R N L D F R 

330 340 350 
HSKc: D L Y D P R D K A K L L Y N N L D A F G M D Y T 
HSKc: D L Y D P R D K A K L L Y N N L D A F G M D Y T 
HSKa: D L Y D P R D K A K L L Y N N L D A F G MD Y T 
HSKg: D L Y D P R D K A K L L Y N N L D I F G MD Y T 

360 370 
HSKc: L T G K V E D N H D D T N R T V Y M G K R P E 
HSKc: L T G K V E D N H D D T N R T V Y M G K R P E 
HSKa: L T G K V E D N H D D T N R T V Y M G K R P E 
HSKg: L T G K V E D N H D D T N R T V Y M G K R P E 

380 390 400 
HSKc: G E N A S Y H L A Y D K D R Y T E E E R E V Y S Y 
HSKc: G E N A S Y H L A Y D K D R Y T E E E R E V Y S Y 
HSKa: G E N A S Y H L A Y D K D R Y T E E E R E V Y S Y 
HSKg: G E N A S Y H L A Y D K D R Y T E E E R E V Y S Y 

410 
HSKc: L R Y T G T P P D N P N D K 
HSKc: L R Y T G T P P D N P .!! D K 
HSKa: L R Y T G T P P D N P K D K 
HSKg: L R Y T G T P P D N P N D K 

Fig. 3. Continued 

protein sequence is due to the identification of a Leu272 that was not observed 
in the gene (Fig. 3). Double Leu/Asp residues found at positions 169 and 181 
in the protein sequence have been resolved as Leu and Asp, respectively, in 
the gene sequence. Other differences found in the protein and gene sequences 
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of HSKc include a Tyr274Lys275 in the protein for a Lys274Tyr275 in the gene and 
an ASp413 in the protein for an Asn413 in the gene. However, these apparent dif
ferences may not be real, and could be accounted for by an inadvertent error 
in reporting the former, since the two amino acids are simply inverted, and a 
deamidation in the latter. The other difference, a Thr215 in the protein in place 
of an Ile215 deduced from the gene sequence, is seemingly a disparity between 
the two sequences. 

In order to investigate possible strain heterogeneities in the SK produced, 
SK genes from other streptococcol strains have been cloned and sequenced. 
In one example, the nucleotide sequence of a human host-derived group A 
streptokinase (HSKa), from Streptococcus pyogenes NZ131 M type 49 cells 
(HUANG et al. 1989), has been reported and its amino acid sequence deduced 
(Fig. 3). As was the case for HSKc, this gene also encoded 440 amino acids, 
including a 26-amino acid leader sequence. A total of 62 amino acids were 
found to be different in the deduced amino acid sequences of HSKa and 
HSKc, with only 17 of these classified as non-conserved alterations (HUANG 
et al. 1989). 

Additionally, the nucleotide sequence of a human-derived streptokinase 
from a group G streptococcus (HSKg), strain 19908, has been reported 
(WALTER et al. 1989), and its amino acid sequence deduced (Fig. 3). This gene 
is the same size as the other HSK genes and possesses few amino acid 
sequence differences from HSKc. This comparative sequence analysis is useful 
in that any sequence differences found among the various HSK proteins 
cannot be responsible for the functioning of HSK in HPg activation, unless 
compensatory multiple changes occur, since these proteins are fully active. 
However, these same differences probably account for the immunological 
variation found in HSK among different strains of streptococci (DILLON and 
WANNAMAKER 1965; GERLACH and KOHLER 1977). 

A high degree of conservation and linkage relationships of the SK gene 
have been discovered in a variety of pathogenic streptococci (FRANK et al. 
1995). Using DNA probes from the HSKc gene cloned from Streptococcus 
equisimilis H46 A cells, it was found that the HSKa gene content and gene 
order (dexB-abc-Irp-skc-orfl-re) are preserved in Streptococcus pyogenes 
strains A374, NA131, and SF130!13, as well as in the HSKg gene from strain 
G19908. A similar conclusion was made when this analysis was extended to 
the equine (E) SKc gene from Streptococcus equisimilis, strain 87-542-W. Such 
similarities were not found when genes from strains of bovine (B)-host derived 
Streptococcus uberis were similarly probed. These latter strains did not 
produce an SK-like HPg activator. 

2. Mechanism of Activation of Human Plasminogen by 
Human Host-derived Streptokinase 

The mechanism of activation of HPg by HSKc involves two major steps: (1) 
formation of a plasminogen activator, and (2) activation of plasminogen. The 
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sequence of reactions in the first step, summarized below, result in generation 
of protein-protein complexes that serve as HPg activators. 

SK + HPg .... SK-HPg ~ SK-HPg*~ SK-HPg' ....... SK"-HPm 

t 
SK+ HPm 

Initially, a stoichiometric complex of SK and HPg forms (SK-HPg), within 
which a conformational rearrangement of the HPg takes place allowing an 
active site to form in the HPg moiety of the complex (SK-HPg*) (SCHICK and 
CASTELLINO 1974). This active site in HPg* is sensitive to inhibition by Cl
and stimulation by fibrin( ogen) (CRIBBER et al. 1985, 1986; CRIBBER and 
CASTELLINO 1986). With time, another complex (SK-HPg') forms, which pos
sesses a diminished ability to be regulated by Cl- and fibrin( ogen), finally yield
ing the most stable of these complexes, SK A-HPm (CRIBBER et al. 1986). 
In this latter case, SK undergoes degradation at both its amino-terminal 
(BROCKWAY and CASTELLINO 1974) and carboxyl-terminal regions (SIEFRING 
and CASTELLINO 1976), leading to several forms of SK, globally designated 
here as SK A. This latter complex is also formed from SK and HPm. 

In the second step of the activation, the SK-HPg*, SK-HPg', and SKA
HPm complexes become catalytic activators of remaining HPg, as shown 
with SK-HPg' being a more potent activator than SK-HPm (DAVIDSON et al. 
1990). 

SK-HPg* 
SK-HPg' 

HPg SK"-HPm) HPm 

Detailed kinetic characteristics of SK-HPg* have not been performed 
because of the inherent instability of this complex. HPm, alone, cannot directly 
catalyze activation of HPg (VIOLAND et al. 1975; GONZALEZ-GRONOW et al. 
1977), and none of the activator complexes are able to remove the 77-residue 
activation peptide from the amino terminus of Glu1-Pg. At this second stage 
of the activation, the mechanism is essentially the same as that described for 
tcu-PA and tPA, above in terms of the peptide bonds cleaved in HPg, and the 
enzyme species that catalyze their cleavages. 

The basis for the species selectivity of HSKc in activation of mammalian 
plasminogens (WULF and MERTZ 1969; McKEE et al. 1971; SUMMA RIA et al. 
1974) is as yet unclear. In early investigations with rabbit plasminogen, a 
zymogen that is weakly activated by HSKc (SODETZ et al. 1972), we found 
that the HSKc in the complex was rapidly degraded to inactive forms (SCHICK 
and CASTELLINO 1973). Thus, while a complex formed, the HSKc moiety 
within the complex was unstable. These are the only biochemical studies to 
date that shed some light on this question. Recent investigations with SK iso-
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lated from streptococcal strains obtained from other mammalian hosts extend 
knowledge somewhat further on this subject. A strain (Streptococcus equi
similis, group C, strain 87-542-W) of equine streptococcus, produced an ESKc 
(McCoY et al. 1991) that was purified and partially cloned (NOWICKI et al. 
1994). Like HSKc, the ESKc did interact with HPg, but the human zymogen 
was not activated by ESKc (NOWICKI et al. 1994). A similar situation was 
found with activation of equine plasminogen by HSKc. Thus, species specificity 
is found with both components of this activation system. A partial amino acid 
sequence has been forwarded for ESKc, and this is provided in Fig. 3. When 
compared to the HSK sequences in the highly conserved amino-terminal 
region, ESKc exhibits few similarities with these other human host-derived 
streptococcal strains, an observation confirmed by the finding that DNA 
probes complementary to regions of HSKc did not hybridize with a variety of 
strains of ESK (NOWICKI et al. 1994). These data show that this activator can 
vary widely in primary structure among different strains of streptococci that 
produce this protein, and amino acid and concomitant conformational prop
erties of the SK could be tailored to activate the plasminogen present in the 
mammal that is infected by the bacteria. 

3. Functional Regions of Human Plasminogen and Human-derived 
Streptokinase that Mediate Activation 

The loci within HPg that interact with HSKc have been reduced to elements 
within the latent protease chain of HPg. In this regard, it has been found that 
the isolated protease chain of HPm formed a functional complex with HSKc 
(SUMMARIA and ROBBINS 1976), and that a proteolytic fragment of HPg, con
sisting of only the K5pg domain covalently linked to the latent protease chain 
(VaI442_Pg), was activated by HSKc at a rate similar to that of the intact protein 
(POWELL and CASTELLINO 1980). In further refining the regions of the HPm 
protease chain wherein HSKc functional binding resides, it is useful to 
compare the amino acid sequence of the HPm light chain with those of bovine 
(B) and porcine (P) Pm, the latter two of which do not form functional com
plexes with HSKc. The amino acid sequences of the protease chains of these 
three plasminogens are very similar, and unless single base changes alter their 
reactivities with HSKc, then a search of amino acid clusters in BPg and PPg 
that differ from HPg might suggest areas of the protease chain that should be 
further investigated with regard to functional SK binding. Three such areas 
can be initially identified to be of possible importance in this regard, viz., a 
region surrounding Arg582 another in the area of Asn625 of the human zymogen, 
and an additional locus near its COOH-terminus. 

Studies of the sites within HSKc that possibly interact in a functional 
manner with HPg and HPm have yielded valuable information. Initial work 
on this topic demonstrated that a fragment of HSKc comprising amino acid 
residues Ser6°_Lys387 was fully functional in HPg activation, and that much 
more extensive COOH-terminal degradation was not well tolerated in 
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terms of maintenance of a functional HSKc (SCHICK and CASTELLINO 1973; 
BROCKWAY and CASTELLINO 1974; SIEFRING and CASTELLINO 1976). Later 
work extended these conclusions as a result of the demonstration that the 
peptide regions, 91-414,127-414, and 158-414 were not effective activators of 
HPg (YOUNG et al. 1995). Additional probing of the functions of various frag
ments of HSKc demonstrated that the peptide region Ser6°_Lys333 was essen
tial for minimal SK activator activity, and that the sequence encompassing 
Ala334_Lys3R7 was needed for high affinity interactions with HPm. It was also 
proposed that the 59-residue amino-terminal polypeptide Ile1_Lys59 stabilized 
the proper conformation of HSKc (SHI et al. 1994; YOUNG et al. 1998; NIHA
LANI et al. 1998; FAY and BOKKA 1998), and enhanced the ability of strep
tokinase fragment 56-414 to activate HPg (NIHALANI et al. 1998). Other 
fragments of HSKc have been shown to possess tight binding sites to HPg 
and/or HPm. Binding, and even slow generation of an active site in stoichio
metric complexes of HPg, was found with an r-HSKc fragment composed of 
residues Va1143_Lys3R6 (RODRIGUEZ et al. 1994), while tight binding without 
such active site generation was observed with an r-HSKc fragment, Va1143_ 
Lys293 (RODRIGUEZ et al. 1995). Another tight HPg binding fragment of r
HSKc was later discovered, and consisted of residues, Arg244_Thr352. This 
fragment, while not itself serving as an activator of HPg, nonetheless inhibited 
the activation of HPg by full-length r-HSKc. This suggests that it constitutes a 
necessary binding locale of HSKc to HPg (REED et al. 1995). Analysis of point 
mutations in HSKc suggest that residues around positions 13-20 of SK are 
important for production of amidolytic activity with HPg. Residues of HSKc 
proximal to 364-374 are not only required for this same ami do lytic activity, 
but also for generating plasminogen activator activity with plasmin( ogen) 
(FAY and BOKKA 1998; CHAUDHARY et al. 1999). Many of these concepts have 
been confirmed as a result of examination of the crystal structure of HSKc 
complexed with the catalytic chain of HPm (WANG et al. 1998). 

v. Activation of Human Plasminogen by Staphylokinase 

A variation of the above mechanism with HSKc occurs with another bacter
ial HPg activator, SakSTAR (see also Chap. 16). The amino acid sequence of 
this protein, as deduced from the SakSTAR gene, has been determined, and 
shows the presence of 163 amino acids, which includes a 27-amino acid signal 
sequence (SAKO et al. 1983; SAKO and TSUCHIDA 1983; COLLEN et al. 1992b). 
This DNA has been expressed in several bacterial systems (SAKO 1985; 
BEHNKE and GERLACH 1987; COLLEN et al. 1992b). Like SK, SakSTAR does 
not possess protease activity and functions by first forming a stoichiometric 
complex with HPg (KOWALSKA-LoTH and ZAKRZEWSKI 1975), but a major 
difference with SK is grounded in the observation that SakSTAR shows fibrin
stimulated activation of HPg (SAKAI et al. 1989), a finding that has encour
aged studies with SakSTAR regarding its ability to efficiently function as a 
potential in vivo thrombolytic agent (COLLEN et al. 1992a; COLLEN and 
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LIJNEN 1994). Endothelial cells also enhance the plasminogen activator activ
ity of SakSTAR (UESHIMA et al. 1996). Binding of SakSTAR to HPg appears 
similar to that of HSKc, with available evidence showing that the K1pg-K4pg 
region of HPg is not necessary for the binding of either agent, and that there 
are distinct, but partially overlapping binding sites on HPg for HSKc and 
SakSTAR (RODRIGUEZ et al. 1995). A determinant on HPm of SakSTAR 
binding is Arg719 (JESPERS et al. 1998), a residue that has also been found to 
function similarly for HSKc binding to HPm (DAWSON et al. 1994). 

The mechanism of activation of HPg with SakSTAR is similar to that of 
HSKc, but it appears as though the initial complex of SakSTAR-HPg does not 
develop plasminogen activator activity. Such activity exists in SakSTAR-HPm 
that is formed from SakSTAR-HPg in the presence of other HPg activators, 
i.e., tPA. (COLLEN et al. 1993; GRELLA and CASTELLINO 1997). A reduction 
in size of the SakSTAR in the complex with HPm also occurs, associated with 
cleavage of the LyslO_Lysll peptide bond (SCHLOTT et al. 1997), but is not 
needed to induce clot lysis in the presence of HPg (UESHIMA et al.1993). Then, 
like tcu-PA, tPA, and the SK-HPg and SK-HPm complexes, SakSTAR-HPm 
functions as an HPg activator (LIJNEN et al. 1994). 

D. Spontaneous and Induced Phenotypes of 
Plasminogen Deficiency 

The recent availability of mice with a targeted deficiency for plasminogen 
has proved to be a valuable resource for directly investigating the role of 
plasminogen in a number of biological processes. Plasminogen-deficient mice, 
Pg( -/-) , survive embryonic development, attain adulthood, and are fertile. 
However, they are predisposed to severe thrombosis and spontaneously 
develop thrombotic lesions in a number of organs as well as gastrointestinal 
tract ulcerations and rectal prolapse (BUGGE et al. 1995; PLOPLIS et al. 1995). 
Reconstitution with murine plasminogen was shown to normalize the throm
bolytic potential and significantly resolve endogenous fibrin deposits, indicat
ing that the major physiologic pathway of fibrinolysis is the plasminogen 
system (LIJNEN et al. 1996). Another spontaneous phenotype in Pg( -/-) mice, 
palpebral and bulbar conjunctivitis, was shown to be strain-sensitive, occurring 
at higher frequency and severity in the C57Bl/6J strain relative to that of 
129/Black Swiss (DREW et al. 1998). The conjunctivitis that develops is grossly 
and histologically indistinguishable to that observed in plasminogen-deficient 
humans (MINGER et al. 1997; SCHUSTER et al. 1997). 

Other induced phenotypes in Pg( -/-) mice have been observed from in 
vivo analyses. Pg( -/-) mice demonstrate impaired skin and corneal epithelial 
wound healing which is normalized in Pg(-/-) crosses with fibrinogen (Fg)
deficient mice, Pg( -/-)/Fg( -/-), suggesting that plasmin plays an important role 
in mediating resolution of provisional fibrin matrices associated with the 
wound healing process (R0MER et al. 1996; BUGGE et al. 1996; KAO et al. 
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1998). Pg( -/-) mice also display enhanced fibrin-mediated glomerular injury 
as demonstrated in a model of crescentic glomerulonephritis (KITCHING et al. 
1997). Additionally, cell migration associated with the inflammatory response 
has also been shown to be compromised in Pg( -/-) mice when challenged with 
an inflammatory mediator, as well as in a model of transplant arteriosclerosis 
(PLOPLIS et al. 1998; MOONS et al. 1998). As a result, media necrosis, break
down of the elastic laminae, and adventitial remodeling were more pro
nounced in arterial grafts in Pg( +/+) mice than in Pg( -/-) mice. While a number 
of these studies potentially implicate fibrin as mediating these events, studies 
that have examined the effect of plasminogen on excitotoxin-induced 
neurodegeneration indicated that Pg( -/-) mice display resistance to neuro
degeneration, while wild-type mice were sensitive. Pg( -/-)/Fg( -/-) mice 
demonstrated a similar resistance as that seen in Pg( -/-) mice, thus implicat
ing a substrate for plasmin other than fibrin in mediating excitotoxin-induced 
neurodegeneration (TSIRKA et al. 1997). Additional studies identified this 
target protein as laminin, and its degradation by plasmin led to disruption of 
the interaction between extracellular matrix protein and neurons ultimately 
resulting in cell death (CHEN et al. 1997). Further investigations utilizing 
Pg( -/-) mice should prove to be a valuable approach towards elucidating the 
in vivo contribution of plasminogen in a number of physiological and patho
physiological processes. 

List of Abbreviations 

HPg 
HPm 

Lys78_Pm 

any molecular form of human plasminogen 
any molecular form of human plasmin that is cleaved at the 

Arg561_Va1562 peptide bond 
human plasminogen containing Glu! as the amino-terminal amino 

acid 
human plasminogen containing Lys78 as the amino-terminal 

amino acid 
human plasmin containing Glu1 as the amino-terminal amino acid 

of the plasmin heavy chain 
human plasmin containing Lys78 as the amino-terminal amino acid 

of the plasmin heavy chain 
the kringle 1 module of human plasminogen, which consists of 

amino acid residues Cys84_Cys162 
the kringle 2 region of human plasminogen, containing amino acid 

residues Cys166_Cys243 
the kringle 3 region of human plasminogen, spanning amino acid 

residues Cys256_Cys333 
the kringle 4 module of human plasminogen, which includes 

amino acid residues Cys358 _Cys435 
the kringle 5 module of human plasminogen, which contains 

amino acid residues Cys462_Cys541 
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tPA 
K2tPA 

sc-uPA 
tc-uPA 

uPAR 
SKc 
HSKc 
SKa 
HSKa 
ESK 
SakSTAR 
~PI 

a2M 
PAI-l 
r 
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CHAPTER 3 

Tissue-type Plasminogen Activator (tPA) 

F. BACHMANN 

A. Milestones in Tissue-type Plasminogen Activator 
(tPA) Research 

At the turn of this century, the Belgian physiologist NOLF (1908) observed that 
under certain experimental conditions the lysis of a blood clot could be 
obtained and introduced the concept of the "fourth state of blood coagula
tion," namely the dissolution of thrombi. During the same period LOEB in 
Germany was studying the process of wound healing. He observed that epithe
lial cells were able to liquefy the fibrinous wound scab and thus assured their 
progression into the scab. He concluded that epithelial cells were able to 
produce "peptonizing enzymes" (LOEB 1904; FLEISHER and LOEB 1915). In 
1936, the Russian investigator YUDIN (1936,1937) observed that cadaver blood 
was fluid and caused, after transfusion into man, a fibrinolytic state. In the 
1930s and 1940s, MACFARLANE and BIGGS in Oxford were able to demonstrate, 
using a dilute plasma clot lysis assay, that several pathophysiological condi
tions triggered a release of fibrinolytic activity in man, such as surgery, trauma, 
physical exercise, mental stress, or the intravenous injection of adrenaline 
(MACFARLANE 1937; MACFARLANE and BIGGS 1946; BIGGS et al. 1947). During 
the same time period, CHRISTENSEN and MACLEOD (1945) discovered the 
zymogen plasminogen in human serum that could be activated by streptoki
nase (SK) to form active plasmin, and ASTRUP and collaborators started their 
seminal work on the fibrinolytic system at the Carlsberg Foundation Research 
Institute in Copenhagen. ASTRUP and PERMIN (1947) were the first investiga
tors who clearly demonstrated that there exist two different plasminogen acti
vators in mammalians, tPA and urokinase. ASTRUP and MULLERTZ (1952) also 
developed a sensitive test to measure the activity of tPA, the plasminogen
enriched fibrin plate test. 

tPA proved to be a very difficult enzyme to purify since it was tightly 
bound to particulate matter and could not be eluted into solution by physio
logical buffers. ASTRUP and STAGE (1952) finally succeeded in solubilizing tPA 
using chaotropic agents, such as 2molll potassium thiocyanate (KSCN). 
However, during subsequent purification steps, exchange of 2 molll KSCN for 
more physiological solutions resulted in the precipitation of tPA, and the best 
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preparations in Astrup's lab probably were at most tenfold purified. Support 
for the tissue localization of tPA came from Todd's laboratory. TODD (1959, 
1964) developed a histochemical method for the assay of tPA, consisting of 
thin tissue slices which were then covered with a solution of plasminogen-rich 
fibrinogen and thrombin, generating a thin fibrin film which permitted one to 
follow the dissolution of the fibrin. Another method that was widely used in 
these years is the euglobulin lysis time. It derives from an observation by 
MILSTONE (1941) that the plasma euglobulin fraction contains a "lytic factor." 
In this test diluted plasma is acidified, centrifuged, and the precipitate resus
pended in buffer and clotted with thrombin. Increased concentrations of tPA 
shorten the euglobulin lysis time. 

Progress in the purification of tPA was achieved when 5 molll urea or pH 
4.2 high salt acetic acid buffers were used for the extraction of tPA from pig 
heart, followed by ammonium sulphate fractionation, precipitation at low ionic 
strength with 3 mmol/l Zn++ and gel filtration on Sephadex G-100/G-200. This 
method resulted in an approximately 1700-fold purification compared to the 
crude extract (BACHMANN et al. 1964); in subsequent work on the purification 
of tPA this extraction procedure was widely used. In the 1970s, AOKI and VON 
KAULLA (1971) reported on the purification of a "vascular activator" extracted 
from the vascular tree of human cadavers and demonstrated that it was bio
chemically and immunologically different from human urokinase. These find
ings were confirmed by BINDER et al. (1979), but even then it was not clear 
whether this vascular activator was identical to tPA. The same year RIJKEN et 
al. (1979) were able to produce the first really pure tPA preparation and two 
years later RUKEN and COLLEN (1981) produced larger amounts of human tPA, 
using a melanoma cell line. The cDNA structure of tPA was revealed at the 
6th International Congress on Fibrinolysis in Lausanne by DIANE PENNICA and 
reported a few months later in the journal Nature (PENNICA et al. 1983) (see 
also Chap. 8). At this congress agreement was reached that the vascular plas
minogen activator was identical to tPA. 

The great interest in using tPA for therapeutic purposes originates to a 
large extent from the original observations of THORSEN et al. (1972) who 
demonstrated that tPA, but not urokinase, binds to fibrin. The first trials using 
tPA for the treatment of acute myocardial infarction started in 1983 (see Chap. 
8). In the mid-1990s the first tPA knock-out was produced in mice (CARMELIET 
et al.1994) and the crystal structure of the protease domain of tPA elucidated 
(LAMBA et al. 1996). 

B. Sources of tP A 
tPA, a serine protease of 68kDa (synonyms: tissue plasminogen activator, vas
cular plasminogen activator, extrinsic activator; EC 3.4.21.68), is one of the 
two physiological plasminogen activators present in human blood. This 
enzyme exerts its effect primarily in the vascular system and is the principal 
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agent for the dissolution of thrombi via activation of clot-bound plasminogen 
to plasmin, whereas the urinary-type plasminogen activator (uPA, urokinase) 
is reported to playa role in cell migration and tissue remodeling (see Chaps. 
4,6, and 9). 

tPA has been isolated from many tissues (reviewed in BACHMANN and 
KRUITHOF 1984; DAN0 et a1. 1985; COLLEN et a1. 1989). Its principal site of syn
thesis is the endothelial cell (LEVIN and LOSKUTOFF 1982) but other cells have 
been shown to produce tPA, such as monocytes (HART et a1. 1989), megakary
ocytes (BRISSON-JEANNEAU et a1. 1990a,b), mesothelial cells (VAN HINSBERGH 
et a1.1990; LATRON et a1. 1991), mast cells (BANKL et a1. 1999), vascular smooth 
muscle cells (PAPADAKI et a1. 1998), cardiac fibroblast cells (TYAGI et a1. 1998), 
and neuronal cells (WANG et a1. 1998). Substantially more tPA is produced by 
several cell types when these are grown on flexible membranes which are sub
jected to repetitive stretch (IBA et a1. 1991; TYAGI et a1. 1998) or when arterial 
shear stresses of 14- 28dynes/cm2 are applied to the cultures (DIAMOND et a1. 
1989, 1990; PAPADAKI et a1. 1998). The increased expression of tPA by shear 
stress appears to be mediated by transforming growth factor f31 (TGF-f31) 
(UEBA et a1. 1997). 

In tissues and cell cultures, tPA is present in very small quantities and is 
bound firmly to particulate cell constituents. Therefore, isolation and purifica
tion of tPA from tissues has been difficult. Highly purified tPA preparations 
have been obtained from pig heart (COLE and BACHMANN 1977; WALLEN et a1. 
1982), human uterus (RUKEN et a1. 1979), and from vascular perfusion fluids 
(BINDER et a1. 1979). Real progress in the characterization of tPA was made 
when it was discovered that larger quantities of this enzyme could be obtained 
from certain cell cultures, such as a human melanoma cell line (RUKEN and 
COLLEN 1981) and HeLa cells (WALLER and SCHLEUNING 1985; KRUITHOF et a1. 
1985). 

In normal plasma the antigen concentration of tPA is about 5 Jig/I, which 
corresponds to about 70pmolll (RUKEN et a1. 1983; STALDER et a1. 1985; 
HOLVOET et a1. 1985; NICOLOSO et a1. 1988; TAKADA and TAKADA 1989). Most of 
the tPA is present in a complex with its primary inhibitor in plasma, the plas
minogen activator inhibitor type 1 (PAl-I) (STALDER et a1. 1985; BOOTH et a1. 
1987). Even when blood is collected in a buffer/anticoagulant mixture which 
brings about immediate acidification to approximately pH5, thus preventing 
the complexing of still free tPA to PAI-l (NILSSON and MELLBRING 1989), the 
amount of free tPA activity rarely exceeds 0.5 units/ml of plasma (equivalent 
to 1Jig/1 since pure tPA has a specific activity of about 500000-700000 units/mg 
(GAFFNEY and CURTIS 1987). 

c. Metabolism of tP A 
Free, as well as complexed, tPA is rapidly bound to a variety of receptors on 
endothelial cells and hepatocytes and removed from the circulation (reviewed 
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by CAMANI and KRUITHOF 1994). In normal individuals the half-life of tPA is 
about 3-4 min (SEIFRIED et al. 1988; TANSWELL et al. 1989; HUBER et al. 1991). 
Interestingly, a-phase t/2 clearance of tPA was faster in subjects with low PAI-
1 levels (3.5min) vs high PAI-l (5.3 min; p = 0.006). Clearance of tPA, PAI-l 
and of the tPA/PAI-l complex was best fit by a two-compartment pharmaco
kinetic model, and was greater for active tPA (t/2a of 2.4min) than for 
tPA/PAI-l complexes (t/2a of 5.0min; p = 0.006) (CHANDLER et al. 1997). The 
slower clearance of tPA in the presence of high concentrations of PAl-I, and 
the slower clearance of the tPA/PAI-l complex well explain why high levels 
of PAI-l activity are associated with high tPA antigen concentrations in some 
patients. 

Due to its clearance by the liver and the dependence of clearance on liver 
blood flow (BOUNAMEAUX et al. 1986; DE BOER et al. 1992; VAN GRIENSVEN et 
al. 1996) the half-life may be considerably prolonged in patients with hepatic 
cirrhosis (FLETCHER et al. 1964; HUBER et al. 1991; LASIERRA et al. 1991). 

D. Structure and Biochemistry of tP A 
I. Gene Structure of tPA 

1. Translated Regions 

The fairly large gene for tPA comprises 32.7kb and is located on bands 
p12-ql1.2 on chromosome 8 (BENHAM et al. 1984; TRIPUTTI et al. 1986; 
VERHEIJEN et al. 1986b). The 14 exons code for domains which are commonly 
encountered in serine proteases (BROWNE et al. 1985; FISHER et al. 1985; 
FRIEZNER DEGEN et al. 1986). Figure 1 indicates the position of the interven
ing introns. The leader sequence of the pre-pro-tPA is encoded by the first 
exon, the signal peptide by the second, and the pro-sequence by the third exon. 
The finger region and the epidermal growth factor (EGF) domain are each 
coded by one exon, the two kringles by two exons each, as is the case for plas
minogen. The catalytic domain is encoded by the remaining five exons. There 
is considerable similarity of gene organisation and of exon-intron junction 
types (PATTHY 1990) between tPA and the urokinase gene but the homologies 
of nucleotides and of amino acids between these two plasminogen activators 
is only about 40% (FRIEZNER DEGEN et al. 1986). 

The complete cDNA comprises 2530bp (PENNICA et al. 1983; EDLUND et 
al. 1983; FISHER et al. 1985). The glycine-3 residue which represents probably 
the real NH2-terminal of tPA (WALLEN et al. 1983; BERG and GRINNELL 1991) 
is preceded by 32 amino acids, of which approximately 20 constitute the 
hydrophobic signal peptide involved in the secretion of tPA. 

2. 5' and 3' Flanking Regions 

Over 9500bp have been sequenced in the 5' flanking region. Common tran
scription elements, such as three TATA boxes were identified; a CAAT box is 
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Fig.I. Model of the secondary structure of the tPA precursor protein, including signal 
peptide and pro-sequence. The solid black bars indicate the potential disulfide bridges. 
The arrows (B-M) indicate the position of the individual introns in the protein. The 
cleavage site, dividing the heavy and the light chain is indicated with the triangle. The 
three amino acids His322, ASp371, and Ser478, which make up the catalytic site, are marked 
with a solid square. Zigzag lines indicated the position of the three glycosylation sites. 
(Reproduced, slightly modified, with permission from Ny et a1. 1984) 

situated at position -112 to -116 respectively. Controversy exists concerning 
the transcription initiation site of the tPA gene. Two independent studies 
demonstrated the same start site 22 bp downstream of a TATAAA consensus 
sequence (FISHER et al. 1985; FRIEZNER DEGEN et al. 1986) but two other 
reports located the major transcription initiation start site 110bp further 
downstream at a sequence homologous to the start sites identified in the 
mouse and rat tPA gene (HENDERSON and SLEIGH 1992; COSTA et al. 1998). 
Thus, two 5' untranslated regions (5'UTR) of mRNA have been found, the 
longer 5'UTR having 209, the shorter one 99 nucleotides (COSTA et al. 1998). 
DNase I protection analysis of the tPA gene promoter in human endothelial 
and phorbol stimulated HeLa cells revealed several protected regions: a CRE
like/TRE-like element between positions -102 to -115. This element is par
ticularly interesting since it binds preferentially the cAMP-responsive 
element-binding protein (CREB). Mice with a CREB deletion exhibit defec
tive long-term memory (BOURTCHULADZE et al. 1994), as do mice with a dele
tion of the tPA gene (HUANG et al. 1996). One could speculate therefore that 
the defects seen in CREB-'- mice are due to a defective regulation of the tPA 
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gene. A CTF/NF-l-like element is located at position -92 to -77, three Spl 
binding sites at positions -72 to -66, -48 to -39, and +60 to +74, and three 
GC/GT boxes between -43 and +68 (MEDCALF et al. 1990; ARTS et al. 1997; 
COSTA et al. 1998). Several of these cis-acting elements have been shown to be 
involved in constitutive and phorbol ester induced expression of tPA mRNA. 
Higher upstream two further regulatory elements, necessary for constitutive 
expression of the tPA gene in Bowes melanoma cells, have been identified 
between positions -2288 to -2129 and -2390 to -2289 (FUJIWARA et al. 1994). 
Far upstream at -7.3 kb is located a functional retinoic acid response element 
(RARE), consisting of a direct repeat of the GGGTCA motif spaced by five 
nucleotides (BULENS et al. 1995). The region -7145 to -9758 comprises a mul
tihormone responsive enhancer which is activated by glucocorticoids, proges
terone, androgens, and mineralocorticoids, but not by oestrogens (BULENS et 
al. 1997; MERCHIERS et al. 1999). 

The 3' flanking region contains the polyadenylation signal at positions 
32688-32693 (FRIEZNER DEGEN et al. 1986). 

3. Polymorphisms 

Several polymorphisms have been described for the tPA gene or, respectively, 
cDNA (reviewed by TrSHKOFF et al. 1996). An Alu insertion/deletion poly
morphism was more widely studied as to its physiopathological significance. 
With the exception of one case-control study which found that homozygosity 
for the insertion was associated with twice as many cases of AMI as was 
homozygosity for the deletion (VAN DER BOM et al. 1997), other clinical studies 
found no correlation of the Alu insertion polymorphism with AMI or stroke 
(IACOVIELLO et al. 1996; RIDKER et al. 1997; STEEDS et al. 1998). No correlation 
was also found for the EcoRI restriction fragment length polymorphism and 
allograft vasculopathy in heart transplant recipients (BENZA et al. 1998). 

II. Protein Structure of tP A 

1. Primary Amino Acid Sequence 

The mature protein exists in two forms of different length. The N-terminal of 
Bowes melanoma cell tPA exhibits either glycine or serine (WALLEN et al. 1983; 
JORNVALL et al. 1983; BERG and GRINNELL 1991) but recombinant tPA nearly 
always has serine as the N-terminal amino acid (PENNICA et al. 1983). In this 
chapter we will use the numbering based on the Ser-terminus of recombinant 
tPA, because of the very extensive literature which exists on structure
function relationships of this form of tPA. The wild-type version of tPA is a 
glycoprotein, composed of 527 amino acids. It is secreted as a single-chain mol
ecule (sc-tPA) but can be easily converted to the two-chain form (tc-tPA) by 
plasmin-mediated cleavage of the Arg275_Ile276 peptide bond. Surprisingly, the 
single-chain form is not a zymogen but a protease which, in the presence of 
fibrin, is nearly as active as the two-chain form, i.e., it is characterized by an 
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abnormally low zymogenicity (RANBY et al. 1982; RIJKEN et al. 1982). The 
unusually high catalytic activity of sc-tPA may result from the absence of inter
actions present in typical zymogens, that stabilize an inactive conformation of 
the zymogen, or the presence of interactions, absent in typical zymogens, that 
stabilize an active conformation of the sc-tPA. Based on the crystal structure 
of tc-tPA and modeling of the sc-tPA, TACHIAS and MADISON (1996) concluded 
that in sc-tPA the interaction between LyslS6 and ASp194 (chymotrypsin num
bering, corresponding tPA numbering: 429 and 477) forms an important salt 
bridge which stabilizes the active conformation of sc-tPA. In sc-uPA this salt 
bridge does not exist because Glu144, which is a His residue in tPA (uPA/tPA 
numbering 417), provides an alternative, electrostatic interaction for Lys156. 
Mutation of His l44 of tPA to an acidic residue, as in u-PA, selectively sup
pressed the activity of sc-tPA and thereby increased the zymogenicity by a 
factor of 16. Likewise, replacement of Lys156 by Tyr increased the zymogenic
ity of sc-tPA 47-fold (TACHIAS and MADISON 1997b). The fully solvent-exposed, 
hydrophobic region comprising amino acids 420-423 of tPA which forms a 
surface loop near one edge of the active site of tPA constitutes an important 
secondary site for the interaction of tPA with plasminogen in the absence of 
fibrin (see below: enzyme kinetics in the presence of fibrin) (KE et al. 1997). 

The N-terminal portion, also called A-chain, contains several domains 
typical of serine proteases (Fig. 1), such as the finger- and epidermal growth 
factor (EGF)-domains, and two kringle domains. The catalytic portion of tPA, 
also called B-chain, is homologous to the proteolytic domain of other serine 
proteases. 

a) The Finger Domain 

The finger domain extends from residues 6 to 43 and has a 34% homology 
with the first finger of bovine fibronectin (PETERSEN et al. 1983). It is involved 
in the binding of tPA to fibrin, since a mutant which contains only the finger 
region and the proteolytic domain bind to fibrin (VAN ZONNEVELD et al. 1986; 
VERHEIJEN et al. 1986a). Urokinase, which does not contain this domain, does 
not bind to fibrin and a degraded form of tPA which has lost an N-terminal 
fragment of 12 kDa by proteolytic degradation bound less well to fibrin than 
wild type tPA (BANYAI et al. 1983). The solution structure of the finger domain, 
determined by IH-NMR, shows striking similarity to that of the seventh type 
1 repeat of human fibronectin (DOWNING et al. 1992). 

b) The Epidermal Growth Factor Domain 

The sequence 44 to 92 exhibits homology with the murine and human EGF 
(SAVAGE et al. 1973). Mutants lacking this region exhibit diminished clearance 
of tPA from the circulation and it thus appears that epitopes on the EGF are 
recognized by tPA receptors in the liver (see below). lH-NMR demonstrated 
that the EGF module of tPA closely matches the EGF consensus module 
structure, previously determined (SMITH et al. 1994). 
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c) The Kringle Domains 

tPA contains two kringles, which have both been isolated in high purity by 
chemical or recombinant methodologies (CLEARY et al. 1989; WILHELM et al. 
1990; VLAHOS et al. 1991). The majority of workers in this field have not found 
a biological function for kringle 1 (VAN ZONNEVELD et al. 1986; VERHEIJEN et 
al. 1986a; DE MUNK et al. 1989). In contrast, kringle 2 has affinity for lysine, (0-

amino acids, such as £-amino caproic acid (EACA) and fibrin (VAN ZONNEVELD 
et al. 1986; VERHEIJEN et al. 1986a). The affinity for the binding of EACA (a 
model compound for C-terminallysine residues) and of N-acetyllysine methyl 
ester (a model compound for intrachain lysine residues) is about equal, sug
gesting that tPA does not prefer C-terminallysine residues (as plasminogen 
does) for binding. Intact tPA and a variant consisting only of kringle 2 and the 
protease domains were found to bind to fibrinogen CNBr fragment FCB-2, 
the very fragment that also binds plasminogen and acts as a stimulator of tPA
catalysed plasminogen activation. In both cases, binding was completely inhib
ited by EACA, pointing to the involvement of a lysine binding site in this 
interaction. The binding of the finger domain appears to involve a binding site 
which is different from that exposed on the FCB-2 and cannot be blocked by 
EACA (DE MUNK et al. 1989). 

The structure-function relationships between kringle 2 and (O-amino acids 
and lysine have been studied in detail using lH-NMR spectroscopy (BYE ON et 
al.1991, 1995), microcalorimetry (KELLEY et al.1991), crystallography (DE Vos 
et al. 1992), and site directed mutagenesis of residues thought to be critical for 
the interaction of kringle 2 with ligands (WEENING-VERHOEFF et al. 1990; 
COLLEN et al. 1990; KELLEY et al. 1991; TULINSKY 1991; DE SERRANO et al. 1992). 
The crystal structure of kringle 2 resembles that of plasminogen kringle 4; 
however, there are differences in the lysine binding pocket. The core of kringle 
2 is formed by a hydrophobic cluster of three tryptophan residues in positions 
25, 63, and 74 surrounded by aromatic and hydrophobic side chains which 
form, at the surface of the kringle, a hydrophobic grove. Ligand binding 
appears to rely mostly on the integrity of Trp63 and Trp74 and aromaticity at 
Tyr76. With regard to aromatic amino acids, kringle folding is most dependent 
on Tyr9, Trp2S, TyrS2, Trp63, and Tyr76 (CHANG et al. 1997, 1999). Mutation of the 
critical amino acids Lys33, AspsS, A SpS7, or Trp 72 results in markedly diminished 
binding to lysine-Sepharose and/or interaction with EACA (DE VOS et al. 1992; 
DE SERRANO et al. 1992). Attempts to improve the efficiency of therapeutically 
used recombinant tPA by modifications which might increase the affinity for 
fibrin, such as the replacement of amino acids in kringle 1 or 2 with arginine 
residues in positions corresponding to those found in the plasminogen kringles 
at positions 34 and 71, yielded indeed molecules which, in vitro, had a slightly 
superior catalytic efficiency for plasminogen activation, but were not signifi
cantly better as a thrombolytic agent, in vivo, than wild-type tPA (COLLEN et 
al. 1990). 
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d) The Protease (Catalytic) Domain 

The catalytic domain of tPA is made up of 230 amino acids whose sequence 
shows homology with that of the other serine proteases. It contains in the 
active site the three amino acids His322, ASp371, and Ser478. 

2. Crystal Structure of the Protease Domain 

The 2.3-A crystal structure of the recombinant tc-tPA, consisting of a 17 amino 
acid A-chain and 252 residue B-chain revealed that the catalytic domain of 
tPA is a roughly spherical molecule of a radius of 25 A. The molecule consists 
of two six-stranded barrel-like sub-domains held together by three trans
domain straps (LAMBA et al. 1996). It display strong structural similarity with 
other trypsin-like serine proteases, in particular with thrombin. The active site 
cleft is shaped and narrowed by four surface loops. The 37-100p around 
Arg299 (chymotrypsin (c) numbering c37B) exhibits five additional residues 
(RRSPG) compared with chymotrypsinogen. It projects out of the molecular 
surface as a f)-hairpin and is of fundamental importance for the interaction 
with PAI-1 and also for the fibrin specificity of tPA (MADISON et a1.1989, 1990; 
BENNETT et al. 1991; PAONI et al. 1992, 1993a; TAeHIAS and MADISON 1997a). 
The 60-100p around Arg327 (c60B) exhibits some similarity to, but is shorter 
than the corresponding loop in thrombin. Further loops are found around 
Ser381 (the 110-100p; el10B) and Gly465 (the 186-100p; el86D). 

Analysis of the crystal structure of the catalytic domain of sc-tPA in a 
covalent complex with Glu-Gly-Arg-chloromethylketone revealed that the 
Lys429 side chain (el56) is bound in the He l76 (c16) pocket and forms an asym
metric salt bridge with ASp477 (c194). This explains the low zymogenicity of sc
tPA (RENATUS et al. 1997; STUBBS et al. 1998) (see above). 

3. Glycosylation of tPA 

The tPA protein has four potential glycosylation sites of which three are occu
pied in type 1 (Asn1l7, Asn184, and Asn448) and two in type II tPA (Asn l17 and 
Asn448). The Mr of type II tPA is about 3000Da smaller (RANBY 1982b). In 
natural tPA, as well as in recombinant tPA expressed in Chinese hamster ovary 
cells, residue 117 is predominantly N-glycosylated with oligomannose-type 
structures; residues 184 and 448 are predominantly associated with complex
type structures in recombinant tPA and tPA isolated from fibroblast cell lines, 
but with both complex- and oligomannose-type structures when isolated from 
melanoma cells (PAREKH et al. 1989; SPELLMAN et al. 1989). Glycosylation at 
residue 184 influences the biological properties of tPA. The second order rate 
constant for the plasmin-mediated conversion of sc-tPA to tc-tPA for the type 
II form is about twice that for type I, and the type II form also has a lower 
affinity for lysine (and fibrin) and a lower fibrinolytic activity (reviewed in 
DWEK 1995; RUDD et al. 1995). 
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Like urokinase, tPA has an O-linked fucose attached to Thr61 in the EGF 
domain (HARRIS et al. 1991). Addition of fucose or the enzymatic removal of 
a-fucose reduced the binding of tPA to HepG2 cells (HAJJAR and REYNOLDS 
1994). This suggests that the EGF-associated O-linked a-fucose mediates 
binding to, and degradation of tPA by, hepatocytes. 

III. Enzymatic Properties of tP A 

1. Enzyme Kinetics in the Absence and Presence of Fibrin 

tPA is a very specific serine protease and its only known substrate is plas
minogen where it cleaves the single Arg561 _ Val562 peptide bond. It is a very inef
ficient activator of plasminogen in the absence of fibrin but in its presence the 
activation of plasminogen is greatly potentiated (CAMIOLO et al. 1971). This is 
explicable by the assembly of plasminogen and of tPA on the fibrin surface. 
Since the original observation of Thorsen, that fibrin binds tPA, but not uroki
nase (THORSEN et al. 1972), many investigators have observed this phenome
non (BINDER et al. 1979; AASTED 1980; RADCLIFFE and HEINZE 1981; ALLEN 
and PEPPER 1981; RANBY 1982a; KRUITHOF and BACHMANN 1982; TRAN-THANG 
et al. 1984a; RUKEN and GROENEVELD 1986; reviewed by FEARS 1989). Most 
agree that binding of sc-tPA and of tc-tPA is roughly comparable, although 
the single chain form may bind slightly better (HIGGINS and VEHAR 1987). The 
KdS for binding of tPA to fibrin clots, in the absence of plasminogen, range 
from 140nmol/l to 400nmol/l (RIJKEN et al. 1982; RANBY et al. 1982; KRUITHOF 
and BACHMANN 1982; HIGGINS and VEHAR 1987; LARSEN et al. 1988; BOSMA et 
al. 1988). In the presence of plasminogen the affinity of tPA to fibrin increases 
about 20-fold (Kd of 20 nmolll) (RANBY et al. 1982). Two explanations are given 
for this observation: (1) the formation of a ternary complex comprising tPA, 
plasminogen, and fibrin, (2) binding of tPA to plasminogen which, upon 
binding to fibrin, has taken on an open conformation. The isolated A-chain 
of tPA was indeed shown to bind to Glu- and mini-plasminogen with a Kd of 
100nmolll (GEPPERT and BINDER 1992). 

The kinetic parameters which have been reported for the activation of 
plasminogen by tPA show great variations. This is due to a multitude of factors 
including variations in the different tPA and plasminogen preparations and in 
the concentrations of substrate used and, for studies using fibrin or fibrin deriv
atives, the nature of the fibrin stimulator used and the non-Michaelis-Menten 
behavior of enzyme kinetics. 

In the absence of fibrin, Km values for the activation of Glu-plasminogen 
by tPA from 9.umolll (RANBY 1982b), 65.umolll (HOYLAERTS et al. 1982) to 
slightly over 100.umolll (RUKEN et al. 1982) have been found, using plasmino
gen concentrations around 0.5-3.umolll, i.e., corresponding to those found in 
human plasma (2.umolll). When studying plasminogen activation by tPA at 
very low substrate concentrations, such as may occur in the tissues where the 
plasminogen-plasmin system plays a key role in the facilitation of cell migra-
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tion, much lower Kms are found which approximate those encountered when 
studying plasminogen activation by tPA in the presence of fibrin (NIEUWEN
HUIZEN et al. 1988; GEPPERT and BINDER 1992). In general, Kms are three to 
four times lower with tc-tPA than with the sc-tPA when the activation of Glu
plasminogen is investigated in the absence of fibrin. This difference disappears 
when fibrin is present and Km values typically are two orders of magnitude 
smaller with only moderate increases of kcat• Values for Km in the presence of 
fibrin range from 0.16.umolll (HOYLAERTS et al. 1982) to l.l.umolll (RUKEN et 
al. 1982) and kcat values from 0.I·sec-1 (HOYLAERTS et al. 1982) to 1.1·sec-1 

(RIJKEN et al. 1982). However, as mentioned above, several authors found non
linear enzyme kinetics, particularly in the presence of fibrin (RANBY 1982b; 
NORRMAN et al. 1985; GEPPERT and BINDER 1992). This behavior is apparently 
not due to conversion of sc-tPA to tc-tPA and/or the conversion of Glu- to 
Lys-plasminogen, since non-Michaelis-Menten kinetics are also found when 
activating Lys-plasminogen by tc-tPA (GEPPERT and BINDER 1992). 

Norrman concluded that there were two phases in the activation of Glu
plasminogen by tPA in the presence of fibrin; the Km in the initial phase was 
1.05.umolll and kcat 0.15 sec-I. In the later phase Km decreased to 0.07.umolll 
and kcat remained unchanged at 0.14 sec-1 (NORRMAN et al. 1985). This change 
of Km can be explained by the generation of new, high affinity binding sites for 
plasminogen and tPA in partially digested fibrin exposing new C-terminal 
lysine residues (RUKEN et al. 1979; SUENSON et al. 1984; TRAN-THANG et al. 
1984b, 1986; HARPEL et al. 1985; DE VRIES et al. 1990). 

Non-Michaelis-Menten kinetics for a single substrate enzyme can be due 
to a modifier mechanism. When such a mechanism is found in a purified system 
initially consisting of only the enzyme (tPA) and its substrate (plasminogen) 
an allosteric site, in the enzyme, for the substrate or the product can be 
assumed. The allosteric site will become occupied at higher plasminogen con
centrations, thereby shifting the enzyme to an altered conformational state 
(GEPPERT and BINDER 1992). 

2. Differences Between sc-tPA and tc-tPA 

In the absence of fibrin, sc-tPA has about a 3- to 4-fold lower catalytic effi
ciency than the tc-tPA to cleave synthetic substrates, such as H-D-isoleucyl-L
prolyl-L-arginine-p-nitroanilide (S-2288) (RANBY et a1.1982; RUKEN et a1.1982; 
LOSCALZO 1988; ANDREASEN et al. 1991). Tc-tPA is also more rapidly inhibited 
by DFP and by serpins, particularly PAI-l (SPRENGERS and KLUFT 1987; 
KRUITHOF 1988). In the presence of fibrin this difference disappears. Sc-tPA 
has a higher affinity for fibrin and for endothelial cells (TATE et a1.1987; HUSAIN 
et al. 1989; AERTS et al. 1989; HIGGINS et al. 1990) but the number of low 
affinity binding sites on fibrin was reported to be higher for tc-tPA (HUSAIN 
et al. 1989). Taken together these observations suggest that sc-tPA undergoes 
a conformational change on binding to fibrin or when cleaved at position 
A rg275. 
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3. Localization of the Epitopes in Fibrin that Enhance the Rate of 
Plasminogen Activation by tPA 

Two sites in the fibrin molecule, referred to as fibrin-specific epitopes, have 
been identified which accelerate plasminogen activation, one in the cyanogen 
bromide cleavage fragment FCB-2 which encompasses the sequence 
Aa(148-160) chain (VOSKUILEN et al. 1987), and the other in the fragment 
FCB-5 (SCHIELEN et al. 1991; YONEKAWA et al. 1992). The FCB-5 fragment con
sists of fibrin( ogen) chain fragments y311-336 and y337-379 which are linked by a 
disulfide bond. Sequences a148-160 and y312-324 are buried in fibrinogen and 
become exposed during the conversion of fibrinogen into fibrin as demon
strated with monoclonal antibodies directed against these peptides (SCHIELEN 
et al. 1989, 1991). The term fibrin-specific epitope is not entirely appropriate, 
since MOSESSON et al. (1998) have shown that the critical event for their expo
sure is not the release of fibrinopeptides A and B but rather the polymeriza
tion process of fibrin( ogen) strands. Indeed, exposure of these sites could be 
obtained when fibrinogen was crosslinked (polymerized) by Factor XIII a 
without inducing clotting of fibrinogen in the classical sense (Fig. 2). The CNB-
2 fragment which encompasses Aa(148-160) binds plasminogen and tPA, 
whereas the y311-379 sequence binds tPA. It is therefore probable that epitope 
exposure, binding of tPA and plasminogen, and the enhancement of the rate 
of plasminogen activation by tPA, are all linked together. 

IV. Interactions of tP A with Serpins 

The physiologically important, primary inhibitor of sc- and of tc-tPA is 
PAl-I. PAI-l is produced by endothelial cells, adipocytes, and megacaryocytes 
(LOSKUTOFF et al. 1983; MORANGE et al. 1999; MADOIWA et al. 1999). In human 
plasma there exists normally a slight molar excess of PAI-l over tPA; there
fore most of the tPA molecule is present in a complex with PAl-I. Table 1 lists 
the second order rate constants for the inhibition of tPA by several serpins. 
Sc-tPA is only efficiently inhibited by PAI-l and the second order rate con
stants of other serpins do not reach values which are likely to be of biological 
significance for the inhibition of tPA. An exception may be the recently dis
covered mammary tumor suppression gene maspin. It inhibits tPA relatively 
efficiently and may represent a regulatory mechanism in the control of 
mammary tumor cell motility and invasion (SHENG et al. 1998). tPA was also 
reported to interact with a2-macroglobulin, but in this complex tPA remains 
active (IEKO et al. 1997). 

By 1990 MADISON et al. (1990) had already demonstrated that replace
ment of the positively charged amino acids Arg298 and Arg299 in the 37-loop 
(see Sect. D.II.2) by Glu resulted in mutant tPAs that associated poorly with 
PAl-I. A similar result was obtained when Arg30\ situated on the edge of the 
active site cleft, was converted to Glu (MADISON et al. 1989). The authors pre
dicted that the tPA sequence 298-302 interacts with the negatively charged 
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Fig.2. Diagram of the formation of crosslinked fibrinogen (left hand side), respectively 
of fibrin (right hand side) . In the presence of Factor XIIIa the XL sites on the y-chain 
of fibrinogen are crosslinked, forming y-dimers). The E-domain is not activated in this 
reaction (empty circles) and does not participate in the polymer formation. Crosslink
ing of the D-domains on the y-chains leads to exposure of fibrin-specific epitopes (solid 
circles) ; tPA binding to these epitopes is shown. Upon treatment of the fibrinogen 
polymer with arvin (right hand side), fibrinopeptides A (FPA) are cleaved and the acti
vated E-domain (cross-hatched circles) now establishes the DDE polymer structure. 
The D:E interaction that takes place between the EA and Da sites during fibrin assem
bly is indicated, as is the site of the D :D self-association reaction. This reaction also 
generates fibrin-specific epitopes. Crosslinking between D-domains however takes 
only place when Factor XIIIa is present. (Taken from MOSESSON et al. 1998, with 
permission) 

Table 1. Second order rate constants for the inhibition of 
tPA by several serpins (Taken from NORDENHEM and 
WIMAN 1998; SHENG et al. 1998) 

PAI-l 
PAI-2 
Protease nexin 
Maspin 
Protein C inhibitor 
CI-Inhibitor 
a r Plasmin inhibitor 

Second order rate 
constant of inhibition in 
M-1'sec-1 

sc-tPA tc-tPA 

107 3 x 107 

9 x 102 2 X 105 

1.5 x 103 3 X 104 

106 

103 103 

1.3 
13 
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PAI-1 sequence 350-355 (Glu-Glu-Ile-Met-Asp). Replacement of all three 
arginines in positions 298,299, and 304 resulted in a mutant which was inhib
ited 120000 times less rapidly by PAI-1 than wild-type tPA (TACHIAS and 
MADISON 1997a). These observations lead, in part, to the development of the 
new tPA mutant TNK-tPA (tenecteplase; see Chap. 19, Sect. B.VII) where the 
sequence 296-299 (Lys-His-Arg-Arg) is replaced by four alanines (BENNETT 
et al. 1991; PAONI et al. 1992, 1993b). 

E. The tP A Receptors 
A wide variety of structurally unrelated components that bind tPA have been 
described. tPA binding moieties can be separated into two distinct functional 
groups: activation receptors and clearance receptors. 

I. Activation Receptors 

As a rule, the first group localizes tPA on a cell surface and enhances the acti
vation of plasminogen by tPA (see also Chap. 6, Sect. C). This class comprises 
42-kDa annexin II (HAJJAR et al. 1994; HAJJAR and KRISHNAN 1999; KANG 
et al. 1999; FITZPATRICK et al. 2000), 45-kDa actin (DUDANI and GANZ 1996), 
heparan sulfate and chondroitin sulfate-like proteoglycans (BOHM et al. 1996), 
cytokeratin 8 and 18 (HEMBROUGHet al.1996;KRALOVICH et al.I998),and tubulin 
(BEEBE et al. 1990). Several, as yet poorly defined, tPA receptors have been iden
tified on endothelial cells and it is not clear yet whether some of these are iden
tical with each other. BEEBE et al. (1989) described a receptor on endothelial 
cells that interacts with the finger domain of tPA; a peptide corresponding to 
residues 7-17 of tPA inhibited the binding of tPA to human umbilical endothe
lial cells (HUVEC). In addition to actin, DUDANI et al. (1996) have described 
two further 37-kDa and 45-kDa tPA-binding proteins on HUVECs that are dis
tinct from actin. Lysine inhibited the binding to these three receptors. CHENG et 
al. (1996) have described a 55-kDa protein that binds to a sequence in the 37-
loop comprising residues Ala-Lys-His-Arg-Arg-Ser-Pro-Gly-Glu-Arg, the 
sequence in the B-chain that also binds to PAl-I. However tPA bound to this 
55-kDa protein maintained its activity and was protected from inactivation by 
PAl-I. Lysine analogues did not inhibit the interaction of the 55-kDa receptor 
with tPA. Still another 20-kDa tPA-binding protein was characterized and puri
fied from HUVECs by FUKAO and MATSUO (1998). This protein did not interact 
with plasminogen, but binding was inhibited by m-amino acids, suggesting that 
the lysine-binding site of tPA is involved. The purified protein did not interact 
with antibodies directed against annexin II or a-enolase. In the presence of this 
receptor plasminogen activation by tPA was enhanced 90-fold. A receptor that 
interacts with the B-chain of tPA and potentiates plasminogen activation about 
100-fold has recently been described on vascular smooth muscle cells (ELLIS 
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and WHAWELL 1997; WERNER et a1. 1999). This receptor appears to be distinct 
from any of the other known tPA receptors. 

II. Clearance Receptors 

As described in Sect. C, tPA is rapidly cleared from the circulation. Receptor
mediated clearance of tPA and its subsequent degradation is an important reg
ulatory mechanism to control the plasma concentration of tPA and to remove 
inactive tPA/PAI-1 complexes from the circulation. The liver is the principal 
organ involved in tPA clearance. At least two different clearance mechanisms 
exist: liver endothelial cells and Kupffer cells bind tPA via the mannose recep
tor, whereas parenchymal hepatocytes bind tPA via the low density lipopro
tein receptor-related protein (LRP)/aTmacroglobulin receptor. A secondary 
role is probably played by some types of endothelial cells in the general cir
culation. Endothelial cells synthesize PAI-1 that may be bound to the cell 
surface via vitronectin and capture free tPA, which can then be internalized 
by the LRP pathway. This process is inhibited in the presence of the 39-kDa 
receptor-associated protein (RAP) (MULDER et a1. 1997). 

1. The Mannose Receptor 

Early studies had shown that the uptake of tPA by liver endothelial and by 
Kupffer cells was inhibited by ovalbumin and that tPA mutants lacking the 
high-mannose glycosylation site at Argl17 (see Sect. D.II.3) were more slowly 
cleared from the circulation of experimental animals (reviewed by CAMANI and 
KRUITHOF 1994; REDLITZ and PLOW 1995). This led to the identification of the 
mannose receptor (TAYLOR et a1. 1990) as a major tPA receptor by OTTER et 
a1. (1991). Binding of ligands to the mannose receptor is pH- and Ca++
dependent. Binding of tPA to the mannose receptor is inhibited by mannose
albumin, mannan, D-mannose and L-fucose and particularly by cluster 
mannosides of the composition M6Ls (OTTER et a1. 1991; NOORMAN et a1. 1997; 
BIESSEN et al. 1997). tPA has a much higher affinity (Ko of 1-4nmol/l) for the 
man nose receptor than other high-mannose-type containing glycoproteins 
such as ribonuclease B, ,B-glucuronidase, and ovalbumin (Ko of 60-600 nmol/l) 
(NOORMAN et a1. 1998). 

Two mutants of tPA are in clinical use where the Asnl17 residue in kringle 
1 has been replaced by GIn: tenecteplase (TNK-tPA) and lanoteplase (nPA, 
SUN 9216) (see Chap. 19, Sect. B). In pamiteplase (YM 866) kringle 1 has been 
deleted. All three mutants exhibit considerably longer half-lives than wild-type 
tPA. At present it is not known whether the fucose residue at Thr61 in the EGF
domain also binds to the mannose receptor (fucose inhibits the binding of tPA 
to the mannose receptor in a purified system) or is taken up by the previously 
described fucose receptor (LEHRMAN and HILL 1986). Mutants lacking the 
finger- and EGF domains, such as reteplase (rPA), also exhibit a longer plasma 
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clearance rate. However at least two groups found that inhibition of the 
mannose receptor and of the LRP pathways of clearance resulted in at least 
a tenfold decrease of tPA clearance and estimated that clearance due to fucose 
amounted to 5% of total clearance at most (NARITA et al. 1995; BIESSEN et al. 
1997). 

2. The LDL Receptor-Related Protein (LRP, az-Macroglobulin Receptor) 

The other major pathway for tPA clearance involves the az-macroglobulin 
receptor/LRP. The 600-kDa LRP, the largest plasma membrane protein 
ever described, comprises 4525 amino acids. It mediates the clearance of 
apolipoprotein E-enriched chylomicron remnants, toxins, cytokines, com
plexes of az-macroglobulin with proteases from all subclasses, and of free tPA 
and tPA/PAI-1 and uPA/PAI-1 complexes (reviewed by ANDREASEN et al. 
1994). Complex formation of tPA with PAI-1 increases the rate of clearance 
by LRP by at least one order of magnitude compared to that of free tPA (WING 
et al. 1991; CAMANI et al. 1994). The binding site(s) for tPA/PAI-1 and for 
uPA/PAI-1 complexes are situated in the second and forth complement-type 
domain cluster of LRP (MOESTRUP et al. 1993; WILLNOW et al. 1994; HORN et 
al. 1997; NEELS et al. 1999). RAP inhibits endocytosis of most ligands to LRP 
(HERZ et al. 1991; Bu et al. 1992; ORTH et al. 1992; CAMANI et al. 1994). 

Other LRP-like multiligand receptors such as the 600-kDa glycoprotein 
330 and the 130-kDa VLDL receptor are also able to mediate the clearance 
of free and of PAI-1 complexed tPA (ANDREASEN et al. 1994; MOESTRUP 1994; 
KASZA et al. 1997; MIKHAILENKO et al. 1999). For efficient uptake and clear
ance of several ligands LRP works in cooperative fashion with co-receptors. 
Examples of such receptors are the uPAR for the LRP-mediated degradation 
of uPA/PAI-1 complexes (KouNNAs et al. 1993; NYKJAER et al. 1994), and gly
cosaminoglycans for the degradation of lipoprotein lipase (KouNNAs et al. 
1995) and thrombin/protease nexin complexes (KNAUER et al. 1997). CAMANI 
et al. (2000) recently found that some monocyte-like cell lines that expressed 
LRP on the cell surface were unable to degrade tPA and postulated the exis
tence of a co-receptor for efficient degradation of tPA by LRP. 

F. Pathophysiology of tP A 
I. Intravascular Function of tPA 

During the formation of a hemostatic plug biochemical mechanisms are 
already initiated to limit the extent of the hemostatic process and to reestab
lish normal blood flow. To a large extent this is accomplished by localized acti
vation of the plasminogen-plasmin enzyme system, also called the fibrinolytic 
system. To accomplish healing of a vascular lesion without compromising the 
stability of the hemostatic plug too early and to limit the activation of the plas
minogen system to the injured area, a finely tuned dynamic mechanism is nec-
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essary consisting of plasminogen, tPA, uPA, and the fibrinolytic inhibitors PAI
l and arantiplasmin. Endothelial cells produce both tPA and PAl-I. Since tPA 
and plasminogen bind to fibrin and plasminogen activation is greatly enhanced 
when these two components assemble on fibrin, it is generally accepted that 
the dissolution of a thrombus is initiated by the release of endothelial tPA. If 
the dynamic balance between pro- and antifibrinolytic constituents is upset, 
bleeding may occur if there is an excess of fibrinolytic activity or a deficiency 
of one of the fibrinolytic inhibitors. Conversely, it has been assumed that an 
abnormal release of tPA (KORNINGER et al. 1984; STALDER et al. 1985; JUHAN
VAGUE et al. 1987; GRIMAUDO et al. 1992; reviewed by DECLERCK et al. 1994) or 
an excess of PAI-1 favors the development of thrombosis. However, although 
an association of a defective release of tPA or increased levels of PAI-1 with 
postoperative or idiopathic thrombosis has been convincingly demonstrated, 
prospective studies on the role of a deficient fibrinolytic system as the cause 
of thromboembolic disease are lacking (reviewed by PRINS and HIRSH 1991; 
DECLERCK et al. 1994; BACHMANN 1995). 

A lifelong hemorrhagic disorder associated with enhanced fibrinolysis due 
to an isolated increase of circulating tPA has been described in only two cases 
(AZNAR et al. 1984; BOOTH et al. 1983). Hereditary deficiency of either the 
arplasmin inhibitor (AOKI et al. 1979, 1980) or PAI-1 (DIl~VAL et al. 1991; 
FAY et al. 1992, 1997; LEE et al. 1993) may also result in a lifelong bleeding dis
order. Bleeding is presumably caused by premature lysis of hemostatic plugs 
at sites of vascular trauma. It may occur after initial hemostasis following 
surgery but may also be manifest spontaneously, for example, by epistaxis or 
ecchymoses. 

Congenital deficiencies of tPA or uPA have not been described. Until pub
lication of the seminal work of the Leuven group it was assumed that such a 
deficiency constituted a lethal condition. CARMELIET et al. (1994) reported on 
the successful deletion of the tPA and uPA gene in mice. Unexpectedly, mice 
with a disrupted tPA gene developed normally and did not exhibit any macro
scopic abnormality. Microscopic examination revealed mild glomerulonephri
tis. In a plasma clot lysis assay fibrinolytic activity was reduced compared to 
wild-type animals. After endotoxin-induced thrombogenic stimulation tPA-1-

mice did exhibit more extended thrombotic lesions than tPA+1+ mice. Mice with 
a deleted uPA gene exhibited a slightly increased thrombotic susceptibility 
with occasional spontaneous intravascular fibrin deposition. In both deficiency 
states the abnormalities found were rather mild but mice with a double 
deficiency of tPA and uPA suffered from severe spontaneous thrombosis 
(CARMELIETet al.1994; CARMELIET and COLLEN 1996). It must therefore be con
cluded that, in mice, there exists a certain redundancy of biological functions 
with respect to plasminogen activators. On the other hand it is obvious that a 
complete knock-out of the fibrinolytic activators leads to severe disease. It is 
not known to what extent these results apply to human pathophysiology. 

Support for the importance of continuous release of tPA from the vascu
lature comes from a recent study in rabbits. WAUGH et al. (1999) cloned the 
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human tPA gene into an adenoviral vector under the control of the RSV pro
moter. Three days after transfection of HUVEC cultures with the adenovirus 
tPA levels in the medium were three to four times higher than in controls. To 
determine whether these levels of local tPA production would be adequate to 
limit thrombus formation, the construct was tested in an in vivo model of arte
rial thrombosis. The common femoral artery in rabbits was divided, resutured, 
and constriction applied to produce a thrombogenic stimulus. Control and 
mock-virus treated rabbits and a group that was treated with the conventional 
intravenous infusion of tPA (0.15 mg/kg bolus, followed by 0.75 mg/kg given 
over 30min, then 0.5mg/kg over 60min) all developed obstructive thrombo
sis. The injection of 5 x 109 plaque-forming units into the isolated femoral 
arterial segment greatly diminished thrombus formation and obstructive 
thrombosis was not encountered (p < 0.01). These experiments demonstrate 
that, in rabbits, the continuous release of tPA successfully counteracted the 
harsh thrombogenic stimulus, whereas the infusion of tPA as used for the treat
ment of acute myocardial infarction was ineffective. 

A very large literature exists on the predictive value of tPA antigen and 
PAl as a risk factor for acute myocardial infarction and stroke. As stated 
above, high tPA antigen concentrations are generally associated with and due 
to high PAI-1 levels. This is explained by the lower clearance rate of the 
tPA/PAI-1 complex (CHANDLER et al.1997). By multivariate analysis high tPA 
antigen levels were shown to be significantly associated with PAI-1 activity, 
hypertriglyceridemia, the type of angina, multivessel disease, and hypercho
lesterolemia (GEPPERT et al. 1998). Since this chapter does not deal with 
PAI-1, I will only list some references on this subject, from over 200 articles 
published on this particular aspect of the topic: (RIDKER et al. 1994; THOMPSON 
et al. 1995; RIDKER 1997, 1999; VAN DER BOM et al. 1997; SMITH et al. 1998; 
THOGERSEN et al. 1998; JANSSON et al. 1998; CARTER et al. 1998; MACKO et al. 
1999). 

The regulation of the tPA expression is discussed in Chap. 20. 

II. Other Functions of tP A 

Proteolysis generated by the action of tPA upon plasminogen has been 
described in many physiological processes, such as ovulation, embryo implan
tation and embryogenesis, mammary involution, etc. However, mice with 
single deficiencies of tPA or uPA were found to have normal reproduction, 
although mice with a combined deficiency of tPA and uPA were significantly 
less fertile. This implies a functionally redundant mechanism for plasmin for
mation during gonadotropin-induced ovulation (LEONARDSSON et al. 1995). 

By in situ hybridization tPA mRNA was localized in neuro-ectodermal 
structures, neural crest-, mesoderm-, and endoderm-derived tissues. Analysis of 
j3-gal expression of transgenic mice and rat embryos bearing a lacZ reporter 
gene under the control of the human tPA promoter revealed blue staining in 
areas of active cell migration, particularly of neural crest-derived tissues, sug-
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gesting a role for tPA in tissue remodeling during neuronal development 
(THEURING et a1. 1995). Neuronal plasticity is important for many brain func
tions and tPA has been shown to be involved in remodeling and elongation of 
axons (LOCHNER et a1. 1998; MULLER and GRIESINGER 1998; SEEDS et al. 1999) 
and hippocampal long-term potentiation and learning (FREY et a1.1996; HUANG 
et a1. 1996; BARANES et a1. 1998; MADANI et al. 1999; Zuo et al. 2000). Indeed, 
tPA-1- mice were slower learners in the water maze test. (It consists of a circu
lar pool of 160cm diameter; water is made opaque by the addition of skimmed 
milk. At one position a 15 cm diameter circular platform is submerged 1.5 cm 
below the water levels. The swimming mice have to find this hidden platform). 

Two studies found that tPA also exerts an anti-inflammatory effect 
(STRINGER et a1.1997; KRAPOHL et al. 1998) and stimulates endothelial cell pro
liferation (WELLING et a1. 1996). The latter effect was not related to tPA's pro
teolytic activity, since it was not inhibited in the presence of aprotinin. 

The development of tPA as a thrombolytic agents is discussed in Chap. 8. 

List of Symbols and Abbreviations 

API activator protein 1 binding site 
AP2 activator protein 2 binding site 
CRE cAMP responsive element 
CREB cAMP responsive element binding-protein 
EACA E-amino caproic acid 
EGF epidermal growth factor 
ERK extracellular signal regulated kinase 
HMW high molecular weight 
HUVEC human umbilical endothelial cell 
LMW 
LRP 

MMP 
NF-KB 

NMR 
PAI-l 
RAP 
RARE 
SK 
Spl 
tPA 
sc-tPA 
tc-tPA 
uPA 

low molecular weight 
low density lipoprotein receptor-related protein (armacroglobulin 

receptor) 
metalloproteinase 
nuclear transcription factor, first found in I(-light chain of B 

lymphocytes 
nuclear magnetic resonance 
plasminogen activator inhibitor type-l 
receptor-associated protein 
retinoic acid responsive element 
streptokinase 
specific promoter-l binding site 
tissue-type plasminogen activator 
single chain tPA 
two chain tPA 
urinary-type (or urokinase-type) plasminogen activator, also called 

urokinase 
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sc-uPA 
tc-uPA 
TGFf3 
UTR 

single chain uPA, also called pro-urokinase 
two chain uPA, also called urokinase 
transforming growth factor f3 
untranslated region 
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CHAPTER 4 

Urinary-type Plasminogen Activator (uPA) 

W.A. GUNZLER and L. FWHE 

A. Milestones in uP A Research 

Although the proteolytic activity of urine was recognized more than 100years 
ago, its fibrinolytic activity was first investigated by MACFARLANE and PILLING 
in 1947. WILLIAMS (1951) and ASTRUP and STERN DORFF (1952) attributed the 
activity to a "kinase" which activates plasminogen. SOBEL et al. (1952) coined 
the name "urokinase" for this plasminogen activator. 

Early attempts to isolate, quantitate, and characterize urokinase from 
human urine (PWUG and KJELDGAARD 1957) were intensified in the 1960s due 
to commercial interests in the potential clinical use of urokinase as a throm
bolytic agent. Since the mid-1960s urokinase has been used clinically in the 
treatment of thromboembolic diseases, e.g., pulmonary embolism, myocardial 
infarction, peripheral thrombosis. Lack of antigenicity turned out as its prin
cipal advantage (cf. Chaps. 5 and 12). Urokinase in crystallized form was first 
obtained by LESUK et al. (1965). High and low molecular weight forms of 
urokinase were purified and characterized by WHITE et al. (1966). The glyco
protein nature of urokinase was later described by ZUBAIROV et al. (1974). 
Further insight into the structure of uPA and evidence for interdependency of 
uPA forms was provided by elucidation of its amino acid and corresponding 
DNA sequences. Amino acid sequences of low and high molecular weight 
urokinases were reported in 1982 (STEFFENS et al.1982; GUNZLER et al. 1982b). 
These data revealed that full-length uPA is a multi-domain protein consisting 
of an epidermal growth factor-like domain, a kringle, and a serine proteinase 
domain. The amino acid sequence was confirmed by cDNA-sequencing 
(HOLMES et al. 1985; NAGAI et al. 1985) and provided the basis for production 
of recombinant urokinase (GDNZLER et al. 1985) and pro-urokinase in E. coli. 
The structure of the human uPA gene was reported in 1985 (RICCIO et al.1985). 
A recent report on the crystal structure of the proteinase domain (SPRAGGON 
et al. 1995) demonstrates that the enzyme has an Sl specificity pocket similar 
to that of trypsin. At six positions insertions of extra residues in loop regions 
create unique surface areas. One of these loop regions is characteristic of a 
small subset of serine proteases such as tPA, factor XII, and complement 
factor I. 
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The proenzyme of urokinase was shown to be activated by plasmin 
or plasminogen in the presence of fibrin by BERNIK and OLLER (1973). 
These observations led to the concept of clot-specific thrombolysis by 
pro-urokinase (GUREWICH et al. 1984; HANBUCKEN et al. 1987) which was soon 
scrutinized by clinical trials (FLOHI;; 1985; VAN DE WERF et al. 1986a,b; PRIMI 
Trial Study Group 1989; BAR et al. 1997; TEBBE et al. 1998) (cf. Chaps. 5 
and 12). 

Despite the well-documented fibrinolytic activity of uPA, its physiological 
role in the hemostatic balance remains ambiguous and additional or alterna
tive biological functions of uPA are being discussed. A role for uPA in cell 
migration and tissue remodeling is suggested by the observation that uPA is 
able to bind specifically to a uPA receptor (uPAR) on cell surfaces (STOPPELLI 
et al. 1985; VASALLI et al. 1985) by means of a peptide loop within its epider
mal growth factor domain (ApPELLA et al. 1987). The uPA-deficient mouse 
model (CARMELIET et al. 1994) revealed a whole network of functions in which 
uPA appears to be directly or indirectly involved. This will be discussed at the 
end of this chapter. 

B. Nomenclature of uP A Forms 
The names of biomolecules usually refer to their source and function. The his
torical, still widely used name "urokinase" has yet to be rated as misleading, 
since uPA is not a phosphorylating "kinase" but a serine proteinase. The pre
ferred generic term "urinary-type (or urokinase-type) plasminogen activator" 
(uPA) better complies with this principle and allows differentiation from other 
plasminogen activators, e.g., tissue-type plasminogen activator (tPA). Chemi
cal Abstracts registers urokinase under the term "kinase (enzyme-activating)
uro" [CAS no: 9039-53-6] and the International Union of Biochemistry under 
EC 3.4.21.3l. 

According to the nomenclature of serine proteinases the precursors of 
mature uPA which are produced within or are secreted from the cell were 
named prepro-urokinase and pro-urokinase, respectively. However, due to 
doubts about its proenzyme character, the International Committee on 
Thrombosis and Haemostasis recommends the name "single-chain urokinase
type plasminogen activator" (sc-uPA) for pro-urokinase. The mature serine 
proteinase urokinase, formed after activating cleavage is termed "two-chain 
urokinase-type plasminogen activator" (tc-uPA). Limited proteolysis gener
ates various forms of sc-uPA and tc-uPA which, according to their size, are 
termed "high and low molecular weight (HMW and LMW)" sc-uPA or tc-uPA. 
If not stated otherwise, the name uPA refers to the human-type glycosylated 
protein. Full-length (Sd-Leu411 ) unglycosylated human-type single-chain uPA 
from recombinant bacteria is termed "saruplase" by International Nonpro
prietary Name. The prefix "r" is often used as a general term for recombinant 
uPA forms, e.g., "rsc-uPA." 
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c. Sources of uP A 
uPA is produced by a large variety of cells, the most significant producers being 
epithelial cells, e.g., of the kidney (SAPPINO et al. 1991) and cells involved 
in migratory processes. The latter type of cells usually express uPAR 
concomitantly. 

The concentration of uPA in human urine is in the range of 40-80 J1g/l, of 
which 25% is sc-uPA and 75 % tc-uPA, a part of which is bound to an inhibitor 
(STUMP et al. 1986a). Sc-uPA is also present in human plasma in the range of 
2-10 J1g/l. It has been proposed that venous endothelial cells may be a source 
of the uPA intrinsic to blood (CAMOIN et al. 1998). 

uPA is fairly rapidly cleared from the circulation. Negative correlation of 
uPA plasma concentration with liver blood flow suggests prevalence of hepatic 
elimination (VAN GRIENSVEN et al. 1997). The dominant initial plasma half-life 
of unglycosylated sc-uPA was found to be slightly shorter than that of glyco
sylated tc-uPA (about 9 vs 12min) (POEPPELMEIER et al. 1996). Differential 
hepatic elimination mechanisms, either via the armacroglobulin receptor/low 
density lipprotein receptor-related protein or via the asialoglycoprotein recep
tor, have been proposed for unglycosylated and glycosylated uPA (VAN DER 
KAADEN et al. 1998). 

Formerly, human urine was the common source of tc-uPA, while human 
kidney cell culture was used for production of glycosylated sc-uPA. More 
recently, recombinant cells have been employed as a source for uPA. Initially, 
the uPA gene had been cloned in prokaryotes, e.g., E. coli or B. subtilis. Recom
binant K12-type E. coli equipped with specially designed high expression 
vectors express high levels of unglycosylated uPA (BRIGELIUS-FLOHli et al. 
1992). The expressed uPA protein accumulates rapidly within the cell in the 
form of inactive inclusion bodies, which can be refolded in vitro into its active 
conformation. In contrast, recombinant eukaryotic cells allow excretion of the 
folded, glycosylated uPA product into the culture medium. The uPA gene has 
further been cloned in microbial and mammalian eukaryotic cells, e.g., yeast 
or streptomyces and Chinese hamster ovary or myeloma cells, respectively. 
Transgenic mice which carried a hybrid casein-uPA gene secreted active uPA 
in their milk in high concentrations (MEADE et al. 1990). 

D. Assay of uP A 
The quality of tc-uPA for use as a drug substance is defined by a monograph 
within the European Pharmacopoeia (2nd suppl. 1993) where test methods 
and requirements for identity, purity, and potency of urokinase from human 
urine are laid down. 

In vitro tests for quantitation of uPA either make use of the enzymatic 
activity or the antigen nature of the protein or both. The activity of tc-uPA 
and, after activation by plasmin, of sc-uPA can be reliably assayed by chro
mogenic substrate tests. Suitable chromogenic substrates for the assay of 
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"amidolytic" activity, e.g., pyro-Glu-Gly-Arg-pNA, are oligopeptides which 
mimic the cleavage site of plasminogen (FRTBERGER 1982). Release of the chro
mophore p-nitroaniline by hydrolysis allows one to monitor continuously the 
enzyme activity. This test system is independent of calibration by a reference 
standard and allows one to express enzyme units in katal (mol/sec) in com
pliance with the SI system. The sensitivity of the chromogenic substrate test is 
increased if uPA-dependent plasminogen activation is assayed by use of a 
chromogenic substrate for plasmin. 

Fibrinolytic test systems, e.g., clot lysis test (PLOUG and KJELDGAARD 1957), 
fibrin plate test (BRAKMAN 1967), or fibrin agar plate test (SCHUMACHER and 
SCHILL 1972), include plasminogen activation and require calibration by an 
appropriate reference standard. A glycosylated HMW tc-uPA International 
Reference Standard (87/594) is supplied by the National Institute for Bio
logical Standards and Control, Blanche Lane, South Mimms, Potters Bar, 
Hertfordshire EN6 3QG, u.K., and allows one to express the activity of tc
uPA in International Units (IU). Pure tc-uPA has a specific activity of about 
100000 IU/mg. 

Measurement of uPA activities in biological materials requires taking pre
cautions in order to avoid in vitro alterations of sample, e.g., inhibition of tc
uPA activity or activation of sc-uPA. It is also often desirable to distinguish 
between different plasminogen activators. Stabilization of plasma samples by 
aprotinin and benzamidine and a modified chromogenic test for tc-uPA and 
sc-uPA, which includes specificity-conferring immuno binding, has been pro
posed (GDNZLER et al. 1990). A selective chromogenic assay for sc-uPA in 
plasma in which sc-uPA is activated by thermolysine has also been described 
(KEBABIAN and HENKIN 1992). 

Since the uPA content in certain malignant tumors is a prognostic marker, 
e.g., in breast cancer (JANICKE et al. 1994), determination of uPA antigen in 
tissue cytosols or extracts meets increasing interest. While commercial test kits 
for uPA antigen are available, the best choice of extraction methods for tissue 
samples and standardization of uPA antigen are still under debate (ROMAIN et 
al. 1995; BENRAAD et al. 1996). 

Animal models suitable for in vivo studies of thrombolytic efficacy of uPA 
in arterial systems were reviewed by BUSH and SHEBUSKI (1990). A most 
common animal model of venous thrombolysis uses experimental jugular vein 
thrombosis in rabbits (COLLEN et al. 1983). Small animal thrombosis models, 
e.g., a pulmonary embolism model in adult hamsters, have been proposed for 
easy performance if a great number of experiments is to be conducted 
(STASSEN et al. 1991). 

E. Biochemistry of uP A 
I. The uP A Gene 

The uPA gene is localized on chromosome 10 (RAJPUT et al. 1985). It is orga
nized into 11 exons and is 6.3kb long (RICCIO et al. 1985). The intron-exon 
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organization of the uPA gene supports the hypothesis of a modular evolution 
of the serine protease genes. A high degree of homology attests to the close 
relationship of uPA with tPA. Despite some single base differences, the cDNA 
(HOLMES et al. 1985; NAGAI et al. 1985) and poly (A) RNA (VERDE et al. 1984) 
sequences from different human cell lines and the genomic DNA sequence 
comply with the amino acid sequence of uPA isolated from urine. However, 
either lie or Met have been identified at position 194 of the protein, as well 
as a Pro/Leu polymorphism at position 121 (CONNE et al. 1997). 

The 5' flanking regulatory region of the human uPA gene exhibits a typical 
TATA box 25 bp upstream, and four GC rich sequences in the first 200 bp 
upstream of the transcription initiation site. The latter are potential binding 
sites for the transcription factor SPI. Two putative AP-2 binding sites close to 
the transcription initiation site are responsible for protein kinase A-dependent 
induction of uPA expression. Two NF-KB elements at -1580bp and -1865bp 
have been identified in the human promoter. The latter site acts as a repres
sor, as do two further negative regulatory sites, one situated between -1824 bp 
and -1572 bp, and the other involving an enhancer-dependent and cell-specific 
silencing region between -660bp and -536bp. The uPA promoter is strongly 
enhanced by an enhancer located about 2000 bp upstream of the transcription 
initiation site. This enhancer consists of an upstream PEAl AP-1 A site and a 
downstream AP-1B site. All three sites are required for induction of uPA gene 
transcription by a variety of extracellular stimuli. Synergism between 
PEA/AP-l A and AP-1B depends on the integrity of an intervening COM site 
which contains several sequences for binding of urokinase enhancer factors 
(DE CESARE et al. 1996, 1997; BERTHELSEN et al. 1998; reviewed and literature 
references in BESSER et al. 1997). 

II. The uP A Structure 

As mentioned above, uPA exists in different forms. The amino acid structure 
of prepro-urokinase has been derived from the cDNA sequence (HOLMES et 
al. 1985; NAGAI et al. 1985). The amino terminal signal peptide, which consists 
of 20 predominantly hydrophobic amino acids, is cleaved off during the 
process of secretion. 

Sc-uPA, consists of a single peptide chain of 411 amino acids. The amino 
acid sequence of human sc-uPA derived from the amino acid sequence of 
urinary tc-uPA (STEFFENS et al. 1982; GUNZLER et al. 1982b) and from the DNA 
sequences of the uPA gene and the cDNA is given in Fig. 1. The cysteine 
residues form 12 disulfide bridges. The molecular mass of sc-uPA based on its 
amino acid sequence is 46344Da, and about 54kDa in the glycosylated form. 
Three characteristic domains can be distinguished. The amino-terminal 
domain including three disulfide bridges resembles the structure of epidermal 
growth factor and is termed "EGF domain." It contains a fucosyl binding site 
at Thr lX (BuKO et al. 1991) and the peptide loop 13-30 responsible for binding 
to the uPAR (ApPELLA et al. 1987). The adjacent domain also containing 
three disulfides is homologous to "kringle" domains common to many serine 
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Kringle 

Proteinase 

Fig.1. The schematic presentation shows the amino acid sequence of sc-uPA in single 
letter code (modified from HOLMES et al. 1985). Disulfide bridges are given as solid 
connections between cysteine residues (C). EGF, kringle and proteinase domains are 
indicated. Annexed zig-zag lines mark glycosylation sites. Asterisks indicate active site 
amino acids of the serine proteinase. Arrows mark peptide cleava\fe sites which appear 
of relevance for uPA function (see Table 1). Cleavage of the Lysl5 _Ile 159 bond converts 
sc-uPA into the fully active serine proteinase tc-uPA. The peptide loop conferring 
uPAR binding specificy (positions 20-30) and the region responsible for binding of 
PAI-1 (positions 179-184) are marked by solid and stippled lines, respectively 

proteinases. Dominance of positively charged amino acids suggests that the 
kringle may interact with negatively charged entities, e.g., heparin. A 
"connecting peptide" links the kringle domain to the "proteinase domain" 
which contains the amino acids of the typical serine proteinase active site, 
His204, A Sp255, and Ser356, and a glycosylation site at Asn302. 

Cleavage of the peptide bond Lys15X_Ile 159 transforms sc-uPA into the 
mature serine proteinase tc-uPA. The amino terminal A-chain of HMW 
tc-uPA containing the EGF and kringle domains remains connected to the 
B-chain, i.e., the proteinase domain, by the disulfide bond Cys14X_Cys279. 

Peptide cleavage of the Lys135_Lys 136 bond between kringle domain and 
the inter-chain disulfide bond results in the loss of the amino terminal EGF 
and kringle domains, also termed amino terminal fragment (ATF), from the 
proteinase. The resulting LMW uPA has a molecular mass of about 33 kDa 
and its truncated A-chain consists of only 21 amino acids (Lys136_Arg156) 
(GUNZLER et al. 1982a; SCHALLER et al. 1983). From the medium of a human 
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lung adenocarcinoma cell line a LMW sc-uPA was characterized which starts 
at Leu144 (STUMP et al. 1986b). 

The conformation of uPA and of its domains has been studied by means 
of small angle neutron scattering (MANGEL et al. 1991), one- and two
dimensional NMR (BOGUSKY et al. 1989; LI et al. 1991; NOWAK et al. 1994) 
and X-ray crystallography (SPRAGGON et al. 1995). The domains of uPA 
are folded essentially as in other serine proteinases with few significantly 
different details. The uPA molecule is highly asymmetric; the domains resem
ble differently shaped beads on a string. EGF, kringle, and the three subdo
mains within the proteinase domain behave autonomously and thus can be 
considered essentially as independent functional units. The amino terminal 
region of the B-chain is extremely resistant to unfolding. Binding of a pseu
dosubstrate inhibitor, Glu-Gly-Arg-chloromethyl ketone, stabilizes the 
proteinase subdomain. High flexibility was observed within the uPAR 
binding region. The interaction of Lys300 in the flexible loop region 297-313 
with ASp355 was shown to stabilize the active proteinase conformation of sc
uPA (SUN et a1.1997, 1998). The positively charged cluster ofresidues 179-184 
in the surface loop known as variable region 1 interacts with the main physi
ological inhibitor of tc-uPA, plasminogen activator inhibitor type-l (PAl-I) 
(ADAMS et al. 1991), which, as a pseudosubstrate, forms an inactive adduct by 
acylation of the active site serine residue of the proteinase (EGELUND et al. 
1998). 

III. Non-protein Components of uPA 

The composition of the carbohydrate side chain at Asn302 depends on the pro
ducing cell type. In uPA derived from recombinant cells a higher carbohydrate 
content than in urinary uPA and a different sialic acid contents were observed 
(SARUBBI et al. 1989). The N-glycosidic carbohydrate moiety of uPA from urine 
was found to be heterogeneous and rather uncommon (BERGWERFF et al. 
1995). It consists mainly of two- and three-antennal chains containing termi
nal N-acetylglactosamine({31-4)-N-acetylglucosamine elements. The latter 
residues partially carry a fucose residue at 03 and the former are mainly sul
fated at 04. According to cDNA-derived amino acid sequences the glycosy
lation site in porcine uPA is located in the kringle domain (NAGAMINE et al. 
1984), while murine uPA lacks any N-glycosylation site (BELIN et al. 1985). 
These differences make it unlikely that N-glycosylation of uPA is of basic func
tional significance. 

Fucosylation of a distinct threonine residue (Thr18) has been observed first 
in uPA (BuKO et al. 1991) but might be a common feature of EGF-like struc
tures. It has been implicated in cell proliferation and mitogenicity of glycosy
lated uPA (RABBANI et al. 1992). 

There are two phosphorylation sites, on Serl3S and Ser303 , which modulate 
proadhesive ability of uPA without interference of its binding to uPAR 
(FRANCO et al. 1997). Phosphorylation of tyrosine residues within uPA from 
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urine or produced by HT-1080 cells has been reported (BARLATI et al. 1991); 
the site of modification is, however, not specified. 

IV. Proteolytic Conversions of uPA 

The significance of activation of sc-uPA by proteolytic action was recognized 
by BERNIK and OLLER (1973). The activation by the product of uPA action, i.e., 
plasmin, was recognized as a particularly key step in the fibrinolytic action of 
sc-uPA. Meanwhile, it has become evident that the activation site of sc-uPA is 
also prone to cleavage by several other serine proteinases, cysteine pro
teinases, and even a metalloproteinase (Table 1). While plasma kallikrein and 
factor XIIa may contribute to fibrinolysis, cathepsins are thought to partici
pate in the uPA activation of cell surface-related plasminogen activation. 

Cleavage of sc-uPA by thrombin at the Arg156_Phe157 bond results in an 
essentially inactive tc-uPA (IcHINOSE et al. 1986; GUREWICH et al. 1987), since 
the amino group released does not appropriately interact with the proteinase 
active site. The inactivation is accelerated by thrombomodulin (DE MUNK et 
al. 1991). This inactive tc-uPA form can be activated by release of the amino 
terminal dipeptide of its B-chain by cathepsin C (NAULAND and RUKEN 1994) 
or, although slowly, by plasmin (LIJNEN et al.1987). Cleavage at the Ile159_Ile160 
bond results in an irreversibly inactive tc-uPA (SCHMITT et al.1989; LEARMONTH 
et al. 1992). 

Cleavage within the uPAR binding region, e.g., of the Lys23_Tyr24 bond, 
abolishes uPA receptor binding and therefore modulates cell-surface uPA 

Table 1. Proteinases acting on individual cleavage sites (see Fig. 1 ) within sc-uPA being 
of relevance for uPA function 

Cleavage site 

Lys135_Lys136 

GluI43_Leul44 

Proteinase 

Plasmin, trypsin 
Serum kallikrein 
Glandular kallikrein 
Factor XIIa 
Nerve growth factor-y 
Mast cell tryptase 
Cathepsin B 
Cathepsin L 
Cathepsin G (with heparin) 
Hu TSP-1 
Thermolysin 
Thrombin 
Granulocyte elastase 
Cathepsin G 
Urokinase, plasmin 
Pump 1 metalloproteinase 
Metalloproteinase 3 
Plasmin 
Cathepsin G (with heparin) 

Reference 

BERNIK and OLLER 1973 
ICHINOSE et al. 1986 
LIST et al. 2000 
ICHINOSE et al. 1986 
WOLF et al. 1993 
STACK and JOHNSON 1994 
KOBAYASHI et al. 1991 
SCHMITT et al. 1992 
DRAG and PETERSEN 1994 
BRUNNER et al. 1990 
MARCOTTE and HENKIN 1993 
ICHINOSE et al. 1986 
SCHMITT et al. 1989 
LEARMONTH et al. 1992 
SCHALLER et al. 1983 
MARCOTTE et al. 1992a 
UGWU et al. 1998 
MARCOTTE et al. 1992b 
LEARMONTH et al. 1992 
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activity (MARCOTTE et a1. 1992b; LEARMONTH et a1. 1992). A B-type car
boxypeptidase like carboxypeptidase U or thrombin-activable fibrinolysis 
inhibitor, which was recently identified in plasma (EATON et a1. 1991; WANG 
et a1. 1994; BAJZAR et a1. 1995) might be responsible for the lack of carboxy
terminal Lys of the A-chain in tc-uPA from urine (GONZLER et a1. 1982b). 

V. uP A Activity 

uPA activates the pro-enzyme plasminogen to the active serine proteinase 
plasmin by cleavage of the single Arg561_Va1562 bond (ct. Chap. 2). Almost all 
proteolytic activities ascribed to uPA are finally due to the plasmin generated 
this way. Direct cleavage by tc-uPA of fibronectin (GOLD et a1. 1989), pro
cessing of pro-hepatocyte growth factor (NALDINI et a1. 1995) and of basic 
fibroblast growth factor (ODEKON et a1. 1992), as well as promotion of axon 
growth (MUIR et a1. 1998) are a few exceptions. 

On a molar basis HMW and LMW tc-uPA show similar activities in chro
mogenic substrate tests (PHILO and GAFFNEY 1981). However, higher efficacy 
was reported for HMW tc-uPA in clot lysis and fibrin plate tests (SAMAMA et 
a1. 1982). No difference in inhibition rate by arantiplasmin or in plasma was 
observed between HMW and LMW tc-uPA (SAMAMA et a1. 1982). Unglycosy
lated tc-uPA was faster inhibited in plasma than glycosylated tc-uPA, while 
kinetic constants with chromogenic substrate were the same (LENICH et a1. 
1992). 

Whether sc-uPA is an active entity has long been a matter of debate. Like 
a pro-enzyme, it is essentially resistant to inhibition, i.e., its activity persists in 
plasma (PANNELL and GUREWICH 1986) and it does not form an inactive adduct 
with PAl-I. It is also accepted now that sc-uPA exhibits only very little 
(<1/1000) activity compared to tc-uPA in a chromogenic test system. However, 
in fibrinolytic or thrombolytic test systems, which include the activation of 
plasminogen, sc-uPA produces considerable activity in vivo and in vitro. The 
lytic activity of sc-uPA is, in part, due to the reciprocal activation of sc-uPA by 
plasmin and of plasminogen by tc-uPA (PETERSEN 1997). The evidence for a 
genuine plasminogen-activating activity of sc-uPA, possibly sufficient to 
trigger the lytic effect, has been provided by the activity of the LyslsxGlu sc
uPA mutant, which is no longer cleavable by plasmin (NELLES et a1. 1987) but 
can activate plasminogen. Furthermore, the plasminogen mutant Ser740 Ala, the 
active site of which is inoperative, was still cleaved at the Arg561_Va1562 site by 
sc-uPA (LIJNEN et a1. 1990). This cleavage was most effective if the mutant 
plasminogen was bound to partially degraded fibrin, suggesting that for fibrin
bound plasminogen, sc-uPA might be a sufficient activator on its own (FLEURY 
et a1. 1993). 

It is evident from studies in vitro and in vivo that clot lysis by sc-uPA in 
contrast to that by tc-uPA can occur fibrin-specifically. This means that clot 
lysis proceeds without major systemic effects induced by plasmatic plasmin 
generation. The way by which sc-uPA acts fibrin-specifically has not been 
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definitely established. Since sc-uPA does not bind to fibrin, this is not a matter 
of local binding. Instead, a probable explanation (Fig. 2) considers the 
prevalence of sc-uPA activity towards fibrin-bound vs free plasmatic Glu
plasminogen (GUREWICH et al. 1992). This concept agrees with the above
mentioned in vitro experiments of plasminogen activation (FLEURY et al. 1993), 
with the frequent observation of a concentration-dependent lag-phase in sc
uPA clot lysis in vitro, and with the claim of synergistic thrombolytic actions 
oftPA and sc-uPA (GUREwICH and PANNELL 1986; COLLEN et al.1987).Accord
ingly, initial fibrin degradation, e.g., by tPA, generates free carboxy terminal 
lysine residues in fibrin fragment E. Glu-plasminogen binds to these residues 
and thereby undergoes a conformational change which renders it highly sus
ceptible to activating cleavage by sc-uPA. Plasmin, thus generated, attacks 
fibrin and, simultaneously, produces tc-uPA from sc-uPA, thereby enhancing 
the fibrinolytic process (Fig. 2b). In contrast, in plasma, Glu-plasminogen is 
not efficiently activated by sc-uPA and mature proteinases such as tc-uPA and 
plasmin, eventually generated, are under control of plasmatic inhibitors (Fig. 
2a). Therefore, as long as the inhibitor capacity is adequate, plasminaemia and, 
consequently, systemic fibrinogen breakdown is prevented. 

A conformational change of Glu-plasminogen upon interaction with 
lysine analogues similar to that upon binding to fibrin could explain the obser
vation of a rapid conversion of sc-uPA to tc-uPA in plasma containing tranex
amic acid (GUNZLER et al. 1990). When sc-uPA and tranexamic acid were 
coadministered to rabbits in a pulmonary embolism model, fibrinolysis was 
antagonized, possibly by interfering with the fibrin binding of plasminogen, 
while a profound fibrinogen degradation indicated a fulminant systemic plas
minogen activation (SCHNEIDER 1990). 

Interaction of sc-uPA with uPAR was reported to increase its activity, pos
sibly by reversible change of its conformation (HIGAZI et al. 1995). Unglyco
sylated sc-uPA was activated faster by plasmin and was more active in clot 
lysis than glycosylated sc-uPA (LENICH et al. 1992). Functional properties of 
HMW and LMW sc-uPA were found to be very similar (LIJNEN et al. 1988). 

F. Physiology of uP A 

The physiological role of uPA within the plasminogen-plasmin system is still 
not completely understood. There appear to be two main aspects of plasmin
dependent uPA functions: 

1. Maintenance of intravascular or intratubular patency 
2. Tissue remodelling involved in cell migration processes 

The former function is suggested by secretion of uPA into, and presence 
of free uPA in, the vascular or tubular fluids. The latter function depends on 
localization of uPA specifically on the cell surface, e.g., by uPAR binding (ct. 
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Fig.2a,b. Explanation of clot-specific action of sc-uPA. a Processes in plasma: negligi
ble plasminogen activation by sc-uPA; proteinases (tc-uPA, plasmin) under inhibitor 
control (cf. Chap. 5). b Processes at the clot: activation by sc-uPA of plasminogen bound 
to fibrin fragment E; positive feedback activation of sc-uPA by plasmin to tc-uPA; 
inefficient local inhibition; efficient degradation of the fibrin clot 

Chap. 6). Vitronectin might contribute to the localization of uPA activity by 
binding of soluble uPAR/uPA complexes (CHAVAKIS et al.1998). A special type 
of uPA binding seems to be involved in the uptake into human platelets 
(GUREWICH et al. 1995; JIANG et al. 1996). In this instance, HMW uPA appears 
securely fixed to the platelet membrane while its activity is conserved. The 
multiligand receptors az-macroglobulin receptor/low density lipoprotein 
receptor-associated protein and epithelial glycoprotein 330 are reported to be 
responsible for internalization of several types of uPA complexes (CONESE and 
BLASI 1995; VAN DER KAADEN et al. 1998). 
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I. Intravascular and Intratubular Functions of uP A 

Although uPA has been widely used as a useful human-type thrombolytic 
agent and its presence in normal plasma is beyond any doubt, its physiologi
cal role in the vascular system is still unclear. First experiences with mice 
devoid of a functional uPA gene (CARMELIET et al. 1994) indicated that uPA, 
like tPA, might protect veins from fibrin deposits. In pulmonary arteries, 
however, the rate of spontaneous lysis of artificial plasma clots was not altered 
in uPA gene-deficient mice. Fibrin deposits in tissues of uPA-deficient, but not 
in tPA-deficient mice suggest a specific role of uPA in fibrinolysis (BuGGE 
et al. 1996). 

Since it is known that uPA is produced in, and secreted from, epithelial 
cells lining the tubular system of different organs, e.g., kidney, mammary gland, 
and male genital tract, it seems obvious that uPA is responsible for maintain
ing their patency. The regulation of the exocrine process and the structural 
determinants of uPA secretion are still unclear. 

II. Role of uP A in Tissue Remodelling and Cell Migration 

Cell-associated plasminogen activation is another main physiological function 
of uPA. Since this is discussed as a basic mechanism of tissue remodelling and 
cell migration, uPA is considered a significant component of important physi
ological and pathophysiological processes like embryo implantation, migra
tion of inflammatory cells, wound healing, angiogenesis, and tumor metastasis. 
These processes are highly complex and require tight regulation. This concerns 
not only expression, activation, inhibition, and elimination of uPA but also of 
the other components of the system, e.g., uPAR, plasminogen, and plasmino
gen activator inhibitors. It is not within the scope of this book to discuss in 
detail the various functions of uPA which are not related to thrombolysis. 
The significance of uPA in some of these processes is, however, questioned by 
experience with mice deficient in functional uPA gene (CARMELIET et al.1994). 
uPA-deficient mice appeared normal at birth, suggesting no pivotal role for 
uPA in embryonic development. The finding that macrophage function was 
not affected by uPA deficiency indicates that some uPA functions may, in part, 
be taken over by other enzymes (biological redundancy). However, uPA 
deficient mice are predisposed to staphylococcal infections (SHAPIRO et al. 
1997). They also exhibit some resistance to induction of primary cutaneous 
melanoma, suggesting that uPA is involved in malignant progression (SHAPIRO 
et al.1996). uPA was shown to induce smooth muscle cell migration. The EGF
region was essential for the chemotactic effect of uPA, suggesting a pivotal 
role of uPAR binding (STEPANOVA et al. 1997). Arterial injury in uP A-deficient 
mice revealed that uPA plays a significant, but uPAR-independent, role in vas
cular wound healing and arterial intima formation (CARMELIET et al. 1997a, 
1998). 

Mice deficient in apolipoprotein A develop early atherosclerotic lesions, 
thinning of the aortic wall, and fragmentation of elastic membranes, resulting 
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in microaneurysms of the aorta. Doubly deficient mice in apoE and uPA 
were protected against media destruction, probably due to reduced plasmin
dependent activation of pro-metalloproteases (CARMELIET et al. 1997b, 1998). 
The induction of vascular smooth muscle proliferation by uPA appears to 
follow a different pathway since it was found to be independent of uPAR
binding and of its proteinase activity (KANSE et al. 1997). 

uPA is able to cleave directly fibronectin (MONZON-BoRDONABA et al. 
1997), soluble latent membrane-type matrix metalloproteinase (MMP-2) 
(KAZES et al. 1998), as well as several proforms of growth factors. The N
terminal fragment inhibits a4~1 integrin-mediated lymphocyte adhesion 
independently of its catalytic activity (OLIVIER et al. 1999). 

Binding of uPA to its receptor induces a series of signal transmission 
events (reviewed by DEAR and MEDCALF 1998 and by BESSER et al. 1997), such 
as activation of the Jak/Stat pathway (DUMLER et al. 1998), of the early 
response genes fos, jun, and myc (RABBANI et al. 1997), of tyrosine kinase
dependent glucose transporters (ANICHINI et al. 1997), and extracellular signal
regulated kinases ERKI and ERK2 (NGUYEN et al. 1998; KONAKOVA et al. 
1998), to cite just a few examples. uPA, therefore, is a multifunctional protein 
whose many roles in cell migration and tissue remodelling still await further 
elucidation. 

List of Abbreviations 

AP-1 
AP-2 
ATF 
COM 
EGF 
ERK 
HMW 
LMW 
MMP 
NF-KB 

PAI-l 
PEA 
Spl 
uPA 
sc-uPA 
tc-uPA 

activator protein 1 binding site 
activator protein 2 binding site 
amino-terminal fragment (of uPA) 
co-operation mediating (DNA sequences) 
epidermal growth factor 
extracellular signal regulated kinase 
high molecular weight 
low molecular weight 
metalloproteinase 
nuclear transcription factor, first found in K-light chain of B 

lymphocytes 
plasminogen activator inhibitor type-l 
polyoma early promoter activator 
specific promoter-l binding site 
urinary-type (or urokinase-type) plasminogen activator 
single chain uPA, also called pro-urokinase 
two chain uPA, also called urokinase 
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CHAPTER 5 

The Inhibitors of the Fibrinolytic System 

E.K.o. KRUITHOF 

A. Introduction 

Studies in transgenic mice deficient in plasminogen, tissue-type plasminogen 
activator (tPA), urinary-type plasminogen activator (uPA), or plasminogen 
activator inhibitor type-1 (PAI-l) have confirmed the major role of the PA 
system in fibrin clot surveillance, wound healing, tissue remodeling, cell migra
tion, and arterial neointima formation (CARMELlET and COLLEN 1997; PLOPLlS 
1995; MOONS 1998; BUGGE 1998). 

To avoid excessive proteolysis and tissue damage, a precise, coordinated 
regulation of the PA system is required. This is achieved by many regulatory 
mechanisms including: ( a) inhibition by specific inhibitors; (b) binding of plas
minogen, PAs, and their inhibitors to fibrin, to extracellular matrix proteins, or 
to cell surface receptors; (c) modulation ofPA and PAl gene expression; and (d) 
clearance of free and PAl-bound PAs via specific receptors. Inhibitors are of 
paramount importance for the regulation of the fibrinolytic system (Fig. 1). 
The principal inhibitor of plasmin is aTantiplasmin (A2AP), whereas the 
plasminogen activator inhibitors PAI-1 (LosKUToFF 1991; JUHAN-VAGUE and 
ALESSI 1993; ANDREASEN 1997; VAN MEIJER and PANNEKOEK 1995) and PAI-2 
(KRUITHOF et a1. 1995) are the principal inhibitors of tPA and uPA. These 
inhibitors are all members of the serpin superfamily of proteins which form irre
versible complexes with their target proteases (POTEMPA et a1. 1994; LAWRENCE 
1997; WHISSTOCK et a1. 1998). Lipoprotein( a), histidine-rich glycoprotein,A2AP, 
and carboxypeptidase interfere with the binding of plasminogen to fibrin 
and cell surface receptors and may reduce the rate of plasminogen activation. 
The aim of the present review is to summarize recent findings concerning the 
properties of these inhibitors of the fibrinolytic system (Table 1). 

B. {Xz-Antiplasmin 
I. Gene and Protein Structure 

The A2AP gene (PU) is located on chromosome 17p13 (KATO et a1. 1993) 
(Table 2). Mature A2AP has 464 amino acids (TONE et a1. 1987; HOLMES et a1. 
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Fig.I. Simplified model of fibrinolysis. Plasminogen is activated by tissue-type plas
minogen activator (tPA) or urokinase (uPA). Active uPA is generated from pro-uPA 
by the action of plasmin and of kallikrein. The binding of plasminogen and of tPA to 
fibrin greatly accelerates the rate of plasminogen activation. Inhibitors modulate fibri
nolytic activity at the level of plasmin activity (a2-antiplasmin, A2AP) and of PA activ
ity (PAI-l and PAI-2). The binding of plasminogen to fibrin is inhibited by A2AP, by 
histidine-rich glycoprotein (HGRP), by apolipoprotein(a), and by caboxypeptidases 
(Cpase), which removes C-terminallysines that bind plasminogen 

1987) and a C-terminal region much longer than that of other serpins. It has 
been purified from plasma (AOKI et al. 1993) in which it is present at 69,ug/ml 
(-l,umolll). A2AP has three interaction sites which are important for its activ
ity. The reactive center is located at Arg376_Met377 • The C-terminal region has 
Lys448 and Lys464 that bind to the lysine binding site of plasmin( ogen) 
(SUGIYAMA et al. 1988) and interfere with the binding of plasminogen to fibrin 
or cell surfaces and reduce the rate of plasminogen activation. A transgluta
min at ion site (Glu2) mediates cross-linking by factor XIII of A2AP to fibrin 
(JANSEN et al. 1987). Several degradation products of A2AP have been 
described in plasma that have lost the plasminogen binding site or the trans
glutamination site. Mature A2AP is secreted by liver cells with amino
terminal Met-Glu (KOYAMA et aI.1994). However, in plasma part of the A2AP 
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Table 1. Inhibitors of the fibrinolytic system 

Inhibitor 

A2AP 

PAI-1 
PAI-2 
HRGP 
Lp(a) 

Effect on fibrinolysis 

Primary inhibitor of plasmin, is crosslinked by factor XIII to fibrin, 
inhibits the binding of plasminogen to fibrin and cell surfaces 

Principal inhibitor of tPA and uPA 
Efficient inhibitor of uPA and two-chain tPA, mainly intracellular 
Inhibits the binding of plasminogen to fibrin and cell surfaces 
Contains the plasminogen-like apolipoprotein(a), which inhibits the 

binding of plasminogen to fibrin and cell surfaces 
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Cpase B Cleaves off C-terminal Iysines from fibrin or cell surface proteins, which 
bind plasminogen 

A2AP, lXz-antiplasmin; PAl, plasminogen activator inhibitor (type 1 or type 2); HRGP, 
histidine-rich glycoprotein; Lp(a), lipoprotein(a); Cpase B, carboxypeptidase B. 

Table 2. Basic information on the principal serpin inhibitors of fibrinolysis 

Chromosomal location 
cDNA size (kbp) 
Molecular weight (kDa) 
Number of amino acids 
Reactive center 
N-linked glycosylation sites 
Plasma concentration (nmol/I) 
Heparin binding 

A2AP 

17p13 
2.3 
67 
464 
Arg-Met 
4 
1000 
No 

PAI-1 

7q22.1-22.3 
3.2 and 2.2 
52 
379 
Arg-Met 
3 
0.1-1 
Yes 

aln pregnancy plasma PAI-2 may increase up to 5nmol/1. 

PAI-2 

ISq22.1 
1.9 
47 and 60 
415 
Arg-Ser 
3 
<0.1" 
No 

molecules have lost the first 12 amino acids containing the transglutamination 
site. Furthermore one third of plasma A2AP has lost the plasminogen binding 
site (CLEMMENSEN et al. 1981). A2AP is not only produced by hepatocytes, but 
also in the kidney in epithelial cells lining the convoluted portion of proximal 
tubules; its accumulation is under androgen control (MENouD et al. 1996). 
Moderate amounts of A2AP mRNA are detected in other murine tissues such 
as muscle, intestine, central nervous system, and placenta. 

II. Target Enzyme Specificity 

In human plasma A2AP inhibits free plasmin activity with an estimated half 
life of 0.1 s (calculated from an A2AP concentration of 1,umolll and a kl = 
107 M-1 S-I) (Table 3). Fibrin bound plasmin has both its active site and its lysine 
binding site occupied and therefore reacts much more slowly with A2AP than 
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Table3. Second order rate constants (in M-1s-1) of A2AP, 
PAl-I, and PAI-2 with respect to plasmin and the PAs 

A2AP PAI-l PAI-2 

Plasmin 107 7 x 105 102 

sc-tPA -102 107 103 

tc-tPA -102 107 2 X 105 

tc-uPA _102 107 106 

free plasmin (RAKOCZI et al. 1978). However, crosslinking of A2AP to fibrin 
enhances the efficacy of the inhibitor towards fibrin-bound plasmin. The 
inhibitory effect of factor XIII on clot lysis was shown to be due to cross
linking of A2AP to fibrin rather than to fibrin-fibrin cross-linking (JANSEN et 
al. 1987). Also, A2AP reduces the rate of plasminogen activation by interfer
ing with the binding of plasminogen to fibrin and to cell surfaces. Compared 
to PAI-1 or PAI-2, A2AP is a poor inhibitor of tPA and uPA. 

III. fX}.-Antiplasmin Deficiencies 

Congenital autosomal recessive A2AP deficiencies have been described. 
Patients with homozygous deficiencies are characterized by easy bruising, 
post-traumatic rebleeding (typically after cessation of initial hemorrhage), 
hematoma, hemarthrosis, and excessive bleeding after dental extraction (SAITO 
1988). Subjects with heterozygous deficiencies may have a mild bleeding ten
dency, but are often asymptomatic. A2AP Enschede has normal plasma 
antigen concentrations, but an absent activity. The molecular defect is due to 
an insertion of an alanine in the reactive center loop, resulting in a loss of 
inhibitory activity (KwFT et al. 1987). Two A2AP mutants (Nara and 
Okinawa) have low plasma concentrations due to an impaired secretion by 
hepatocytes (MIURA et al. 1989a,b). 

Acquired A2AP deficiencies may be due to a deficient A2AP biosynthe
sis, which may occur in severe liver disease, or to excessive plasminogen acti
vation during thrombolytic therapy or during disseminated intravascular 
coagulation. 

C. Plasminogen Activator Inhibitor Type 1 
I. Gene Structure 

The PAI-l gene (PLANH1) is located on chromosome 7q22 (KLINGER et al. 
1987). Several regulatory elements were identified in the PAI-l promoter 
that may mediate the response to phorbol ester, cAMP, transforming growth 
factor-/3 (TGFf3) , interleukin 1, or glucocorticoids (VAN ZONNEVELD et al.1988; 
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KEETON et al. 1991; WESTERHAUSEN et al. 1991; BRUZDZINSKI et al. 1993; 
DAWSON et al. 1993; KNUDSEN et al. 1994; CHANG and OOLDBERG 1995; DONG 
et al. 1996). A heterogeneity (40/50) is found at position 675 upstream of the 
transcription initiation site. In the general population the 40 and 50 alleles 
occur at almost equal frequency. Individuals homozygous for the 40 allele at 
this position have 30% higher PAI-l levels (DAWSON et al. 1991; ORANT 1997). 
The genotype related differences in PAI-l levels may be due to genotype
specific responses to PAl-I-inducing factors. Thus, the response of the PAI-l 
gene to interleukin-l or triglycerides may depend on the 40/50 phenotype 
(DAWSON et al. 1993; ERIKSSON et al. 1998a). Several studies suggest that envi
ronmental factors such as smoking, or patient characteristics such as body mass 
index, triglycerides levels, gender, or heterogeneities in other genes such as the 
angiotensin-converting enzyme gene may be more important than genotype 
differences in determining plasma levels of PAI-1 (MARGAGLIONE et al. 1998b; 
BURZOTTA et al. 1998; HENRY et al. 1998). The contribution of the 40 genotype 
to cardiovascular disease is still controversial. Several studies observed an 
association of the 40 genotype with cardiovascular disease (ERIKSSON et al. 
1995; IWAI et al. 1998; MARGAGLIONE et al. 1998a), whereas other studies did 
not (YE et al. 1995; CATTO et al. 1997; ORANT 1997; RIDKER et al. 1997). In Pima 
Indians with type 2 diabetes, the presence of the 40 allele of the PAI-1 gene 
was associated with a higher risk of diabetic retinopathy (NAG! et al. 1997). In 
stroke patients, PAI-l level but not 40/50 genotype was associated with early 
mortality (CATTO et al. 1997). In one study, the PAI-l genotype affected the 
phenotypic expression of thrombophilia in protein S deficient individuals 
(ZOLLER et al. 1998). The observation of a higher frequency of the 40 poly
morphism in centenarians than in a young healthy control popUlation 
(MAN NUCCI et al. 1997) suggests that a higher level of PAl-I, despite its asso
ciation with impaired fibrinolysis, is compatible with successful aging. 

II. Protein Structure 

Human PAI-l is a 50kDa glycoprotein of 379 amino acids, having its reactive 
center at the Arg348_Met349 bond. Its crystal structure has been determined 
(SHARP et al. 1999). It has been purified from conditioned media of eukaryotic 
cells and has been expressed in E. coli (REILLY et al. 1994). PAI-l is released 
from cells in an active form, but at physiological pH and 37°C it rapidly (half
life 2h) loses its activity (LEVIN and SAN TELL 1987). The resulting "latent" form 
can be reactivated by treatment with chaotropic agents (HEKMAN and LOSKUT
OFF 1985). The active form of PAI-l is stabilized by storage at lower pH and 
temperature and by adding vitronectin (LINDAHL et al. 1989a). A third form 
of PAl-I, the substrate form, is cleaved after incubation with PAs (DE CLERCK 
et al. 1992; SANCHO et al. 1995). Peptides corresponding to the reactive center 
loop convert the inhibitory form of PAI-1 into a substrate form (EITZMAN et 
al. 1995). The three dimensional structure of latent PAI-l is known and shows 
that in latent PAI-l the reactive center loop is partially buried in f)-sheet A 
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(MOTTONEN et al. 1992). The crystal structure of a complex of a reactive center 
loop peptide with PAI-1 shows that this peptide binds in the space between 
,B-strands 3 A and 5 A and is able to prevent insertion of the reactive-center 
loop into ,B-sheet A, thereby abolishing the ability of the serpin to inactivate 
irreversibly its target enzyme (XUE et al. 1998). 

III. Target Enzyme Specificity of PAI-! 

PAI-1 reacts very efficiently with two-chain uPA and tPA with rate constants 
above 107 M-1 S-l (Table 3) but also with trypsin (7 x 106), plasmin (7 x 105), 

thrombin (9 x 102), factor Xa (2 x 104), factor Xla (2 x 105), plasma kallikrein 
(6 x 104), and factor XIIa (2 x 104) (THORSEN et al. 1988; HEKMAN and 
LOSKUTOFF 1988; BERRETTINI et al. 1989). Heparin and vitronectin enhance the 
rate of inhibition by PAI-l of thrombin to 6 x 104 and 2 x 105, respectively 
(VAN MEIJER et al. 1997) and that of factor Xa to 5 x 104 and 2 x 105, respec
tively (URANO et al. 1996). In addition to enhancing the rate of inhibition, both 
cofactors increase the apparent stoichiometry of the PAl-I-thrombin interac
tion. Therefore, thrombin will efficiently inactivate PAI-l in the presence of 
either vitronectin or heparin, unless a sufficient excess of the inhibitor is 
present. 

IV. Deficiencies, Knockout, and Overexpression in Mice 

Functional deficiencies of PAI-1 are associated with a delayed type bleeding. 
In one patient a complete PAI-l deficiency was due to a frame-shift mutation 
(FAY et al. 1992), whereas in other patients PAI-l was undetectable in plasma 
but normal in platelets (DIEVAL et al. 1991; LEE et al. 1993). In a large kindred 
with PAI-l deficiency, 19 individuals heterozygous for the PAI-1 null allele and 
7 homozygous individuals with complete PAI-1 deficiency were identified 
(FAY et al. 1997). Clinical manifestations of PAI-l deficiency were restricted to 
abnormal bleeding, which was observed only after trauma or surgery in 
homozygous affected individuals. Fibrinolysis inhibitors, including £

aminocaproic acid and tranexamic acid, were effective in treating and pre
venting bleeding episodes. Other than abnormal bleeding, no significant 
developmental or other abnormalities were observed in homozygous PAI-l
deficient individuals. In mice, functional disruption of the PAI-l gene did not 
result in a bleeding tendency, but accelerated the rate of spontaneous clot 
lysis. Furthermore, PAl -I-deficient mice were resistant to the development of 
venous thrombosis after injection of endotoxin into the footpad (CARMELIET 
et al. 1993). In contrast, overexpression of PAI-l in mice resulted in an 
increased risk of thrombotic complications (ERICKSON et al. 1990). 

V. Role of PAI-! in Cell Migration 

Malignant keratinocytes transplanted into a PAl-deficient mouse model pre
vented local invasion and tumor vascularization (BAJOU et al. 1998). In con-
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trast, a model of arterial wound healing after electric injury revealed that PAI
l (-I-)smooth muscle cells, originating from the uninjured borders, migrated 
more rapidly into the necrotic center of the arterial wound than wild-type 
smooth muscle cells (CARMELIET et al. 1997). These in vivo studies suggest that 
PAI-l plays a complex role in cell migration, essential under certain circum
stances and inhibitory under other circumstances. The mechanism of migra
tion inhibition by PAI-1 appears to be related to the binding of PAI-1 to 
vitronectin, because cell migration is enhanced by the presence of vitronectin 
and requires the expression of the vitronectin receptor (CXv integrins) and 
because active but not latent PAI-1 inhibits the interaction of vitronectin with 
CXv (STEFANSSON and LAWRENCE 1996; KJ0LLER 1997; GERMER et al. 1998). 
Formation of a complex between PAI-1 and plasminogen activators results in 
loss of PAI-1 affinity for vitronectin and restores cell migration. In contrast, 
PAI-I can also stimulate cell migration on vitronectin, presumably by inhi
biting uPA/uPAR-mediated cell adhesion to vitronectin and thereby releasing 
the inhibition of cell migration induced by uPA (STAHL and MUELLER 
1997; WALTZ et al. 1997). Cells may also directly adhere to immobilized PAI
l. This requires the presence of urokinase/uPAR at the cell surface (PLANUS 
et al. 1977). CXvf33 Integrin might be the transmembrane molecule that physi
cally connects the complex of PAI-1, urokinase, and uPAR to the cytoskele
ton. Taken together, these results suggest that adhesion and dissociation of 
cells are both required for cell migration and that this process is regulated 
by the complex interactions between PAI-1, uPA, uPAR, vitronectin, and CXv 
integrins (reviewed by LOSKUTOFF et al. 1999). 

VI. Distribution of PAI·1 In Vivo 

PAI-1 is normally detected in human plasma and in human platelets. Ninety 
percent of PAI-1 antigen, but only 50% of PAl activity in human blood is asso
ciated with platelets and released upon platelet activation (ERICKSON et al. 
1984; KRUITHOF et al. 1987b). The discrepancy is due to the fact that part of 
platelet PAl -1 is in the latent form (DE CLERCK et al. 1988). The source of PAI
l in plasma is not known but liver and endothelial cells are most likely to con
tribute. Other cell types that may contribute are smooth muscle cells (Lupu 
et al. 1993), monocytes/macrophages and adipocytes (ALESSI et al. 1997; 
LOSKUTOFF and SAMAD 1998; ERIKSSON et al. 1998b). 

An early report observed that fibrin-bound tPA is protected from plasma 
PAI-1 (KRUITHOF et al. 1984). However, during clot formation in vivo, PAI-1 
is released from platelets and may be incorporated in the clots (STRINGER et 
al. 1994). This increases the resistance of such clots for tPA-mediated clot lysis 
(ZHU et al. 1999). Inhibition of PAI-1 by monoclonal antibodies facilitated 
spontaneous clot lysis and reduced the extension of experimental thrombosis 
(LEVI et al. 1992; BIEMOND et al. 1995b). Similar results were obtained using a 
low-molecular-weight inhibitor of PAI-1 (FRIEDRICH et al. 1997). 
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VII. Gene Regulation of PAI-1 

PAl -1 is expressed by a majority of cell types in culture. A common finding is 
that PAI-1 expression by cells in culture is much higher than that of their 
normal counterparts in vivo. This suggests that the process of cell prolifera
tion by itself is a powerful inducer of PAI-1 biosynthesis. PAI-1 expression may 
be further increased by a variety of agents such as TGF-fJ, tumor necrosis 
factor (TNF) , interleukin-1, retinoic acid, endotoxin, phorbol ester, insulin, 
angiotensin II, and glucocorticoids (MEDCALF et al. 1988a,b; LOSKUTOFF 1991;· 
ZELEZNA et al. 1992; ANFOSSO et al. 1993; SPENCER-GREEN 1994; MEDINA et al. 
1989; PRESTA et a1.1990; SAWDEY et a1.1989; VAN HINSBERGH et al. 1988; HEATON 
et al. 1992). Interleukin-6 had little or no effect on PAI-1 expression by 
hepatoma cells (BERGONZELLI and KRUITHOF 1991), but markedly enhanced 
the interleukin-1-mediated induction of PAI-1 (HEALY and GELEHRTER 1994) 
and induced an increase of plasma PAI-1 in vivo (see below). Cyclic AMP and 
prostaglandin E2 inhibited basal PAI-1 expression or the induction of PAI-1 
(BERGONZELLI et al. 1992; THALACKER and NILSEN-HAMILTON 1992; SANTELL 
and LEVIN 1988). Furthermore, in human endothelial cells and in human 
hepatoma or fibrosarcoma cells, PAI-l expression is increased by hyperther
mia (BERGONZELLI and KRUITHOF 1991; ANG and DAWES 1994). 

In mice, injection of endotoxin in vivo induced a markedly increased 
expression of PAI-1 in renal endothelial cells, which suggests a role for PAI-1 
in the pathogenesis of renal disease (KEETON et al. 1993). 

VIII. PAI-1 as a Marker for Vascular and Arterial Disease 

The relation between elevated PAI-1 and vascular and arterial disease has 
been demonstrated in a large number of studies (HAMSTEN et al. 1987; 
MUNKVAD et al. 1990; JUHAN-VAGUE and ALESSI 1993). This led to the idea that 
elevated PAI-1 is a risk factor for (i.e., causally related to) the occurrence of 
thromboembolic complications and myocardial infarction. However, PAI-1 
concentrations are correlated with risk factors of the metabolic syndrome of 
insulin resistance which are also associated with atherothrombotic disease, like 
triglycerides (JUHAN-VAGUE and ALESSI 1993; JUHAN-VAGUE et al. 1993), with 
markers of the acute phase response, like fibrinogen and C-reactive protein 
(THOMPSON et al. 1995), and with hypertension (URANO et al. 1993; GLUECK et 
al. 1994). The intricate relation of PAI-1 with these risk markers (or factors) 
will make it difficult to determine whether PAI-1 by itself has an independent 
causal effect for thromboembolic disease (JUHAN-VAGUE and ALESSI 1993). 
Perhaps studies with PAI-1 deficient mice may ultimately help to settle 
whether PAI-1 is a risk factor or a risk marker. 

IX. PAI-1 and the Acute Phase Response 

There are several indications for PAI-1 being an acute phase protein. In 
humans, PAI-1 concentrations increase in the early postoperative phase 
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(JANSSON et al. 1989; AILLAUD et al. 1985). Plasma from the postoperative 
period was able to augment PAI-1 biosynthesis twofold in human umbilical 
vein endothelial cells, which suggests the presence of a PAl -1 inducing factor 
in postoperative plasma (KASSIS et al. 1992). In baboons, injection of 
interleukin-6, a mediator of the acute phase response, induced a 30-fold 
increase of PAl-I, but also a fourfold increase of tPA (MESTRlES et al. 1994; 
KRUITHOF et al. 1997). The maximal response was observed after 8h, whereas 
C-reactive protein, an early acute phase protein, had its maximum only after 
one or two days. Taken together, these studies suggest that PAI-1 and tPA are 
very early acute phase proteins. 

x. PAI·l and Septicemia 

Extremely high plasma levels of PAI-1 (up to 6000ng/ml) have been found in 
patients with septicemia and septic shock and predict a poor outcome 
(PRALONG et al. 1989; HESSELVIK et al. 1989; LORENTE et al. 1993; MEsTERs et 
al. 1996; KORNELISSE et al. 1996; VERVLOET et al. 1998). The induction of PAI
l is most likely mediated by endotoxin, because injection of endotoxin 
in humans leads first to an increase of tPA antigen (maximum after 4h) and 
later an increase of PAl-I, resulting in a net reduction of fibrinolytic activity 
(SUFFREDINI et al. 1989). Similar results were obtained in chimpanzees; in these 
animals, the administration of pentoxifylline or anti-TNF antibodies, but not 
anti-interleukin-6 antibodies, strongly attenuated the increase of tPA and PAI
l (BlEMOND et al.1995a). This result suggests that TNF is a more potent in vivo 
inducer of PAI-1 than interleukin-6. The finding that T-686 - an inhibitor of 
PAI-1- had a protective effect in a septicemia model in mice suggests that the 
high levels of PAI-1 in septicemia contribute to the risk of complications 
(MURAKAMI et al. 1997). 

D. Plasminogen Activator Inhibitor Type 2 
I. Gene and Protein Structure 

The PAI-2 gene (PLANH2) is situated on chromosome 18q22 within a serpin 
cluster that also contains the genes for squamous cell carcinoma antigens 1 
and 2, maspin gene, and cytoplasmic antiproteinase 2 (SILVERMAN et al. 1998) 
and is located at 600 kbp centromeric of the bcl-2 proto-oncogene, a major reg
ulator of apoptosis (SCHNEIDER et al. 1995). The PAI-2 promoter contains 
several regulatory elements that may mediate the phorbol ester, cAMP, and 
retinoic acid responses of the gene and also transcriptional silencers (COUSIN 
et al. 1991; SCHUSTER et al. 1994; ANTALIS et al. 1993, 1996; DEAR et al. 1996, 
1997; MAHONY et al. 1998). 

PAI-2 mRNA encodes a protein of 415 amino acids, having its reactive 
center at the Arg380_Thr381 bond. The protein has been purified from human 
placenta (ASTEDT et al. 1985) or from monocyte-like cells (KRUITHOF et al. 
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1986) and has been produced by recombinant DNA techniques in CHO cells, 
in bacteria, and in yeast (MIKUS et al. 1993; STEVEN et al. 1991). Its crystal struc
ture has been solved at 2.0 A resolution (HARROP et al. 1999). There are two 
forms of PAI-2, an intracellular nonglycosylated 47kDa, pI 5.0 form and a 
secreted, glycosylated 60kDa, pI 4.4 form of PAI-2 (KRUITHOF et al. 1986; 
GENTON et al. 1987; WOHLWEND et al. 1987), having similar inhibition charac
teristics (MIKUS et al. 1993). In most cell types studied, the majority of PAI-2 
is non-glycosylated and intracellular (GENTON et al. 1987; WOHLWEND et al. 
1987; MEDCALF et al. 1988a; Ny et al. 1989). PAI-2 has no classical aminoter
minal signal sequence (YE et a1.1988) and both intracellular and secreted PAI-
2 are produced from the same mRNA and the same start codon (BELIN et al. 
1989). Increasing the hydrophobicity of a-helices A and B results in improved 
PAI-2 secretion (VON HEIJNE et al.1991; BELIN 1993,1996). Under certain con
ditions relatively large amounts of the 47kDa form of PAI-2 have been 
detected in cell-conditioned medium, e.g., after prolonged exposure of U-937 
cells to phorbol ester, when cell viability is poor (KRUITHOF et al. 1986). Cell 
death (tissue necrosis or apoptosis) may thus be one route enabling the 
47kDa form of PAI-2 to reach the extracellular environment. The possibility 
of other mechanisms leading to the release of 47kDa PAI-2 from viable cells 
cannot be excluded, but hard data are lacking at present. Glycosylated PAI-2 
has been detected in pregnancy plasma (KRUITHOF et al. 1987a; LECANDER and 
ASTEDT 1987) implying a regular in vivo mechanism for PAI-2 secretion. 
Recent reports suggested that the distribution of the secreted and intracellu
lar forms PAI-l is modulated by serum (RITCHIE and BOOTH 1998). The pres
ence of transglutamination sites provides a mechanism for the cross-linking of 
PAI-2 to other proteins (JENSEN et al. 1994a). 

II. Target Enzyme Specificity 

PAI-2 efficiently inhibits tc-uPA and tc-tPA, but poorly sc-tPA (Table 3). Com
pared to PAl-I, it reacts 10 times less rapidly with tc-uPA and 50 and 10000 
times less rapidly with two-chain and single-chain tPA, respectively (KRUITHOF 
et al. 1986; THORSEN et al. 1988a; MIKUS et al. 1993). 

III. Distribution of PAI-2 In Vivo 

PAI-2 has been consistently detected in pregnancy plasma (see below), in pla
centa, and in plasma from patients with myelomonocytic leukemias (SCHER
RER et al. 1991). It has furthermore been detected in human monocytes and 
macrophages (VASSALLI et al. 1984; CHAPMAN and STONE 1985). 

PAI-2 is the predominant epidermal PA inhibitor being found throughout 
the normal epidermis, especially in the granular layers (CHEN et al. 1993; 
GISSLER et al. 1993; LYONS-GIORDANO et al. 1994). The finding that PAI-2 
becomes incorporated into the cornified envelope during terminal differenti
ation of the keratinocyte suggests that PAI-2 has a role in skin formation 
(JENSEN et al. 1995). 
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IV. Gene Regulation of PAI-2 

In general, basal levels of PAI-2 levels expressed by cells in culture are low. 
However, PAI-2 biosynthesis can be induced by many factors. PAI-2 expres
sion is regulated both at the level of gene transcription and at the level of 
mRNA stability. The interaction between various signal transduction pathways 
provides for additional possibilities for regulating PAI-2 expression. The 
observation that PAI-2 is induced by inflammatory agents suggests that PAI-
2 is involved in inflammation. Thus, lipopolysaccharide, phorbol ester, TNF, 
and interleukin-1 induce PAI-2 in monocytes, in fibroblasts, in mesothelial 
cells, and in endothelial cells, whereas glucocorticoids and TGF-f3 may reduce 
PAI-2 expression. cAMP stimulates PAI-2 production and potentiates the 
effect of phorbol ester in monocyte-like cells, whereas in fibroblast-like cells 
and in melanoma cells it antagonizes the phorbol ester- or TNF-mediated 
induction of PAI-2. In monocyte-like cells retinoic acid may potentiate the 
phorbol ester-mediated induction of PAI-2 (for a recent extensive review and 
references see: KRUITHOF et al. 1995). 

V. The Physiological Role of PAI-2 

The physiological role of PAI-2 still has to be established. Secreted PAI-2 may 
regulate PA activity near the cell surface and in the pericellular space. Intra
cellular PAI-2 may also contribute to PA inhibition in the extracellular space. 
In monocytes/macrophages suitable stimulation may increase PAI-2 up to 
several percent of total cell-associated protein, which provides a local storage 
pool of inhibitory activity. Release of these large amounts of PAI-2 during cell 
death (or by as yet unidentified alternative mechanisms) could block local PA
dependent proteolytic activity and contribute to tissue encapsulation as was 
seen with PAI-2 transfected tumor cells injected into mice (LAUG et al. 1993; 
MUELLER et al. 1995). 

Some reports suggested a role for PAI-2 as an inhibitor of TNF-mediated 
cytolysis or apoptosis (KUMAR and BAGLIONI 1991; DICKINSON et al. 1995) and 
of the cytopathic effects of a-virus infection (ANTALIS et al. 1998). The obser
vation of a cleaved form of PAI-2 in apoptotic cells and in keratinocytes 
suggest the presence of an intracellular target enzyme (JENSEN et al. 1994b; 
RISSE et al. 2000). 

E. Plasminogen Activator Inhibitors in Pregnancy 
Pregnancy is accompanied by increased plasma concentrations of PAI-l 
(tenfold) and of PAI-2, from below detection limit, «5 ng/ml) to a maximum 
of 250ng/ml at term (KRUlTHOF et al. 1987; LINDOFF et al. 1993). However, 
increases of tPA and uPA are also consistently observed during pregnancy. 
Pregnancy plasma contains mainly 60kDa, but also some 47kDa PAI-2 
(LECANDER and ASTEDT 1987; KRUITHOF et al.1987). PAI-1 protein and mRNA 
was detected in epithelial cells of the chorioamniotic membrane and PAI-2 
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in placental villous syncytiotrophoblasts (ASTEDT et al. 1986; FEINBERG et al. 
1989; FAZLEABAS et al.1991). PAI-2 concentrations remain elevated for several 
days postpartum, while PAI-1 concentrations return to normal within a 
few hours. 

Pre-eclampsia is a multisystemic obstetric disease of unknown etiology 
that is commonly associated with fibrin deposition, occlusive lesions in pla
cental vasculature, and intrauterine fetal growth retardation. Pre-eclampsia 
and intrauterine growth retardation show clear modifications with respect to 
normal pregnancies of the same gestational age and are characterized by 
increased plasma PAI-1 and tPA levels, and decreased plasma PAI-2 and uPA 
as compared to uncomplicated pregnancies (DE BOER et al. 1988; GILABERT et 
al. 1990, 1994; REITH et al. 1993; KOH et al. 1993; LIND OFF and ASTEDT 1994; 
SCHJETLEIN et al. 1997). However, in patients with intrauterine growth retar
dation without pre-eclampsia, PAI-2 levels are low and PAI-l levels normal, 
whereas in patients with pre-eclampsia without intrauterine growth retarda
tion, PAI-2 levels are normal and PAI-1 levels elevated. These results suggest 
that elevated PAI-1 is a predictive marker for pre-eclampsia (BALLEGEER et 
al. 1989) and that reduced PAI-2 is a marker for a decreased placental func
tion and intrauterine growth retardation (ESTELLl5,S et al. 1989; GILABERT et al. 
1994). By using the antigen ratio of PAI-1 to PAI-2 a better discrimination 
between pre-eclampsia and normal pregnancy was obtained, the ratio in 
normal pregnancy being on average 0.6 while that in pre-eclampsia was 2.5 
(REITH et al. 1993). 

The mechanisms leading to the high levels of PAI-1 or low levels of PAI-
2 in pre-eclampsia are not yet clear. For PAI-1 they may be related to changes 
in placental circulation and in local cytokine expression. A high resistance in 
the placental circulation was associated with elevated plasma PAI-1 activity 
levels but not with low PAI-2 antigen levels (HE et al. 1995). An increase of 
TNF antigen in pre-eclamptic placenta was also observed, which was associ
ated with an increase in PAI-1 mRNA not only in syncytiotrophoblast and 
infarction areas, but also in fibroblasts and in some endothelial cells of fetal 
vessels in placentas from pre-eclamptic patients (ESTELLES et al. 1998). The 
decrease in PAI-2levels in pre-eclampsia plasma is correlated with a decrease 
in PAI-2 mRNA in the placenta (GRANCHA et al. 1996). However, as TNF nor
mally increases PAI-2 gene transcription, it is unlikely that the modifications 
of PAI-2 during pre-eclampsia are due to this cytokine. 

F. Therapeutic Applications of PAI·1 and PAI·2 
PAl-lor PAI-2 have a potential therapeutic benefit in clinical conditions 
where plasminogen activation needs to be limited, e.g., hemorrhagic disease, 
excessive proteolysis, or to inhibit undesired cell migration such as in tumor 
invasion. In an experimental animal model of arthritis, tranexamic acid, an 
inhibitor of plasminogen activation, exhibited significant anti-osteoarthritic 
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activity (BUTLER et al. 1983). Animal studies on the therapeutic use of PAI-1 
or PAI-2 are rare, but the availability of recombinant proteins in sufficient 
quantities should enable such studies. 

I. PAI-! 

The utility of PAI-1 has been investigated in a rabbit model of tPA-mediated 
thrombolysis. Injection of recombinant PAI-1 at the end of tPA infusion 
resulted in complete reversal, within 5 min, of the prolongation of the bleed
ing time, and in a disappearance of the bleeding tendency (VAUGHAN et al. 
1989). In a rabbit ear model of blood loss after treatment with tPA, adminis
tration of PAI-1 was more efficient in blocking tPA-induced blood loss, than 
£-aminocaproic acid (RACANELLI et al. 1992). Also, in a rat dorsal flap model, 
topical administration of PAI~ 1 was more efficient in reducing blood loss than 
topical thrombin (REILLY et al. 1994). 

II. PAI-2 

The potential use of PAI-2 as an inhibitor of tumor cell migration and metas
tasis was investigated using PAI-2 transfected cells. In nude mice, tumors 
derived from PAI-2 transfected human fibrosarcoma cells displayed a thick
ened collagenous-like encapsulation which was absent in tumors formed from 
sham-transfected cells (LAUG et al. 1993). Also, human melanoma cells stably 
transfected with PAI-2 and injected subcutaneously in SCID mice were sur
rounded by a thick peritumoral capsule and had significantly less metastases 
in lung and lymph nodes than mock transfected control melanoma cells 
(MUELLER et al. 1995). Furthermore, administration of PAI-2 resulted in a 
decrease of the number of pulmonary metastases after injection of mammary 
carcinoma cells in rats (EVANS and LIN 1995). Thus, PAI-2 may be of potential 
use as an inhibitor of metastasis, or in other situations where inhibition of cell 
migration is desirable, such as inflammation or angiogenesis. 

G. Other Protease Inhibitors of the Fibrinolytic System 
Several other protease inhibitors, besides A2AP, PAl-I, and PAI-2, were 
reported to inhibit the fibrinolytic system. In normal plasma the activity half
life of added plasmin is approximately 0.1 s, whereas in A2AP depleted plasma 
it is approximately 30s, mainly because of inhibition by armacroglobulin. 
This implies that A2AP is the principal inhibitor of plasmin, but that ar 
macroglobulin may have an accessory role in limiting plasmin activity. 

When added in excess to plasma, tPA and uPA form complexes with ar 
macroglobulin, A2AP, aI-antitrypsin, C1/-inhibitor, activated protein C 
inhibitor, and antithrombin III (KRUITHOF et al. 1984; RIJKEN et al. 1983). 
However, the rate of inhibition of uPA (half-life 20min) or of tPA (half-life 
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90min) in PAI-1 depleted plasma was much lower than the rate of in vivo 
clearance via the liver, which is in the order of a few minutes. It is thus unlikely 
that these inhibitors regulate PA activity in the blood circulation. 

In plasma uPA is present mainly in a proenzyme form, which can be acti
vated by plasmin, thereby forming a positive feed-back mechanism for accel
eration of plasminogen activation. Kallikrein is another plasmatic protein that 
may activate pro-uPA (ICHINOSE et al. 1986; HAUERT et al. 1989). C1/-inhibitor 
being the principal inhibitor of kallikrein in plasma may potentially limit 
kallikrein-mediated pro-uPA activation. Indeed, in patients with hereditary 
angioedema, due to a deficiency of C1/-inhibitor, increased concentrations of 
plasmin-A2AP complexes, but also of A2AP have been observed, which sug
gests an activation of the fibrinolytic system (NILSSON and BACK 1985; 
DONALDSON and HARRISON 1982). To what extent this phenomenon is due to 
an enhanced activation of pro-uPA or to an activation of blood coagulation 
with reactive activation of the fibrinolytic system remains to be established. 

H. Inhibitors of Plasminogen Binding to Fibrin 
or Cell Surfaces 

Activation of plasminogen by tPA proceeds at a very slow rate in solution. The 
binding of plasminogen and tPA to fibrin increases the rate of plasminogen 
activation by several orders of magnitude. Likewise, binding of plasminogen 
and tPA or uPA to receptors at a cell surface increases the rate of plasmino
gen activation. Specific receptors for tPA (annexin II) and uPA (the uPAR) 
have been identified and are well characterized. Specific plasminogen recep
tors have been postulated, but plasminogen may also bind to any protein with 
a C-terminallysine as well as to gangliosides (PLOW et al. 1995; see Chap. 6). 
Furthermore, plasmin-mediated cleavage of proteins after lysines may create 
additional plasminogen binding sites. Several proteins are known to interfere 
with the binding of plasminogen to fibrin or to the cell surface and thereby 
may decrease the rate of plasminogen activation. A2AP is one of these and 
has been described above. A few other examples are listed below. 

I. Histidine-rich Glycoprotein 

Histidine-rich glycoprotein (HRGP) is a monomeric 75 kDa protein that is 
present in plasma at concentrations of approximately 1.5.umol!l. It has repet
itive sequences (consensus Gly-His-His-Pro-His), which are similar to a 
histidine-rich region of high molecular weight kininogen (KOIDE et al. 1986). 
An elevation of HRGP was found in a family with thrombophilia having no 
other hemostatic deficiencies that may explain the familial thrombophilia 
(ENGESSER et al. 1987). HRGP binds to the same lysine binding site of plas
minogen as A2AP with a similar affinity of 1.umolll (LIJNEN et al. 1980; 
HOLVOET et al. 1986). To what extent variations of HRGP are clinically rele-
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vant is not clear. In one study the rate of plasmin generation in normal plasma 
(HRGP level of 100%) was found to be the same as that in plasmas with 
HGRP levels between 160% and 280% (ANGLES-CANO et al. 1993). 

II. Lipoprotein(a) 

Apolipoprotein(a) is a component of lipoprotein(a) and is disulfide-linked to 
apolipoprotein B-lOO. It is an independent risk factor for myocardial infarc
tion. Strong evidence for a causative role for apo(a) in the development of 
arterial disease was obtained with transgenic mice expressing human apo(a), 
which developed aortic lesions after 3.5 months of an atherogenic diet (LAWN 
1994). The apo(a) gene contains at least 19 different alleles varying in length 
between 48kb and 190kb, partially impacting on the plasma levels of lipopro
tein(a) (SCANU 1992). A gene cluster was identified on chromosome 6q27-27, 
which also contained, besides apo(a), plasminogen and two apo(a)-related 
genes of which one has a domain structure similar to apo( a) and is transcribed 
in the liver (LINDAHL et al. 1989b; FRANK et al. 1988; BYRNE et al. 1994). Three 
related genes reside on chromosomes 2 and 4. 

Apo(a) has a marked size polymorphism from 300kDa to 800kDa, which 
is related to the number of repeats which are similar to the kringle 4 of 
plasminogen (McLEAN et al. 1987; SCANU 1992). Several studies suggested 
that lipoprotein(a) exerts its pathogenic effect via an inhibition of the plas
minogen activator system. Lipoprotein(a) has an affinity for lysine and 
may compete with plasminogen and tPA for fibrin binding. As a result, fibrin
dependent plasminogen activation by tPA may be attenuated (LOSCALZO et al. 
1990; EDELBERG and PIZZO 1994). Plasmin treatment of immobilized fibrin 
induced an increase in lipoprotein(a) binding, in the same way as plasmino
gen binding is increased by plasmin-pretreatment (HARPEL et al. 1989). 
Lipoprotein(a) may also inhibit plasminogen activation at the surface of 
endothelial cells, of platelets, and of monocyte-like cells (PLOW et al. 1995; 
MILES et al. 1989; HAJJAR et al. 1989; GONZALEZ-GRONOW et al. 1989; EZRATTY 
et al. 1993). Furthermore, tPA may bind to apo(a) and apo B-lOO and lose its 
ability to activate plasminogen (SIMON et al. 1991). These results suggest that 
lipoprotein(a) has an antifibrinolytic effect which may explain its relation to 
atherothrombotic disease. However, several studies found no (Lu et al. 1990; 
HALVORSEN et a1.1992) or an enhancing (MAO and TUCCI 1990) effect of apo(a) 
on tPA-induced thrombolysis in a plasma milieu. Also, in atherosclerotic 
lesions no evidence was found for a displacement of plasminogen by apo(a) 
(SMITH and CROSBIE 1991). The causes for these discrepancies are not clear, 
but may be due to donor dependent differences in the fibrin affinity of apo(a) 
(BAS LEERINK et al. 1992); e.g., a single point mutation (Trp to Arg) in posi
tion 72 of kringle 4-37 was associated with a defect in lysine binding (SCANU 
et al. 1994). Also, the relative concentration of apo(a) with respect to plas
minogen may be critically important. In one study, apo(a) inhibited fibrin
dependent plasminogen activation by tPA in a purified system, but had no 
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effect on plasminogen activation in plasma even at high apo(a) concentrations 
(Lv et al. 1990). 

In mice, expression of human apo(a) reduced plasminogen activation in 
vivo and inhibited the activation ofTGF-fJ (GRAINGER et al. 1994). These find
ings suggest an alternative mechanism for the contribution of apo(a) to the 
development of atherothrombosis. 

III. Carboxypeptidases 

A significant part of plasminogen binding to fibrin or cell surfaces is mediated 
by C-terminal lysines, which are potential substrates for basic plasma car
boxypeptidases (see also Chaps. 3 and 6). Plasmin-mediated cleavage of cell
surface proteins increases the density of C-terminal lysines and thus of 
plasminogen binding sites. A recent study addressed the question whether car
boxypeptidases, at their physiologic plasma concentrations may regulate 
plasminogen binding sites (REDLlTZ et al. 1995). Cells incubated in plasma 
consistently exhibited reduced plasminogen binding; inhibition of car
boxypeptidase activity abolished the effect of plasma. However, even pro
longed incubation with carboxypeptidase did not completely abolish 
plasminogen binding, indicating that binding is partially due to interaction 
with internal lysines or gangliosides (PLOW et al. 1995; REDLlTZ 1996). Fur
thermore, plasma carboxypeptidase B reduced the rate of whole blood clot 
lysis induced by tPA. Further studies showed that carboxypeptidase B circu
lates in plasma as a precursor (procarboxypeptidase B) that is activated by 
thrombin and plasmin (SCHATTEMAN et al. 2000). The rate of activation of 
procarboxypeptidase B by thrombin is increased a thousandfold by the pres
ence of thrombomodulin (SAKHAROV et al. 1997; BAJZAR et al. 1998). Taken 
together, these results suggest a model for activation of plasminogen at the 
cell surface, which has positive and negative feedback mechanisms: 

1. Cell-bound PA efficiently activates plasminogen provided it is bound to 
cells - mostly via C-terminal lysines of cell-surface proteins. The formed 
plasmin cleaves cell-surface proteins and thereby generates additional plas
minogen binding sites. 

2. Thrombomodulin-bound thrombin A activates procarboxypeptidase B at 
the cell surface, which results in the removal of C-terminal lysines and 
thereby reduces plasminogen binding. 

I. Conclusions 
The large amount of information gathered in recent years underscores the 
importance of inhibitors for the regulation of plasminogen activator activity. 
In the context of fibrinolysis, i.e., the removal of intravascular blood clots, the 
principal inhibitors are A2AP, PAl-I, and carboxypeptidase B. PAI-2 seems to 
be more relevant for the regulation of extravascular plasminogen activator 



The Inhibitors of the Fibrinolytic System 127 

activity and not for regular fibrinolysis: its normal plasma concentration is 
much lower than that of the more efficient inhibitor PAI-l and it is a relatively 
inefficient inhibitor of sc-tPA, the form found in the circulation. The role (if 
any) of the other inhibitors described above for the regulation of physiologi
cal fibrinolysis remains to be established. 
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CHAPTER 6 

Assembly of the Plasminogen System 
on Cell Surfaces 

E.F. PLOW, A. REDLITZ, S.B. HAWLEY, S. XUE, T. HERREN, IL. HOOVER-PLOW, 
and L.A. MILES 

A. Introduction 

The contribution of the plasminogen system to fibrinolysis is subject to sophis
ticated and multifaceted regulatory mechanisms. Plasminogen activators, 
inhibitors of these activators and of plasmin, play critical roles in the initia
tion, propagation, and control of fibrinolysis. Additionally, the fibrin surface, 
per se, is an important regulator of its own degradation by providing specific 
binding sites for several components of the plasminogen system (plasmino
gen, tPA, arantiplasmin). Aberrations in any of these regulatory mechanisms 
can upset the delicate balance between thrombus formation and dissolution, 
resulting in thrombotic or bleeding tendencies. 

In addition to its central role in fibrinolysis, the plasminogen system has 
also been implicated in a broad range of physiologic and pathophysiologic 
events. As selected examples, physiological roles for the plasminogen system 
have been proposed in reproduction and development (STRICKLAND et al.1976; 
JIA et al. 1990; REICH et al. 1985; MENOUD et al. 1989; SAPPINO et al. 1989) and 
in host defense mechanisms (KIRCHHEIMER and REMOLD 1989b; Lo et al. 1989); 
pathophysiological roles have been demonstrated in tumor cell invasion and 
metastasis (GOLDFARB et al. 1986; HOLLAS et al. 1992; OSSOWSKI et al. 1991b; 
STAHL and MUELLER 1994; KIM et al.1998), bacterial infections (PARKKINEN and 
RAUVALA 1991; BERGE and SJOBRING 1993; KUUSELA et al. 1992; COLEMAN et al. 
1995; LOTTENBERG et al. 1992; LOTTENBERG 1997; SHAPIRO et al. 1997) and 
intimal hyperplasia (JACKSON and REIDY 1992; HERBERT and CARMELIET 1997; 
CARMELIET et al. 1997, 1998). These diverse functions can all be ascribed to the 
capacity of the plasminogen system to facilitate cell migration by assisting in 
cellular penetration of protein barriers, including fibrin barriers. 

Studies reported in the 1980s began to establish a molecular mechanism 
for the role of the plasminogen system in cell migration; namely, the existence 
of specific binding sites for components of the system on cell surfaces (MILES 
and PLOW 1985; VASSALLI et al. 1985; BEEBE 1987; HAJJAR et al. 1987; PLOW et 
al. 1995; HAJJAR 1995). We now know that many of the principles ascribed to 
the interaction of the plasminogen system with the fibrin surface apply to cell 
surfaces. Specifically, plasmin( ogen) and plasminogen activators bind to both 
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surfaces; recognition of both surfaces is mediated by similar structural motifs 
in plasmin( ogen) and its activators; plasminogen activation is enhanced as a 
consequence of surface binding; surface binding leads to directed substrate 
recognition and degradation; and the proteolytic activity of surface-bound 
plasmin is sustained in an inhibitor-rich environment. 

This chapter considers cellular recognition and assembly of components 
of the plasminogen system. Current information regarding the interactions of 
the individual components of the system with cells is summarized and then 
the functional consequences of assembly of these components on cell-surfaces 
is discussed. 

B. Plasminogen Receptors 
I. General Characteristics 

The defining features of plasminogen receptors are their low affinity, their high 
density, and their ubiquitous distribution. The binding of Glu-plasminogen, the 
native form of the molecule, to cells is a saturable process, and plasminogen 
binding isotherms provide evidence for a single class of sites with respect to 
affinity (e.g., MILES and PLOW 1985, 1987; HAJJAR et al. 1986; GONIAS et al. 1989; 
GONZALEz-GRONOW et al. 1989) with dissociation constants generally falling 
within the 100-2000nmolll range (reviewed by MILES and PLOW 1987; PLOW 
et al. 1995). Since blood concentrations of plasminogen are 2,umol/l, signifi
cant receptor occupancy is predicted and has been experimentally verified on 
blood cells (MILES et al. 1988a; ADELMAN et al. 1988) and tissue-fixed cells 
(BURTIN et al. 1987; CORREC et al. 1992). Moreover, certain naturally occurring 
derivatives of plasminogen may exhibit higher affinities for cells although their 
affinities still remain modest (BAUER et al. 1984; GONZALEZ-GRONow et al. 
1989; SILVERSTEIN et al. 1988). Since cell-bound plasmin is protected 
from inhibitors, its low affinity for cells may be essential to limit excessive 
proteolysis - as plasmin dissociates from the cell, it becomes rapidly neutral
ized by inhibitors. 

The plasminogen binding capacity of cells can be extraordinarily high. As 
examples, platelets may bind -40000 plasminogen molecules per cell, equal to 
the number of their most abundant membrane glycoprotein; and endothelial 
cells may bind several million plasminogen molecules (HAJJAR et al. 1986; 
MILES et al. 1988b; GANZ et al. 1991). Indeed, many cells have plasminogen 
binding capacities in the 106-107 range (Table 1). 

A survey of cells with demonstrated plasminogen binding potential is 
provided in Table 1. With the exception of erythrocytes, all blood cells bind 
plasminogen (MILES and PLOW 1987). Many tumor cell lines have high 
plasminogen binding capacities (BuRTIN and FONDANECHE 1988; CORREC et al. 
1990, 1992). A growing body of evidence links the plasminogen system with 
brain function (CHEN et al. 1997; HUANG et al. 1996; WANG et al. 1998), and 
neurons (NAKAJIMA et a1.1993) and microglial cells (NAKAJIMA et a1.1994) bind 
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Table 1. The cellular distribution and number of plasminogen receptors 

Cell Type 

Granulocytes 
Platelets 
Monocytes 
Monocytoid cell lines (U937, THP-1) 
Lymphocytes 
Leukemic cells (WEHI-3B, RPMI-1788) 
Fibroblasts (GM1380) 
Fibrosarcoma cells (HT-I080) 
Epithelial (Glomerular) Cells 
Osteosarcoma cells (MG-63) 
Colonic carcinoma (SW1116) 
Glioma cells (C6) 
Endothelial cells 

Plasminogen Receptors 
Sites (x105)/Cell 

1.6 
0.37 
4.4 

160-4200 
4.9 
4-190 

310 
6 

60 
75 

0.15 
36 

1.4-210 

plasminogen. Thus, a permissive affinity, a high density of binding sites, and an 
extremely broad cellular distribution are consistent with diverse roles of plas
minogen receptors in cellular responses. 

II. Nature of Plasminogen Receptors 

The high density and broad distribution implies that plasminogen receptors 
are heterogeneous in nature. Nevertheless, these receptors behave as a single 
class of binding sites with respect to affinity because the lysine binding sites 
(LBS) of plasminogen mediate the interactions (reviewed in MILES and PLOW 
1987; REDLITZ and PLOW 1995). The LBS, resident within the kringles of the 
heavy chain region of plasminogen, preferentially recognize carboxy-terminal 
lysines. Of the five kringles within plasminogen, the LBS associated with 
kringle 1 and kringle 5 have been implicated in cellular recognition (MILES et 
al. 1988a). Thus, cell-surface proteins with carboxy-terminallysines may func
tion as plasminogen receptors. Accordingly, plasminogen will ligand blot 
several membrane proteins (MILES et al. 1991); each interaction can be 
blocked by carboxy-terminal lysine analogs (MILES et al. 1988a), which react 
with the LBS, and many can be eliminated by treatment of the cells with car
boxypeptidase B (FELEZ et al. 1993; REDLITZ et al. 1994,1995), which removes 
carboxy-terminallysines. In addition, other proteins with LBS function, such 
as apoprotein(a) of lipoprotein(a), can recognize these binding sites and inter
fere with plasminogen binding to cells (MILES et al. 1989b, 1995a,c; HAJJAR et 
al. 1989; GONZALEZ-GRONOW et al. 1989; DUDANI et al. 1996). Such competi
tion or shared recognition specificity may contribute to the pathogenesis of 
elevated levels of lipoprotein(a) (MILES and PLOW 1990; PLOW et al. 1995). 

Table 2 lists some of the identified plasminogen receptors. Four represen
tatives of the category of plasminogen receptors with carboxy-terminallysines 
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Table 2. Candidate plasminogen receptors 

Receptor 

Enolase-related proteins 
Annexin II 
Amphoterin 
GPIIb-lIIa 
GPIIb-IIIa-related protein 
Cytokeratin-8 
Gangliosides 
PAM 
Glutaraldehyde-6-phosphase dehydrogenase 

(related) 
Actin 
Complement C9 

E.F. PLOW et al. 

Sourcesa 

Leukocytes, tumor cells, neurons 
Endothelial cells 
Brain, transformed cells 
Platelets 
Fibroblast (arthritis) 
Hepatocytes 
Monocytoid cells 
Bacteria 
Bacteria 

Endothelial cells 
Endothelial cells 

a First or independent identification but may be found in multiple cell types. 

are a-enolase (MILES et al. 1991; REDLITZ et al. 1994; ANDRONICOS 
et al. 1997; PANCHOLI et al. 1998), annexin II (CESARMAN et al. 1994), a cyto
keratin 8-like protein (HEMBROUGH et al. 1995), and complement C9 
(CHRISTIANSEN et al.1997). Enolase, cytokeratin 8, and complement C9 possess 
a naturally occurring carboxy-terminal lysine, whereas proteolysis of the 
Lys307_Arg308 bond is required for the tetramer annexin II (KASSAM et al.1998) 
to function as a plasminogen receptor (SCHWARTZ-ALBJEZ et al. 1992; CESAR
MAN et al. 1994). Glutaraldehyde 6-phosphate dehydrogenase, which was iso
lated as a high affinity plasmin receptor from bacteria (LOTTENBERG et al. 
1992), also has a carboxy-terminal lysine. The binding of plasminogen to actin 
(DUDANI et al. 1996) and to the surface of many bacteria (reviewed by BOYLE 
and LOTTENBERG 1997) is also inhibited by lysine, suggesting an interaction 
with C-terminallysine. Amphoterin, which was isolated as a high affinity plas
minogen receptor from brain, appears to represent a receptor without a 
carboxy-terminal lysine (PARKKINEN et al. 1993; PARKKINEN and RAUVALA 
1991). The plasminogen binding protein of the group A streptococci, PAM 
(BERGE and SJOBRING 1993; RINGDAHL et al. 1998), also falls into this category. 
It is uncertain whether carboxy-terminallysines are involved in the binding of 
plasminogen to GPIIb-IIIa from platelets (MILES et al. 1986), a GPIIb-IIIa
related molecule from fibroblasts (GONZALEz-GRONOW et al. 1994), or cytok
eratin-8 from hepatocytes (HEMBROUGH et al. 1995). In addition to these 
proteins, gangliosides (MILES et al.1989a) and glycosaminoglycans (ANDRADE
GORDON and STRICKLAND 1986) bind plasminogen and may contribute to the 
plasminogen binding capacity of cells. Receptor heterogeneity raises the pos
sibility of functional differences among plasminogen receptors. For example, 
specific subsets of receptors may be particularly effective in supporting plas
minogen activation (FELEZ et al. 1996) while others may elicit specific cellular 
responses (GONZALEZ-GRONOW et al. 1994; SYROVETS et al. 1997). 
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III. Regulation of Plasminogen Receptors 

The capacity of cells to modulate their plasminogen binding provides an 
important mechanism for regulation of the plasminogen system. Indeed, plas
minogen receptor expression is highly malleable, and the responses are cell
type specific. Thrombin can cause either an up- or down-regulation of 
plasminogen receptor expression depending upon the cell type (MILES and 
PLOW 1985; MILES et a1. 1988b). Glucocorticoid hormones, such as dexam
ethasone, down-regulate the binding of plasminogen to human fibrosarcoma 
cells by decreasing the affinity of the cells for ligand (POLLANEN 1989). On the 
other hand, glucocorticoids do not influence the binding of plasminogen to 
U937 monocytoid cells (FELEZ et a1. 1990). 

Upon treatment of U937 cells with PMA, adherent and nonadherent 
subpopulations of cells can be separated. Plasminogen receptor expression is 
down-regulated in the adherent and up-regulated in the nonadherent 
cells (FELEz et a1. 1990). These changes are dependent upon differences 
in the number but not the affinity of their plasminogen binding sites. In 
human peripheral blood monocytes, PMA-stimulation also up-regulates the 
number of plasminogen receptors, but does so in both the adherent and 
nonadherent cell populations. As with PMA, stimulation of U937 cells with 
1,25-dihydroxyvitamin D also supports development of an adherent and a non
adherent cell population, the non adherent cells expressing four times more 
plasminogen receptors (FELEz et a1.1990).An additional increment in the plas
minogen receptor expression is observed if 1,25-dihydroxyvitamin D is com
bined with interferon-y (Lu et a1. 1993). In addition, increased plasminogen 
binding is associated with metastatic cancer cells (RANSON et a1. 1998). 

The observations described above indicate a close relationship between 
plasminogen receptor expression and cell adhesion. Indeed, cell adhesion can 
directly influence plasminogen binding capacity (KIM et a1. 1996). Upon adhe
sion of monocytoid cells to fibronectin, vitronectin, or laminin substrata, the 
plasminogen binding capacity of the nonadherent cells increases, and binding 
to the adherent population decreases. If the nonadherent cells are separated 
and presented with additional substratum, they will adhere and will decrease 
their plasminogen receptor expression. Thus, when cells are in a migratory 
state (nonadherent), their plasminogen binding capacity is increased to accel
erate plasmin generation and facilitate movement. When the cells become 
adherent, their plasminogen binding and plasmin generating capacities 
decrease to minimize injurious proteolysis. Since adherence and apoptosis are 
linked for many cell types, the relationship between plasminogen receptor 
expression and apoptosis is particularly interesting. 

As up-regUlation of plasminogen binding capacity can occur rapidly and 
does not require new protein synthesis (FELEZ et a1. 1990), post-translational 
modifications, such as proteolysis, may be involved in receptor modulation. 
Plasmin has the capacity to up-regUlate plasminogen binding (Fig. 1A) 
(CAMACHO et a1. 1989; GONZALEZ-GRONOW et a1. 1991). This increase depends 
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Fig.IA-C. Proteolytic regulation of plasminogen receptor expression. A Data for an 
amplification loop in which plasmin treatment of U937 monocytoid cells is shown to 
proteolytically generate additional carboxy-terminallysines which can serve as addi
tional plasminogen binding sites. B The two major plasma carboxypeptidases, CpN and 
pCPB, are shown to suppress plasminogen binding to U937 cells by removing carboxy
terminal lysines from cell-surface proteins. Data are adapted from REDLITZ et al. 
(1995). C Model depicting the proteolytic mechanisms for up- and down-regulation of 
plasminogen binding to cells by plasmin and the carboxypeptidases, respectively 
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upon the generation of new carboxy-terminal lysine residues which can 
bind plasminogen. At the same time; proteolysis can suppress plasminogen 
binding to cells. Basic carboxypeptidases, which remove carboxy-terminal 
lysines, are present in plasma (SAKHAROV et al. 1997; SKIDGEL 1988; EATON et 
al. 1991). The two major carboxypeptidases of plasma are CpN and pCPB 
[which is likely to be the same as CpU (WANG et al. 1994a), and more recently 
has been designated as thrombin-activable fibrinolysis inhibitor (TAFI) 
(BOFFA et al. 1998)]. CpN is constitutively active (SKIDGEL 1995), whereas 
pCPB circulates as a proenzyme in complex with plasminogen (EATON et al. 
1991). Both CpN and pCPB can suppress plasminogen binding to cells 
(REDLITZ et al. 1995) (Fig. 1B). TAFI is activated in vivo in dogs in whom an 
experimental thrombosis of the coronary artery had been produced it and 
reduced the lysis of this thrombus by tPA (REDLITZ et al. 1996). Taken 
together, these proteolytic events establish a mechanism for physiological up
and down-regulation of plasminogen (and tPA) receptor expression (Fig. 1C). 
When peripheral blood monocytes are cultured, they can up-regulate their 
binding sites for plasminogen by a factor of 100 (FELEZ et al. 1990). This obser
vation suggests that plasminogen receptor expression may be maintained at a 
low level on blood cells by plasma carboxypeptidases. Explosive up-regulation 
may occur either when the dampening effects of carboxypeptidases are over
come andlor when the cell surface is subjected to proteolysis by plasmin or 
other proteinases. 
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c. tP A Receptors 
I. General Characteristics 

Receptors for tPA can be divided into two major classes: (1) receptors 
involved in clearance of tPA or its complexes with inhibitors; and (2) recep
tors that localize tPA on cell surfaces. Clearance receptors are associated 
with the endocytotic machinery of the cell and ultimately lead to lysosomal 
degradation of tPA. tPA clearance receptors may be classified according to 
recognition specificity and include carbohydrate-specific, PAl-I-dependent, 
and PAl-independent clearance receptors. As these receptors remove 
tPA from the circulation, they serve as negative regulators of plasminogen 
activation and will not be considered further in this article (cf. Chap. 3). The 
tPA clearance receptors have recently been reviewed (REDLITZ and PLOW 
1995). 

II. Recognition of tP A 

In addition to the clearance receptors, binding sites have been identified which 
localize tPA to the cell surface and promote pericellular proteolysis. The 
amino-terminal domains of tPA, which are not required for catalytic activity, 
contain recognition sites for such tPA receptors. The amino-terminal finger 
domain, homologous to the fingers of fibronectin, has been implicated in the 
recognition of tPA by cells (BEEBE et al. 1989). As both plasminogen and tPA 
have kringles with LBS function, these ligands will compete with each other 
for binding to certain cells (FELEZ et al. 1993). 

III. Cellular Distribution of tPA Receptors 

Like plasminogen receptors, tPA receptors are heterogeneous; unlike plas
minogen receptors, the heterogeneity of tPA receptors leads to distinctive 
properties on different cell types. Thus, it is easier to consider the various tPA 
receptors from the standpoint of specific cell types. 

1. Endothelial Cells 

Numerous studies have shown that endothelial cells express binding sites for 
tPA. PAl-I, synthesized by endothelial cells, can associate with the cell surface 
(SAKATA et al. 1988) or subcellular matrix (SCHLEEF et al. 1990) and can 
mediate tPA binding at these sites. Several studies also have documented PAI
l independent mechanisms of tPA binding (BEEBE et al. 1989; HAJJAR and 
HAMEL 1990; SANZO et al. 1990). Annexin II was isolated as a tPA binding 
protein from endothelial cells (HAJJAR 1991; HAJJAR et al. 1994). Over
expression of annexin II in renal epithelial cells increases their ability to bind 
tPA, while antisense suppression of annexin II-expression in endothelial cells 
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reduced tPA binding (HAJJAR et al. 1994). As noted above, annexin II also 
binds plasminogen but the sites of plasminogen and tPA binding are different. 
Whilst binding of plasminogen to annexin II requires a posttranslational 
hydrolysis, generating the C-terminal Lys307, tPA binding is direct. It has been 
localized to the N-terminal region (amino acids 8-13). The C9G mutant of 
annexin II lost its affinity for tPA, and the addition of homocysteine to native 
annexin resulted in an annexin C9-homocysteine adduct and complete loss of 
binding to tPA (HAJJAR et al. 1998). These results may explain, at least in part, 
the thrombogenic effect of homocysteinemia. Other candidate tPA receptors 
from endothelial cells are less well defined. Tubulin (BEEBE et al. 1990) and a 
20kDa (FUKAO et al. 1992) protein have also been described as tPA binding 
proteins. 

2. Circulating Blood Cells 

Specific binding of tPA to platelets (VAUGHAN et al. 1989) and leukocytes 
(FELEZ et al. 1991) has been reported. As these cells also bind plasminogen, 
they can assemble a functional plasminogen activation system on their sur
faces. The receptor for tPA on platdets is unknown. tPA appears to share 
binding sites with plasminogen on monocytes, including proteins with carboxy
terminal lysine residues (FELEZ et al. 1993). 

3. Cells of Neuronal Origin 

Studies on granule neurons from mouse cerebellum (VERRALL and SEEDS 
1989) and human sympathetic neurons (PITTMAN et al. 1989) suggest that tPA 
plays a role in neurite outgrowth. tPA binds to these cells but with different 
affinities: 50pmolll for granule (VERRALL and SEEDS 1989) and 23 nmol/l for 
sympathetic neurons (PITTMAN et al. 1989). Amphoterin was isolated as a tPA 
binding protein from developing neurites in rat brain (PARKKINEN and 
RAUVALA 1991), and anti-amphoterin antibodies inhibit neurite outgrowth 
(MERENMlES et al. 1991). Amphoterin also is present in many transformed cells 
and appears to be concentrated at the leading edge of motile cells, consistent 
with a role in cell migration (PARKKINEN et al. 1993). 

4. Vascular Smooth Muscle Cells 

Using a functional assay, ELLIS and WHAWELL (1997) demonstrated two classes 
of binding sites for tPA with Kds of 25nmolll and 3000nmolll on vascular 
smooth muscle cells. tPA binding to the higher affinity site resulted in a 90-
fold enhancement of the activation of cell bound plasminogen. 

5. Tumor Cells 

Binding of tPA to melanoma cells was shown to be mediated via the kringle-
2 domain of tPA (BIZIK et al. 1997). 
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D. Urokinase Receptors 
I. General Characteristics 
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While the receptors for plasminogen and t-PA are characterized by their het
erogeneity, the binding of urokinase-type plasminogen activator (uPA)to cells 
is mediated predominantly by a single entity, uPAR. This section is organized 
to consider the structure and function of uPAR (CD87) and then briefly con
siders other uPA receptors. 

II. The Urokinase Receptor, uPAR 

1. Cellular Distribution of uPAR 

uPAR is widely distributed. It is present on normal circulating blood cells 
(MILES and PLOW 1987; reviewed by PLESNER et al. 1997), megacaryoblasts 
(WOHN et al. 1997), endothelial cells (MILES et al. 1988b; BARNATHAN et al. 
1990) and tissue resident cells including alveolar macrophages (CHAPMAN et 
al. 1990), mast cells (SILLABER et al. 1997), smooth muscle cells (REUNING and 
BANG 1992), myogenic cells (QUAx et al. 1992) and keratinocytes (DEL Rosso 
et al. 1990). Many tumors and tumor cell lines also express uPAR (NEEDHAM 
et al. 1988; COHEN et al. 1991; HOLLAS et al. 1991; SCHLECHTE et al. 1989; 
OSSOWSKI et al. 1991a). The number of receptors typically ranges from 50,000 
to 200000 sites per cell. The interaction of uPA with cells is of high affinity, 
with the Kd values generally falling within the 0.1 to 2 nmolll range (VASSALLI 
et al. 1985). To date, all uPAR-expressing cells that have been examined can 
also bind plasminogen but not all plasminogen binding cells express uPAR 
(JARD! et al. 1993). For example, among circulating blood cells, monocytes and 
neutrophils bind uPA (MILES and PLOW 1987) while unstimulated lymphocyte 
populations (NYKJAER et al. 1994; JARD! et al. 1996) do not. 

2. Recognition Specificity of uPAR 

uPA is produced by a single proteolytic cleavage of its zymogen, single chain 
uPA (sc-uPA) (55 kDa), resulting in a two-chain disulfide bonded molecule. 
This conversion can be mediated by a variety of enzymes (see Chap. 4). Both 
sc-uPA and its amino terminal fragment (ATF) , consisting of amino 
acid residues 1-135, interact with the receptor with similar affinity as uPA 
(CUBELLIS et al. 1986; STOPELLI et al. 1985). The low molecular weight form of 
uPA (33kDa), which is composed of the B chain and a small carboxyl termi
nal region of the A chain and still exhibits proteolytic activity, does not inter
act with uPAR (VASSALI et al. 1985; PLOW et al. 1986; BAJPAI and BAKER 1985). 
Therefore, the proteolytic activity of uPA is not required for the interaction 
with uPAR and the conversion of high molecular weight to low molecular 
weight uPA may regulate receptor occupancy. The region within uPA that 
interacts with cells has been further localized to the growth factor domain 
within the A chain. A linear peptide corresponding to amino acid residues 
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12-32, contained within this growth factor region, competes for binding of the 
uPA ligand with its receptor (ApPELLA et al. 1987) with relatively low affinity, 
whereas a cyclic peptide comprising amino acids 19-31 competed with higher 
affinity the binding of uPA to uPAR (BURGLE et al. 1997). The ligand
receptor interaction exhibits species specificity (ApPELLA et al. 1987; ESTRE
ICHER et al. 1989) which are due to intraspecific differences in both uPA and 
uPAR (QUAX et al. 1998). 

3. The uPAR Gene 

The cDNA sequence for human uPAR encodes a signal peptide of 21 amino 
acid residues followed by an open reading frame of 313 amino acids (ROLDAN 
et al. 1990). The human uPAR gene has been localized on chromosome 19q13 
and extends over 23kb of genomic DNA (B0RGLUM et al. 1992). It contains 
seven exons, each protein domain being coded for by a pair of exollS. uPAR 
from murine (KRISTENSEN et al.1991; SUH et al.1994), bovine (KRATZSCHMAR 
et al. 1993), and rat sources (RABBANI et al. 1994) have an overall homology 
of -60% at the amino acid level. The 5' flanking region of the human uPAR 
gene lacks conventional TATA and CAAT boxes but contains a CpO rich 
element and sequences related to consensus cis-acting elements for the acti
vator protein-I, nuclear factor NF- KB, and specific promoter-1 transcription 
factors (SORAVIA et al. 1995). 

4. The uPAR Protein 

uPAR is not a transmembrane receptor, but is linked to the membrane via a 
glycosylphosphatidylinositol (Opr) anchor (PLOUG et al.1991) (see Fig. 2). The 
signal for attachment of the anchor is present in the highly hydrophobic car
boxyl terminal 31 residues of the uPAR. By site directed mutagenesis, the pre
ferred attachment site for opr attachment is Oll83, but Ser282 and Ala284 may 
function as alternate sites (M0LLER et al. 1992). As a result of this opr attach
ment, phosphatidylinositol-specific phospholipase C treatment causes release 
of the uPAR from cells (PLOUG et al. 1992). Some forms of paroxysmal noc
turnal hemoglobinuria are associated with a deficiency of GPr-linked proteins 
on cell surfaces including uPAR (PLOUG et al. 1992). It has been speculated 
that the deficiency of uPAR may contribute to the thrombotic tendencies in 
this disease (KLEIN and HARTMANN 1989). 

Human uPAR has five potential N-linked glycosylation sites, and at least 
some of these sites are utilized in the mature protein (ESTREICHER et al. 1989; 
NIELSEN et al. 1988). Differential glycosylation occurs in different cell types 
and may account for differences in the affinity of various cell types for uPA 
(PICONE et al. 1989; PLOUG et al. 1998a). By site directed mutagenesis, replace
ment of Asn52 with GIn to preclude glycosylation at this site decreases affin
ity of the receptor (M0LLER et al. 1993; PLOUG et al. 1993). Mutation of either 
four or five of the glycosylation sites prevents efficient cell surface expression 
of uPAR (M0LLER et al. 1993). 
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I DOMAIN II I 

I DOMAIN I I 

Fig. 2. Depiction of the human urokinase receptor, uPAR. The three domains are 
linked by inter-domain connectors. The N-linked carbohydrate attachment sites are 
specified by diamonds. Adapted from DAN0 et a!. (1994) 

uPAR is rich in cysteine with 28 present in mature human uPAR. The 
disulfide bonding pattern has been determined (PLOUG et al. 1993) and orga
nizes the molecule into three homologous domains of -90 amino acids each. 
Based primarily on the pattern of cysteine residues, the internal sequence 
homology in each domain is also present in several other proteins. These 
include the murine Ly-6 antigens, the murine B-cell, and thymocyte antigen 
ThB, a herpes virus saimiri protein HVS-15, CD59, and MIRL (membrane 
inhibitor of reactive lysis) (PLOUG et al. 1993; BEHRENDT et al. 1991; PALFREE 
1991; ALBRECHT et al.1992).All of these otherwise unrelated proteins are GPI
linked molecules. In addition, the snake venom a-neurotoxins have a similar 
disulfide bond structure as uPAR (PLOUG and ELLIS 1994). Moreover, the gene 
structures of murine uPAR (SUH et al.1994) and snake neurotoxin erabutoxin
c (FUSE et al. 1990) are very similar, and the predicted secondary structures of 
the two proteins contain extensive f3-sheet structure (MOESTRUP et al. 1993; 
M0LLER et al. 1992). 

The main ligand recognition site within the uPAR has been localized to 
domain 1 since monoclonal antibodies directed against this region block the 
interaction with uPA (R0NNE et al. 1991). In addition, the isolated domain 1 
fragment exhibits ligand binding activity (M0LLER et al. 1993) although the 
affinity is lower than that exhibited by intact uPAR (PLOUG et al. 1994). The 
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interaction of uPAR with its ligand includes an hydrophobic component 
(PLOUG et al. 1994). Domains 2 and 3 also appear to playa role in the ligand 
binding interaction (BEHRENDT et al. 1996; PLOUG et al. 1998b; HrGAZI et al. 
1997). 

A chemotactic epitope resides in the proteinase-sensitive linker region 
connecting domains 1 and 2, which is cleaved by u-PA and other proteases 
(FAZIOLI et al. 1997; H0YER-HANSEN et al. 1997). 

5. Regulation of uPAR Expression 

The functions of uPAR are subject to modulation by changes in the cell surface 
expression of this receptor. This can be effected at several levels. First, uPAR 
is present in intracellular granules and can be translocated to the cell surface 
following stimulation (Busso et al. 1994). Second, changes in uPAR expres
sion are also observed during cellular ontogeny: immature leukemic cells do 
not express uPAR while uPAR is expressed on more mature leukemic cells 
(JARDI et al. 1996). Conversely, megakaryocytes express uPAR, but platelets 
do not (JIANG et al. 1996; WOHN et al. 1997). Third, uPAR expression can be 
modulated by growth factors, hormones and cytokines (MILES and PLOW 1985; 
TODD et al. 1985; NIELSEN et al. 1988; KIRCHHEIMER et al. 1988; PICONE et al. 
1989; LUND et al. 1991a,b; M0LLER et al. 1992; WANG et al. 1994b; MANDRIOTA 
et al. 1995). Interestingly, the M03 lymphocyte activation antigen was found 
to be identical to uPAR (SUH et al. 1994). The recently cloned proximal pro
moter within 180 bp from the transcription initiation site which drives basal 
and some induced transcription of this molecule (SORAVIA et al. 1995) now pro
vides a tool to examine the molecular basis for modulation of uPAR expres
sion at the transcriptional level. 

6. Non-proteolytic Functions of uPAR 

In addition to its role in controlling plasminogen activation (see below), 
several distinct functions have been ascribed to uPAR (BLASI 1997). uPAR can 
also serve as a receptor for vitronectin (WALTZ and CHAPMAN 1994; WEI et al. 
1994) and for integrins (WET et al. 1996). The interaction of vitronectin with 
the uPAR is of high affinity and is blocked by antibodies recognizing domains 
2/3 of the uPAR (WEI et al. 1994). Recombinant uPAR binds vitronectin in the 
absence of uPA, but vitronectin binding is promoted by concurrent binding of 
either uPA or uPA fragments containing the uPAR binding domain. PAI-l can 
inhibit the interaction of uPAR with vitronectin (WALTZ et al. 1997). The for
mation of a stable uPAR/,B-integrin complex inhibits native integrin adhesive 
function and promotes the binding of uPAR to vitronectin (WEI et al. 1996). 

Several intracellular signaling events have been associated with uPAR 
occupancy by uPA and many of these functions appear to be independent of 
uPA proteolytic activity. A discussion of the extensive literature on uPAR
mediated signal transduction goes beyond the scope of this book. The reader 
is referred to two recent reviews by BESSER et al. (1997) and by DEAR and 
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MEDCALF (1998). Signaling events include, among others, monocyte migration 
during inflammation (KIRCHHEIMER and REMOLD 1989b; KIRCHHEIMER et al. 
1991; ESTREICHER et al. 1990; GYETKO et al. 1994), promotion of myeloid dif
ferentiation (NusRAT and CHAPMAN 1991), stimulation of endothelial cell 
migration (FIBBI et al. 1988; ODEKON et al. 1992), growth stimulating activity 
(RABBANI et al. 1992), stimulation of the expression of matrix metalloprotease 
9 and cathepsin B (KIRCHEIMER et al. 1988), activation of the Jak/Stat pathway 
(DUMLER et al. 1997), stimulation of diacylglycerol formation (DEL Rosso et 
al. 1993), increases in c-fos, jun and myc mRNA levels (DUMLER et al. 1994; 
RABBANI et al. 1997) and activation of the extracellular signal-regulated 
kinases ERKI and ERK2 (KONAKOVA et al. 1998; NGUYEN et al. 1998). 

Since the uPAR is a GPI-anchored protein, the mechanisms by which such 
signal transduction occurs is presumably similar to that of other GPI-anchored 
proteins (STEFANOVA et al. 1991). Such signal probably requires an adapter 
protein to provide a link into the cytoplasm. A 38kDa protein which under
goes tyrosine phosphorylation following stimulation of cells with uPA 
(DUMLER et al. 1993) may be such an adapter protein. 

Transmembrane functions of the uPAR are also implicated in the local
ization of uPAR on the leading edge of migrating cells (GYETKO et al. 1994). 
uPAR is colocalized with cytoskeletal proteins at focal adhesions (TAKAHASHI 
et al. 1990). Studies have demonstrated a close physical association between 
uPAR and the aM~ integrin (CR3, MAC-I), using co-capping and resonance 
energy transfer (XUE et al. 1994; CAO et al. 1995). Co-precipitation studies of 
monocyte lysates have shown that uPAR exists in large complexes with both 
aM~ and aL~ (LFA-1) (BOHUSLAV et al. 1995). Co-localization of uPAR with 
aM~ also plays a role in leukocyte chemotaxis (GYETKO et al. 1994). 

III. Other uP A Receptors 

A 70kDA uPA binding protein which did not interact with antibodies directed 
against uPAR was demonstrated in human platelets (JIANG et al. 1996). In con
trast to the protection of cvll-bound plasmin from az-antiplasmin, the uPA 
inhibitors, PAl-I, PAI-2, and protease nexin I (PN-l) can interact with cell 
bound uPA (ESTREICHER et al.1990; CUBELLIS et al.1989) [although some resis
tance of cell-bound uPA to PAl-Ion certain cell types has been reported 
(KIRCHHEIMER and REMOLD 1989a)]. uPAR alone is unable to internalize uPA 
or its complexes with these inhibitors (MILES et al.1988b; VASSALLI et al. 1985). 
Nevertheless, rapid internalization does occur (ESTREICHER et al. 1990; JENSEN 
et al. 1990) via an initial interaction of the complexes with uPAR, followed by 
internalization by the LDL Receptor-Related Protein (LRP) (PLOUG and 
ELLIS 1994; CONESE et al.1994; MOESTRUP et aI.1993). LRP is a member of the 
LDL receptor gene family (KRIEGER and HERZ 1994) and is the same as the 
az-macroglobulin receptor (KRISTENSEN et al.1990; RABBANI et al.I994). Inter
nalization of uPA:PAI-l complexes can also occur via two receptors related 
to LRP. These are glycoprotein 330 (MoEsTRup et al. 1993) and the very low 
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density lipoprotein receptor (HEEGAARD et al. 1995). The internalization is 
thought to require the formation of a quaternary complex between uPA, the 
inhibitor, uPAR, and LRP (CONESE and BLASI 1995). It has been documented 
that uPAR is recycled to the cell surface after dissociation of the uPA:inhibitor 
complex (CONESE and BLASI 1995; NYKJAER et al. 1997). LRP is also involved 
in clearance of t-PA complexes. 

E. Functional Consequences of Receptor Occupancy 
I. Kinetic Consequences 

1. Plasminogen Receptors 

Plasminogen receptors, in concert with plasminogen activator receptors, func
tion to attain efficient generation and expression of plasmin activity at the cell 
surface. The contribution of plasminogen receptors to these ends is fourfold 
(see Fig. 3). 

plasminogen _ plasmin 

ii/' Q? • AI 
• ~PA ';. 

~·antiplasmln 

t-PA 

u-PA 

Fig. 3. Mechanisms for assembly and activation of the plasminogen system on cell sur
faces. Reaction 1 is the equilibrium of plasminogen between the soluble phase and the 
cell surface. Reaction 2 describes the activation of plasminogen to plasmin by cell
bound or free plasminogen activators, tPA or uPA. Activation on the cell-surface is 
favored. Reaction 3 entails mechanism by which plasmin can enhance plasminogen 
activation, either by sc-uPA to uPA or by proteolytically generating additional carboxy
terminallysines which can bind additional plasminogen. Reaction 4 indicates the neu
tralization of plasmin by arantiplasmin with cell-bound plasmin being protected from 
inactivation. Reprinted with permission from PLOW et al. (1995) 
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a) Enhanced Plasminogen Activation 

Studies with a variety of plasminogen-binding cells - platelets (MILES and 
PLOW 1985), monocytoid cells (PLOW et al. 1986), endothelial cells (HAJJAR 
et al. 1986), and isolated plasminogen-receptor proteins such as annexin II 
(CESARMAN et al. 1994) and enolase (REDLITZ et al.1994) - have clearly shown 
that receptor-bound plasminogen is more readily activated to plasmin than 
free plasminogen. This effect is attributable mainly to a decrease in Km (ELLIS 
et al. 1991). While this effect is independent of the plasminogen activator, it 
may be most pronounced with t-PA (HAJJAR et al. 1986; DEGUCHI et al. 1985; 
STRICKER et al. 1986). 

b) Amplification Loops 

Once activated, plasmin can participate in mechanisms that further enhance 
plasminogen activation. One such amplification mechanism involves the pro
teolysis of membrane proteins by cell-bound plasmin. The new carboxy
terminal lysine residues generated can then serve as additional plasminogen 
binding sites (CAMACHO et al. 1989; GONZALEZ-GRONOW et al. 1991). A second 
amplification mechanism involves the activation by cell-bound plasmin of 
receptor-bound pro-urokinase, resulting in a dramatic increase in its plas
minogen activator activity (ELLIS et al. 1991). 

c) Protection of Plasmin Activity 

The enzymatic activity of soluble plasmin has a short half-life in plasma due 
to rapid inactivation by arantiplasmin. Cell-bound plasmin is partially pro
tected from inactivation (PLOW et al. 1986; HALL et al. 1991). Indeed, dissoci
ation of cell-bound plasmin followed by rapid reaction with arantiplasmin 
may provide the primary mechanism for controlling cell-associated plasmin 
activity. 

d) Enhancement of Plasmin Activity 

The enzymatic activity of cell-bound plasmin is increased. This enhancement 
has been demonstrated for both protein (DUVAL-loBE and PARMELY 1994) and 
peptide (GONzALEZ-GRONOW et al. 1991) substrates. 

2. uP A Receptors 

uPA bound to uPAR activates plasminogen more efficiently than uPA in 
solution (ELLIS et al. 1989). The binding of uPA to uPAR decreases the Km 
for plasminogen activation by 37-fold (from 25.umolll to 0.67.umolll) and 
increases the overall catalytic efficiency of plasminogen activation about 6-fold 
(ELLIS et al.1991; PLOUG et al.1991; STEPHENS et al.1989). Several mechanisms 
contribute to the enhancement in plasminogen activation. First, uPAR places 
uPA in a favorable position for plasminogen activation. Treatment with either 
the ATF (PLOUG et al. 1991) or a monoclonal antibody against uPAR (R0NNE 



Assembly of the Plasminogen System on Cell Surfaces 157 

et al. 1991) to disrupt the interaction of uPA with uPAR abolishes the cell
dependent enhancement in plasminogen activation. The importance of cell
surface localization of uPA in enhancing plasminogen activation can be 
mimicked by transfection of cells with a mutant uPA anchored to the cell 
membrane by a GPI linkage (LEE et al. 1992,1994). Second, plasminogen acti
vation is increased approximately WOO-fold by the conversion of sc-uPA to 
uPA (LIJNEN et al. 1989), and cleavage of sc-uPA by plasmin is enhanced on 
the cell surface (STEPHENS et al. 1989; R0NNE et al. 1991). Third, the interac
tion of sc-uPA with either cell-bound or soluble uPAR may expose the cat
alytic site of the proenzyme without cleavage (MANCHANDA and SCHWARTZ 
1991; HIGAZI et al. 1995). 

3. t-PA Receptors 

Plasminogen activation by t-PA in the presence of endothelial cells is 
enhanced more than tenfold compared to the rate in fluid phase (HAJJAR et 
al. 1987). Because both plasminogen and t-PA bind to the cells, the accelera
tion may depend upon effects on either ligand or upon their co-localization 
on the cell surface. Condensation of both t-PA and plasminogen on the fibrin 
surface is required for enhancement of plasmin generation, and it appears that 
a similar mechanism occurs on cell surfaces (ELLIS and WHAWELL 1997). 

II. Functional Consequences 

The broad spectrum proteinase activity of plasmin can directly mediate break
down of a variety of extracellular matrix constituents (reviewed by SAKSELA 
and RIFKIN 1988), including fibronectin, laminin, and vitronectin. Cell-bound 
plasmin also activates other matrix-degrading proteinases (WONG et al. 1992). 
Together, these proteolytic functions may facilitate the migration of cells 
through extracellular matrices and basement membrane barriers. As examples, 
the degradation of extracellular matrices by endothelial cells (NIEDBALA and 
PICARELLA 1992), mesangial cells (WONG et al. 1992), and squamous carcinoma 
cells (NIEDBALA and SARTORELLl 1990) is not only plasmin-dependent but is 
also inhibited by EACA, indicative of a requirement for cell-surface binding. 
The migration of endothelial cells (PEPPER et al. 1993), corneal epithelial 
cells (MORIMOTO et al. 1993), and a variety of tumor cells (melanoma cells 
(MEISSAUER et al. 1992), neuroblastoma cells (SHEA and BEERMANN 1992), 
ovarian cancer cells (KOBAYASHI et al. 1994), colon adenocarcinoma cells 
(COHEN et al. 1991), osteosarcoma cells (KARIKO et al. 1993» is facilitated by 
the cell surface-associated plasminogen system. 

Occupancy of uPAR has also been implicated in tumor cell biology. Block
ade of the interaction between uPA, and blockade of uPAR decreases tumor 
cell invasiveness both in vivo and in vitro (PICONE et al. 1989; HOLLAS et al. 
1991; SCHLECHTE et al.1989; OSSOWSKI et al.1991a; CROWLEY et al.1993). Also, 
malignant tissues exhibit increased uPA and uPAR expression compared to 
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benign tissues (e.g., JANKUN et al. 1993). Therefore, the development of uPAR 
antagonists is being pursued as anti-cancer drugs. In vivo evidence also sup
ports the importance of the plasminogen system in cell migration. Transexamic 
acid, an antagonist of plasminogen binding to cells, significantly inhibits 
smooth muscle cell migration into the intima after experimental vascular 
injury in rats (JACKSON and REIDY 1992). 

Additional functional activities of cell-bound plasminogen and plasmin 
have also been described. Plasmin may modulate migration and proliferation 
of cells indirectly by activating growth factors which are synthesized and 
secreted as inactive precursors. Plasmin has been shown to activate basic FGF 
(FALCONE et al. 1993) and TGF-j3 (TAIPALE et al. 1992). Activation of these 
growth factors is inhibited by lysine analogs, indicative of involvement of cell
bound plasmin( ogen). These activated growth factors then, in turn, modify cel
lular behavior. In addition, and importantly, several functional consequences 
of plasminogen receptor occupancy do not rely on plasmin's proteolytic activ
ity. These include calcium mobilization in fibroblasts (GONZALEZ-GRONOW et 
al. 1994), endothelial cell retraction (CONFORTI et al. 1994), and neutrophil 
aggregation (RYAN et al. 1992). Finally, while many of the functions ascribed 
to receptors for components of the plasminogen system have been deduced 
from in vitro systems, the recent generation of mice deficient in plasminogen 
supports a role of this system in growth and development (PLOPLIS et al.1995), 
cell migration (CARMELIET et al. 1997), inflammation (PLOPLIS et al. 1998) as 
well as in thrombosis and fibrinolysis (BUGGE et al. 1995; PLOPLIS et al. 1995). 

List of Abbreviations 

ATF 
GPI 
LBS 
LRP 
PAI-1 (2) 
PAM 
PMA 
PN 
sc-uPA 
TAFI 
tPA 
uPA 
uPAR 

amino terminal fragment 
glycosylphosphatidylinositol 
lysine binding site 
LDL receptor-related protein 
plasminogen activator inhibitor type-1 (2) 
plasminogen binding antiphagocytic M-protein 
phorbol 12-myristate 13-acetate 
protease nexin 
single-chain uPA 
thrombin-activable fibrinolysis inhibitor 
tissue-type plasminogen activator 
urinary-type (or urokinase-type) plasminogen activator 
uPA receptor 
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CHAPTER 7 

Streptokinase and Anisoylated Lys
Plasminogen Streptokinase Activator Complex 

V.I MARDER and F. BACHMANN 

A. Introduction 
In 1933, the observation was made that an extract of hemolytic strepto
cocci lyses fibrin (TILLETT and GARNER 1933), and it took 16 years for a ther
apeutic preparation, streptococcal fibrinolysin (streptokinase), to be used 
clinically to dissolve fibrinous pleural effusions (TILLETT and SHERRY 1949). By 
the 1950s, investigators had explored the use of streptokinase (SK) in the 
dissolution of experimental thrombi and in acute myocardial infarction 
(AMI) (JOHNSON and TILLETT 1952; FLETCHER et al. 1959a,b), and in the late 
1960s and 1970s it was widely applied in Europe for the treatment of deep 
venous thrombosis and pulmonary embolism (reviewed by FRANCIS and 
MARDER 1991). SK is derived from a non-pathogenic, group C (Lancefield) 
strain of streptococci (see Chap. 2), and was the first thrombolytic agent devel
oped for clinical usage, providing the basis for comparison with other throm
bolytic agents. 

I. Pharmacology 

1. Streptokinase (SK) 

SK forms a complex with plasminogen which in turn converts plasminogen to 
plasmin (see Chap. 2). In man, the SK-plasmin( ogen) complex has a half-life 
of about 23min (MENTZER et al. 1986). Plasmin degrades not only fibrin and 
fibrinogen but also other proteins, such as factor V (OMAR and MANN 1987), 
factor IX (SAMIS et al. 2000) von Willebrand factor (vWf) (FEDERICI et al.1993), 
vitronectin (CHAIN et al. 1991), and complement (AGOSTONI et al. 1994). When 
plasmin forms on a fibrin surface (i.e., through activation of fibrin-bound plas
minogen), fibrin lysis occurs; when it forms in plasma (i.e., through activation 
of plasma plasminogen), fibrinogen degradation occurs. SK can form a 
complex with plasminogen bound to fibrin, but fibrin contains no specific 
binding sites for SK. Consequently, when SK is administered intravenously in 
patients, two independent actions take place, namely, activation of fibrin
bound plasminogen and activation of plasma plasminogen. 
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2. Anisoylated Lys-Plasmin(ogen) Streptokinase Activator Complex 
(APSAC, anistreplase) 

Plasmin generated in whole blood or plasma is immediately inactivated, but 
plasmin bound via its high-affinity lysine binding site to fibrin is inactivated at 
a much lower rate by arantiplasmin. In the search for more efficient throm
bolytic agents, some researchers arrived at the original idea to acylate the 
active site center of the SK-plasmin( ogen) activator complex in which a 
configurational change exposes the active plasmin( ogen) site. Coupling of p
anisoyl to the active site serine of the plasmin( ogen) portion of activator 
complex led to a compound originally designated as BRL 26921, subsequently 
named APSAC (anisoylated plasminogen-SK activator complex) for the 
formal generic name anistreplase (Eminase, Smith-Kline Beecham). Thus, the 
catalytic site of anistreplase is blocked but its affinity to fibrin via the lysine 
binding site is preserved. Anistreplase deacylates with a half-life of about 
40min at 3rC (HIBBS et a1. 1989), and since it binds to fibrin, it is feasible to 
administer this drug as a bolus injection. In experimental animal models 
anistreplase had better clot specificity, i.e., caused less fibrinogenolysis and 
consumption of plasminogen and of arantiplasmin, and a lesser hypotensive 
effect in vivo than SK (reviewed by FEARS 1989). Clinical studies revealed that 
anistreplase is indeed an effective thrombolytic agent, but the systemic prote
olytic effects are hardly different from those observed with SK (HOFFMANN et 
a1. 1985; SAMAMA et a1. 1987; ANDERSON 1989; BASSAND et a1. 1991; reviewed in 
MARDER 1989; VERSTRAETE 1989). 

II. The Proteolytic State 

During therapy with sufficient SK or anistreplase to overcome anti-SK anti
body (the only inhibitor to the action of SK or its activator complex), prompt 
and extensive activation of plasma plasminogen takes place. The hyperplas
minaemic state that results produces a hypocoagulable state in which fibrino
gen, vWf, and factor V and VIII levels fall precipitously, the former often to 
levels of less than 1 gil. The breakdown products of fibrinogen proteolysis 
(FDPs) that are formed impede normal clotting and contribute to the hypoco
agulable state. These effects significantly prolong the thrombin clotting time, 
and to a lesser extent the activated partial thromboplastin time (APTT) and 
the prothrombin time. Hemostasis is impaired, primarily because of the degra
dation of fibrinogen (MENTZER et a1. 1986) and the fact that no native fib
rinogen remains in the circulation, the circulating clottable protein being 
fragment X (Fig. 1), a proteolytic fragment of fibrinogen (MARDER et a1. 1969; 
MENTZER et a1. 1986). The hemostatic defect not only increases the risk and 
severity of bleeding, but at the same time diminishes the likelihood of arter
ial rethrombosis. The anticoagulant state produced during and for some time 
after thrombolytic therapy with SK or anistreplase is a useful feature because 
the thrombogenic stimulus of a ruptured plaque, or an inadequate flow rate, 
may persist. The presence of an anticoagulant state avoids the necessity for 
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Fibrinogen 
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Fig.I. Schema of degradation of fibrinogen by plasmin with the sequential formation 
of fragment X (slowly coagulable by thrombin), fragment Y and D (inhibitors of the 
conversion of fibrinogen to fibrin), and the end-products fragments D and E. Repro
duced with permission from FRANCIS and MARDER (1994) 

the simultaneous use of heparin, an agent that can add significantly to the 
bleeding risk (TIM MIS et al. 1986) (see also Sect. B.1.f). 

Fibrinogen is the major determinant of plasma viscosity (MERRILL et al. 
1966; REPLOGLE et al. 1967; reviewed by BECKER 1991). Thus, the breakdown of 
fibrinogen, associated with a reduction of blood and plasma viscosity (MORIARTY 
et al. 1988), may improve flow rate and reduce afterload and could be of benefit 
in patients with AMI, given that an increase in blood viscosity can be associated 
with coronary heart disease (JAN et al. 1975; MORIARTY et al.1988; YARNELL et al. 
1991; LOWE et al. 1991). After SK or anistreplase therapy restoration of a nor
mocoagulable state depends on the synthesis of new fibrinogen and clearance 
of FDPs. Fibrinogen levels usually reach normal values within 36-48 h, and the 



176 V.I MARDER and F. BACHMANN 

half-life of FDPs is 6-8h (MENTZER et al. 1986), with higher molecular forms 
cleared more slowly (FLETCHER et al.1962; ARDAILLOU et al. 1977). 

The combined effects of plasmin degradation of plasma proteins are often 
referred to as the plasma proteolytic state ("lytic state") (SHERRY et al.1959a,b). 
While the lytic state can be quantitated by measurement of plasminogen, fib
rinogen, factors V and VIII, and FDPs, plasminogen activator activity can be 
measured by the euglobulin lysis time (SHERRY et al. 1959b), fibrin plate assay 
(ASTRUP and MULLERTZ 1952), or release of fibrin fragments from isotopically 
labeled clots (SAWYER et al. 1960) or fibrin films (MOROZ and GILMORE 1975). 
In addition, assay of D-dimer (RYLATT et al. 1983), a specific fragment of 
crosslinked fibrin, or of Bf31-4Z' a peptide cleaved from fibrinogen by plasmin 
(SCHMIDT et al. 1993; SCHARFSTEIN et al. 1996; GRANGER et al. 1998), reflect fi
brinolysis and fibrinogenolysis, respectively. Plasmin also is able to activate 
factor VII (TSUJlOKA et al.1999). Ongoing thrombin formation can be assessed 
by the determination of fibrinopeptides A and B (FPA, FPB) (SCHARFSTEIN 
et al. 1996; GRANGER et al. 1998), fragment 1.2 (SCHARF STEIN et al. 1996; 
GRANGER et al.1998), and thrombin-antithrombin complexes (TAT) (GULBA et 
al.1988; TRIPODI et al.1990).Although such assays reflect processes of increased 
thrombin formation (EISENBERG et al. 1987; GULBA et al. 1988; RAPOLD et al. 
1989; TRIPODI et al. 1990; MERLINI et al. 1995), thrombolysis, or fibrinogen/fibrin 
degradation, they have not been of value for routine monitoring of throm
bolytic therapy or prediction of clinical events in a given patient. 

III. Factors Influencing the Lysis of Thrombi and Emboli 

Although the presence of thrombolytic activity in the circulation is a prereq
uisite for clot lysis (RYLATT et al. 1983; JAFFE et al. 1987; MARDER 1987), a poor 
correlation exists between the level of thrombolytic activity, as determined by 
direct or indirect methods, and success in clot dissolution (RENTROP et al. 1981; 
ROTHBARD et al. 1985; MARDER 1987; RAO et al. 1988; BRENNER et al. 1990; 
FRANCIS and MARDER 1994; EL GAYLANI et al.1996); this is because local factors 
in and around a thrombus are critical in determining the success of throm
bolysis and the absence of vascular injury is the major determinant for avoid
ing fibrinolytic hemorrhage. 

Effective thrombolysis depends on the penetration of activator into the 
clot with activation of fibrin-bound plasminogen. The rate of lysis in vitro is a 
direct function of the proximate concentration of the plasminogen activator 
and of fibrin-bound plasminogen, with the solubilizing process beginning at the 
surface and progressing inward (FRANCIS et al. 1984). In vivo this relationship 
is influenced greatly by anatomical and biological factors that are not control
lable. These factors include (1) the surface area of clot exposed to blood, (2) the 
concentration of fibrin-bound plasminogen, (3) the affinity of the plasminogen 
activator to fibrin and plasminogen, and (4) the age of the thrombus. 

Total occlusions of coronary arteries, defined as grade 0 in the TIMI 1 
study (THE TIMI STUDY GROUP 1985), which expose a small surface area to the 
clot, are not as readily dissolved as when there is penetration of blood into 
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and especially around the clot (grade 1) or when the vessel is only partially 
occluded (grade 2). That old thrombi are more resistant to lysis by plasmino
gen activators is well-recognized, partly because such thrombi are often inac
cessible to activator, but also due to chemical changes in fibrin (MARDER et al. 
1994). Factors that lead to increased resistance include (1) rapid chemical 
cross-linking of the fibrin polymers (GORMSEN et al. 1967), (2) formation of 
ultralarge fibrin a-chain polymers as occurs in the presence of high concen
trations of factor XIII or large numbers of platelets (FRANCIS and MARDER 
1988), (3) cross-linking of arantiplasmin to fibrin by factor XIII (REED et al. 
1992; REED and HOUNG 1999), (4) a high content of platelets containing plas
minogen activater inhibitor 1 (PAl-I) (ZHU et al. 1999), (5) clot retraction, 
during which serum is squeezed out and fibrin becomes more compacted, and 
(6) progressive impaction of the thrombus so as to occlude the vessel totally. 
Resistance to lysis by SK in coronary arteries is not as evident with tissue-type 
plasminogen activator (tPA) (THE TIMI STUDY GROUP 1985; STEG et al. 1998) 
since the latter binds to fibrin and works longer and more effectively on older, 
more lysis-resistant fibrin. 

B. Therapeutic Results in Acute Myocardial Infarction 
I. Streptokinase 

1. Early Studies with Intravenous Streptokinase 

Paul Dudley White, a leading cardiologist in the first half of this century and 
a well known clinician and investigator among hemostasis and thrombosis 
experts, described in the first edition of his book on heart disease (WHITE 1931) 
that AMI could be due to the ulceration of atheromatous plaques and the for
mation of a coronary thrombus. This knowledge appears to have been ignored 
by subsequent cardiologists and pathologists, as exemplified by opinions such 
as "The infrequency of coronary thrombi in patients who died of acute car
diovascular collapse ... suggests that coronary thrombi are consequences 
rather than causes of acute myocardial infarction" (ROBERTS and BUJA 1972). 
This approach was certainly not conducive to the study of thrombolytic agents 
in patients with AMI, and in the 1960s and 1970s nearly all of the early throm
bolytic trials in AMI were organized by hemostasis experts. 

The first clinical report on a series of 17 men and 5 women with AMI, 
treated with an initial titrated dose of SK, followed by an intravenous infusion 
of 35000 to 150000 units/h over a period of 8 h was reported by FLETCHER et 
al. (1958). Subsequently, from 1963 to 1979, there were 19 additional trials with 
intravenous SK, usually involving a 24-h period of treatment. The results of all 
of these trials have been reviewed (YUSUF et al. 1985; GRUNEWALD and 
SEIFRIED 1994) and eight trials that met more rigid inclusion criteria (DEWAR 
et al. 1963; AMERY et al. 1969; HEIKINHEIMO et al. 1971; DIOGUARDI et al. 1971; 
BETT et al. 1973; BREDDIN et al. 1973; ABER et al. 1976; EUROPEAN Co
OPERATIVE STUDY GROUP FOR STREPTOKINASE TREATMENT IN ACUTE MYOCAR-
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DIAL INFRACTION 1979) were analyzed by STAMPFER et al. (1982). A meta-analy
sis of the results, a basis for analysis when individual sample sizes are inade
quate for mortality studies (L'ABBE et al. 1987), suggested a 20%-22% 
reduction in the odds of death. 

During this same period several pathologists clarified the pathogenesis of 
AMI by demonstrating that coronary thrombi were indeed frequently found 
in patients who died from AMI (DAVIES et al. 1976; reviewed by DAVIES 1994) 
and that the triggering event often was a ruptured plaque (FALK 1983). 
The seminal report by DEWOOD et al. (1980) demonstrated by means of coro
nary angiography a thrombus in 110 of 126 patients (87%) who were evalu
ated within 4 h of the onset of symptoms. This report and the early work of 
RENTROP et al. (1979) represent a turning point in the management of AMI 
and led, in the early 1980s, to a dramatic increase in interest by the cardiology 
community. 

2. Intracoronary Administration 

Intracoronary administration of preparations containing SK is not a recent 
innovation. Nearly 30 years ago, BOUCEK et al. (1960) developed a novel 
method for the use of their SK-containing preparation for local perfusion, and 
CHAZOV et al. (1976) were the first to use coronary catheterization to instill 
SK directly into the coronary artery. Nevertheless, it remained for RENTROP 
et al. (1979, 1981) to demonstrate that intracoronary administration of SK into 
the obstructed coronary artery early after the onset of symptoms frequently 
resulted in rapid reperfusion. The latter observation soon was confirmed by 
others (MASON 1981) who infused 2000U/min for periods of 6D-90min. When 
therapy was initiated within 3 h of onset of symptoms, on average 75 % of 
occluded vessels were reperfused in 30 min; serious bleeding complications 
were low (4.8%) and originated primarily at the catheter insertion site. A sig
nificant incidence of reocclusion (18%) was related to underlying residual 
stenosis (SERRUYS et al.1983; GOLD et al.1984) with unlysed thrombus a promi
nent factor in the reduction of adequate refiow (GASH et al. 1986; BROWN et 
al. 1986). However, ventriculography showed a 55% return of function of the 
initially stunned myocardium, which, in the absence of reperfusion, would have 
been expected to undergo necrosis and irreversible loss of function (SPANN 
and SHERRY 1984). Studies with 201 thallium scintigraphy demonstrated that 
coronary thrombolysis was associated with improved regional perfusion 
(MARKIS et al. 1981). 

However, consistent with the observations by REIMER et al. (1979) on the 
progression of irreversible necrosis as a function of time in experimental coro
nary occlusion in dogs, BERGMANN et al. (1982) demonstrated by positron emis
sion tomography that there was little evidence of myocardial salvage when 
therapy was begun more than 4h after the onset of coronary occlusion. Along 
with timely reperfusion, there is a rapid disappearance of chest pain, early 
peaking of the MB fraction of creatine phosphokinase, appearance of reper-
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fusion arrhythmias, and rapid reduction of the injury current On the electro
cardiogram (MASON 1981). Registries of intracoronary SK treatment 
(WEINSTEIN 1982; KENNEDY et al. 1985) strongly suggested improved mortal
ity, and provided the basis for several randomized trials that produced short
term (KENNEDY et al. 1983; SIMOONS et al. 1986) and long-term (KENNEDY et 
al. 1985; SIMOONS et al. 1986) evidence of a reduction in mortality, especially 
among patients with anterior infarcts. 

3. High-Dose Intravenous Administration of Streptokinase 

a) Dose-Ranging Studies and Anti-SK Antibodies 

The technical and logistic problems associated with emergency coronary 
catheterization, as well as its high cost led to the adoption of high-dose intra
venous administration of SK. Dose-ranging studies of intravenous SK have 
not been exhaustive (COL et al. 1989; SIX et al. 1990), but the dose that has 
been studied most extensively and which has been generally accepted for 
routine use is 1,500,000 units (1.5 MU) infused over 1 h. This SK dose floods 
the circulation with high levels of SK, and neutralizes anti-SK antibodies in 
over 95% of all patients. SK and anistreplase are highly antigenic and most 
humans exhibit anti-SK antibodies (BACHMANN 1968), probably due to previ
ous infection with a-hemolytic streptococci (SHAlLA et al. 1994). Very high 
levels of anti-SK antibodies may prevent the lytic state and (LEW et al. 
1984; SIGWART et al. 1985; HOFFMANN et al. 1988; BUCHALTER et al. 1992; JUHLIN 
et al. 1999) result in non-reperfusion. In most cases, the neutralization of anti
SK antibodies typically results in an activity equivalent of 65 U/ml of SK at 
the end of the SK infusion, and measurable SK activity remains in the circu
lation for about 1-2h (MENTZER et al. 1986). Recovery from the lytic state 
begins 2h later and is complete within 36-48h (MARDER 1987). Anti-SK anti
body titers rise on the fifth day after SK or anistreplase administration and 
rapidly reach 1000U/ml of plasma at 2-4 weeks before slowly receding 
(SHAlLA et al. 1994). In some patients high anti-SK titers may be found up to 
7.5 years after the intravenous administration of SK or anistreplase (ELLIOTT 
et al. 1993; FEARS et al. 1992; SQUIRE et al. 1999). For this reason, it is recom
mended to not treat a patient who previously received SK or anistreplase a 
second time with an SK-containing agent. A mutant lacking the C-terminal42 
amino acids has been shown to be less immunogenic in baboons, but has not 
yet been used clinically in man (TORRENS et al. 1999). 

Variations of the above dosing schedule have been utilized, for example, 3 
MU (SIX et al. 1990; THEISS et al. 1996), or combinations with tPA and 
either 1.5 MU or reduced doses of SK (GRINES et al. 1991; reviewed by MARDER 
et al. 1994). Totally unexploited is the potential of genetically-engineered 
mutants of SK (MALKE and FERRETTI 1984; MULLER et al. 1989; Wu et al. 1998; 
SHl et al. 1998). For example, replacement of plasmin-cleavable peptide bonds 
by non-cleavable bonds (Wu et al. 1998; SHl et al. 1998) would likely result in 
mutants which remain active in the circulation for longer times. Deletion of the 
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N-terminal 59 amino acids conferred fibrin specificity to SK, i.e. resulted in 
markedly diminished fibrinogen degradation in vitro (REED et al. 1999), and a 
hirulog-SK fusion protein was found to bind to clot-bound thrombin, enhanc
ing clot lysis (WANG et al. 1999). To date there have been no reports which have 
evaluated the clinical efficacy of such genetically engineered forms of SK. 

b) Patency vs Recanalization Rate 

In most trials where coronary angiography was performed in patients with sus
pected AMI, about 20% of patients exhibited open (patent) coronary arteries 
prior to treatment (GRANGER et al. 1994). A review of the literature shows that 
achievement of patency after intra coronary SK treatment was clearly associ
ated with a lowered mortality, 2.5% of the 76% of patients with patent vessels 
vs 14% in the 24 % of patients with vessels that remained occluded (KENNEDY 
et al. 1983). 

Most recent studies using coronary angiography as one of the endpoints 
of thrombolytic therapy have evaluated reperfusion grade criteria established 
by the TIMI-1 investigators (THE TIMI STUDY GROUP 1985), with grades 0 (no 
distal flow) and 1 (minimal flow) perfusion being designated as thrombolysis 
failures and grades 2 (partial perfusion) and 3 (complete perfusion) as throm
bolysis successes. Several studies have lent strong support to the "open artery" 
hypothesis which states that coronary reperfusion is associated with improved 
cardiac function and reduced morbidity and mortality (THE GUSTO ANGIO
GRAPHIC INVESTIGATORS 1993; SIMES et al. 1995; reviewed by FIBRINOLYTIC 
THERAPY TRIALISTS' (FTT) COLLABORATIVE GROUP 1994). Furthermore, 
although achievement of TIMI grade 2 flow may still benefit patients (REINER 
et al.1996), it has become increasingly clear that only early and complete grade 
3 flow is associated with optimal survival and clinical outcomes (DALEN et al. 
1988; KARAGOUNIS et al. 1992; ANDERSON et al. 1993; STADIUS 1993; VOGT et al. 
1993a; THE GUSTO ANGIOGRAPHIC INVESTIGATORS 1993; LINCOFF et al. 1995; 
GIBSON et al. 1995,2000; reviewed by GRANGER et al. 1994). In the TEAM-2 
trial, comparing anistreplase with SK, patients with TIMI grade 2 flow at 90-
240min after thrombolysis had indexes of infarct size comparable with those 
of patients with TIMI grade 0 or 1 flow (KARAGOUNIS et al. 1992). The retro
spective review of four German multicenter studies revealed that in-hospital 
mortality was higher for patients with TIMI grade 0 or 1 flow (7.1 %) and grade 
2 flow (6.6%) than in those with grade 3 flow (2.7%) (VOGT et al. 1993a). In 
the GUSTO-I angiographic substudy, the mortality rate at 30 days among 
patients with grade 3 flow was 4.4% but 7.4% among those with grade 2 flow 
(THE GUSTO ANGIOGRAPHIC INVESTIGATORS 1993). This study also showed that 
all indexes of left ventricular function, including ejection fraction, end-systolic 
volume index, and global and regional wall motion, were clearly better at 
90min and at 7 days in the group who had early TIMI grade 3 flow. 

A recent review analyses TIMI grade 2 and 3 flows and reocclusion rates 
obtained with three different thrombolytic agents (BARBAGELATA et al. 1997) 
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Table 1. TIMI grade 2 and 3 flow rates with different thrombolytic agents. Pooled 
analysis 

Time" Treatment Accelerated Streptokinase Anistreplase 
Standard tPA tPA 

TIMI grade 3 flow (%) 
60 min 39 (29-50) 58 (52-62) 40 (33-47) 
90 min 50 (46-54) 63 (60-67) 31 (28-35) 50 (45-55) 

180min 43 (33-53) 46 (41-50) 60 (53-67) 
1 day 73 (66-80) 71 (66-75) 51 (45-57) 78 (74-82) 
3-21 days 77 (63-92) 75 (70-80) 54 (47-62) 88 (83-93) 

TIMI grade 2 flow (%) 
60 min 23 (14-32) 17 (13-21) 20 (15-25) 
90 min 22 (19-26) 20 (17-23) 25 (22-29) 18 (14-22) 

180 min 33 (24-43) 27 (22-30) 12 (7-17) 
1 day 13 (7-18) 15 (12-19) 30 (24-36) 12 (8-15) 
3-21 days 3 (0-9) 12 (8-16) 24 (18-30) 2 (0-4) 

aTime from start of thrombolytic therapy to angiography. Values are point estimates, 
with 95 % confidence intervals in parenthesis. 

(Table 1). The pooled data of 5170 patients who had coronary angiography after 
thrombolytic treatment show that the rate of earlyTIMI 3 flow was lowest with 
SK, highest with accelerated tPA, and intermediate and similar with standard 
dose t-PA and anistreplase at 90min. At 180min, there was a decrease with 
accelerated tPA to about the same level as with SK (about 44%, so-called 
"catch-up" phenomenon for SK) and then an increase to about 70% by 24h. The 
rate for anistreplase increased to 60% by 180min and to 90% between 3 and 21 
days. SK was associated with stable TIMI 3 flow rates, remaining about 55% at 
the latest angiogram. The overall reocclusion rate was 12% with standard-dose 
and 6% with accelerated tPA. The non-fibrin specific agents anistreplase and SK 
had overall reocclusion rates of 4.2 % and 3 % respectively. It is possible that the 
higher reocclusion rate in patients treated with standard-dose tPA, compared 
with those given SK, offsets a potential benefit of earlier TIMI grade 3 perfu
sion in the tPA group, as evidenced by the equivalent functional parameters 
between tPA and SKgroups in theTIMI-1 study (SHEEHAN et al.1987) and mor
tality rates in the GISSI -2 trial (GRUPPO ITALIANO PER Lo STUDIO DELLA SOPRAV
VIVENZA NELL'INFARTO MlOCARDICO (Grssr) 1990). With the introduction of core 
angiographic laboratories the reproducibility of TIM I flow grades has been 
questioned because of interobserver variability, its categorical nature, its limited 
statistical power and the fact that the non culprit flow (used to gauge TIMI 3 
flow) is abnormally slow early in the course of AMI. Recently the corrected 
TIMI frame count (CTFC) has been developed as a more reproducible method 
of quantifying infarct artery blood flow. In this method the number of frames 
required for dye to first reach standardized distal landmarks is counted. Low 
CTFC of 10-50 therefore corresponds to free flow and are associated with lower 
mortality (GIBSON et al.1996, 1999a,b;FRENCH et al.1998, 1999a,b). 
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Table 2. Short -term mortality reduction using SK (vs placebo) administered in the first 
3 h after acute myocardial infarction 

Study Year No. of Mortality % Survival benefit 
Patients 

SK Placebo 

IS AM 1986 940 5.2 6.5 20% (n.s.) 
1987 

GISSI 1986 6094 9.2 12.0 23 % (p = 0.0005) 
1987 

WHITE et al. (1987) 1987 219 3.7 12.5 70% (p = 0.012) 
Western Washington 1988 194 5.2 11.3 54% (n.s.) 
ISIS-2 1987 5108 8.1 12.2 34 % (p < 0.0001) 

1988 

Follow-up at approximately 3-4 weeks after treatment. Overall reduction of approxi
mately 30% in favor of treatment with SK. 
References: ISAM: THE I.S.A.M. STUDY GROUP (1986); SCHRODER et al. (1987); GISSI: 
GRUPPO ITALIANO PER Lo STUDIO DELLA STREPTOCHINASI NELL'INFARTO MIOCARDICO 
(GISSI) (1986, 1987); Western Washington: KENNEDY et al. (1988); ISIS-2: ISIS STEER
ING COMMITTEE (1987); THE ISIS-2 (SECOND INTERNATIONAL STUDY OF INFARCT SUR
VIVAL) COLLABORATIVE GROUP (1988) 

c) Mortality Reduction 

There have been six randomized trials comparing mortality rates in patients 
with an acute myocardial infarction assigned either to a placebo control group 
or to a group receiving 1.5 MU of SK over a 30-60 min period (THE LS.A.M. 
STUDY GROUP 1986; SCHRODER et al. 1987; VOTH et al. 1991; GRUPPO ITALIANO 
PER Lo STUDIO DELLA STREPTOCHINASI NELL'INFARTO MIOCARDICO (GISSI) 
1986, 1987; WHITE et al. 1987; KENNEDY et al. 1988; RITCHIE et al. 1988; 
CERQUEIRA et al. 1992; ISIS STEERING COMMITTEE 1987; THE ISIS-2 (SECOND 
INTERNATIONAL STUDY OF INFARCT SURVIVAL) COLLABORATIVE GROUP 1988; 
BAIGENT et al. 1998; EMERAS (ESTUDIO MULTICENTRICO ESTREPTOQUINASA 
REPUBLICAS DE AMERICA DEL SUR) COLLABORATIVE GROUP 1993). Table 2 sum
marizes the results on those patients who received thrombolytic therapy 
within 3 h of symptom onset and who were evaluated for short term survival 
at 2-4 weeks after treatment. Two of the studies showed a trend that was not 
statistically significant towards a survival benefit using SK. The 20% advan
tage (5.2% vs 6.6%) in survival in the ISAM trial (THE LS.A.M. STUDY GROUP 
1986) was however associated with significantly better ventricular function in 
patients with anterior MI; the 20% improvement persisted up to three years 
after treatment (VOTH et al. 1991). The Western Washington trial (KENNEDY et 
al. 1988) showed a marked 54 % improved survival, but the number of patients 
was insufficient to reach significance at 14 days after treatment; follow-up at 
two years in patients who had had anterior AMI did show a significant 20% 
advantage in the SK group. A study reported by WHITE et al. (1987) was also 
quite small, but the dramatic difference in mortality (3.7% vs 12.5%) among 
only 219 patients in the trial reached statistical significance for the 70% sur
vival advantage with SK. 
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However, most weight of evidence is provided by two much larger studies. 
The GISSI trial (GRUPPO ITALIANO PER Lo STUDIO DELLA STREPTOCHINASI 
NELL'INFARTO MroCARDICO 1986, 1987), which compared more than 5000 
patients treated in this time frame, showed a 23% survival advantage with SK 
(9.2% vs 12% mortality), which was highly significant (p = 0.0005), and like
wise, the ISIS-2 experience showed an increase of 34% in survival (8.1 % vs 
12.2%; p < 0.0001) (THE ISIS-2 (SECOND INTERNATIONAL STUDY OF INFARCT 
SURVIVAL) COLLABORATIVE GROUP 1988). The overall experience of the five 
trials summarized in Table 2 is a reduction of 29% for patients treated within 
3 h of symptom onset, as evaluated at approximately 2-4 weeks after such 
therapy. The sixth trial is the South American EMERAS study which enrolled 
only patients presenting more than 6 h after the onset of symptoms [EMERAS 
(ESTUDIO MULTICENTRICO ESTREPTOQUINASA REPUBLICAS DE AMERICA DEL 
SUR) COLLABORATIVE GROUP 1993]. Among the 2080 patients in whom the time 
to treatment was 7-12h from symptom onset there was a nonsignificant trend 
towards fewer deaths with SK (11.7% vs 13.2%), whereas there was little dif
ference among the 1791 patients presenting after 13-24h (11.4% vs 10.7%). 

d) Delay to Treatment 

Clearly, the earlier that patients are treated with thrombolytic therapy after 
symptom onset, the better the results [GRUPPO ITALIANO PER Lo STUDIO DELLA 
STREPTOCHINASI NELL'INFARTO MroCARDICO (GISSI) 1987; HACKWORTHY et a1. 
1988; THE ISIS-2 (SECOND INTERNATIONAL STUDY OF INFARCT SURVIVAL) COL
LABORATIVE GROUP 1988; FRENCH and WHITE 1995; RAITT et a1. 1996; NEWBY et 
al. 1996; LANGER et a1. 1996; KELLY et a1. 1997; STEG et al. 1998; ZEYMER et a1. 
1999; reviewed by BOERSMA et al. 1996]. The GISSI study showed that treat
ment provided during the first hour reduced mortality significantly by 47% as 
compared with 23% when treatment was delayed for up to 3h and only 17%, 
still a significant reduction (p = 0.03), when treatment was provided at 3-6h 
after symptom onset. Similar results were obtained in the ISIS-2 trial, which 
showed a 35% reduced mortality with treatment in the first 4h, as compared 
with a 17% reduction with treatment provided at 5-24 h. The data on survival 
vs delay in the administration of thrombolytic therapy have been summarized 
for all of the plasminogen activator studies comprising more than 1000 patients 
[FIBRINOLYTIC THERAPY TRIALISTS' (FTT) COLLABORATIVE GROUP 1994]. These 
investigators arrive at a straight line relationship of lives saved with delay after 
symptom onset, from a high value of 35 lives/lOOO in the first hours to about 
20 for those treated between 7 hand 12h and a non-statistically significant 
trend in favor of thrombolytic treatment (approximately 6 lives/lOOO treat
ments) between 12h and 24h after symptom onset. Using the same trials and 
in addition trials specifically designed to study the impact of the delay to treat
ment, BOERSMA et al. (1996) did not find a straight line relationship between 
time to treatment and number of lives saved. They arrive at an even higher 
number of lives saved if treatment is given within the first hour after onset of 
symptoms (65/1000; see Fig. 2). Follow-up at one or two years [GRUPPO 
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Fig.2. A Absolute reduction in 35-day mortality vs delay from symptom onset to 
randomization among 45000 patients with ST elevation or bundle-branch block. 
Reproduced with permission from FIBRINOLYTIC TRIALISTS' (FIT) COLLABORATIVE GROUP 

(1994). B Absolute 35-day mortality reduction vs treatment delay. Small closed circles: 
information from trials included in FTT analysis (above); open circles: information 
from additional trials; small squares: data beyond x/y cross. The linear and the 
non-linear regression lines are fitted within these data, weighted by inverse of the 
variance of the absolute benefit in each datapoint. Black large squares: average 
effects in six time-to-treatment groups (areas of squares inversely proportional to vari
ance of absolute benefit described). Reproduced with permission from BOERSMA et al. 
(1996) 
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ITALIANO PER Lo STUDIO DELLA STREPTOCHINASI NELL'INFARTO MIOCARDICO 
(GISSI) 1987; SCHRODER et al.1987; ThE ISIS-2 (SECOND INTERNATIONAL STUDY 
OF INFARCT SURVIVAL) COLLABORATIVE GROUP 1988], or even up to 14 years 
(BAIGENT et al.1998; FRANZOSI et al.1998; FRENCH et al.1999; MAAS et al.1999) 
after treatment clearly show that the survival advantage achieved at about 1 
month is maintained long-term. While individual reports suggested that intra
coronary SK administration can reduce mortality (KENNEDY et al. 1983; 
ANDERSON et al. 1983; KHAJA et al. 1983; KENNEDY et al. 1985; SIMOONS et al. 
1986), a retrospective analysis of eight randomized studies of the intracoro
nary route (vs placebo) by FURBERG (1984) showed no advantage in mortality 
(11 % vs 12.4%, p = 0.64) at 2-54 weeks after the infarction. It is likely that 
the greater delay required to provide intracoronary therapy accounts for this 
suboptimal response. 

In distinction to the marginal [FIBRINOLYTIC THERAPY TRIALISTS' (FTT) 
COLLABORATIVE GROUP 1994] or frank absence of benefit if SK [EMERAS 
(ESTUDIO MULTICENTRICO ESTREPTOQUINASA REPUBLICAS DE AMERICA DEL 
SUR) COLLABORATIVE GROUP 1993] or tPA (LATE STUDY GROUP 1993) is admin
istered more than 12 h following symptom onset, efforts to minimize the time 
delay before treatment appear to translate into a survival advantage. The 
administration of plasminogen activator in the ambulance or even at home 
can cut an average of about one hour from the usual time delay before treat
ment with an overall decrease in mortality from 15% to 25% (LE FEUVRE et 
al. 1993; ROZEN MAN et al. 1994; BROUWER et al. 1996; RAWLES 1997; reviewed 
by CARLSSON et al. 1997) (see also below). Factors which contribute to delays 
in symptom to needle time are advanced age, female gender, diabetes 
(MAYNARD et al. 1995; NEWBY et al. 1996; LAMBREW et al. 1997; LEIZOROVICZ et 
al. 1997; BERGLIN BLOHM et al. 1998) and the availability of primary PTCA. 
Indeed, in university hospitals offering 24 h a day PTCA, physicians who are 
confronted with the difficult choice of selecting a particular therapy for a 
patient may contribute to delay of instituting thrombolytic therapy for patients 
not suited for primary PTCA (DOOREY et al. 1998). Increased delays in insti
tuting thrombolytic therapy are particularly disadvantageous for patients to 
be treated with SK (STEG et al. 1998). Guidelines on how to reduce symptom 
to needle time have been published (WILLIAMS 1998). 

e) Bleeding Complications 

All thrombolytic agents produce a risk for bleeding complications (RAO et al. 
1988; SANE et al. 1989; MARDER 1990; LAUER et al. 1995; LEVINE et al. 1995; 
BERKOWITZ et al. 1997). It has become increasingly evident that the major 
cause of bleeding is lysis of hemostatic plugs at sites of previous invasive pro
cedures or internal vascular injury (MARDER 1979; MARDER and SHERRY 1988). 
Thrombolytic therapy can induce platelet disaggregation (LOSCALZO and 
VAUGHAN 1987; RUDD et al. 1990) and dissolve fibrin in a hemostatic plug. 
Another contributing factor to bleeding is the use of heparin in conjunction 



186 V.l MARDER and F. BACHMANN 

with or immediately after thrombolytic therapy (NATIONAL INSTITUTES OF 
HEALTH CONSENSUS DELVELOPMENT CONFERENCE 1980; GANZ et al. 1984; 
HILLIS et al. 1985; THE TIMl STUDY GROUP 1985; DE BONO et al. 1992; TIMMIS et 
al. 1986; VERSTRAETE et al. 1985; LEVINE et al. 1995; BOVILL et al. 1997). For 
example, delayed subcutaneous heparin added to thrombolytic therapy of 
AMI is associated with a higher incidence of bleeding, including an increase 
of intracranial hemorrhage from 0.4% to 0.6% [GRUPPO ITALIANO PER Lo 
STUDIO DELLA SOPRAVVIVENZA NELL'INFARTO MIOCARDICO (GISSI) 1990; THE 
INTERNATIONAL STUDY GROUP 1990; ISIS-3 (THIRD INTERNATIONAL STUDY OF 
INFARCT SURVIVAL) COLLABORATIVE GROUP 1992]. Furthermore, intravenous 
heparin causes more bleeding than does subcutaneous heparin when admin
istered with aspirin plus thrombolytic agents (SK, anistreplase or tPA) [ISIS-
3 (THIRD INTERNATIONAL STUDY OF INFARCT SURVIVAL) COLLABORATIVE GROUP 
1992; RIDKER et al. 1993; BOVILL et al. 1997]. Higher doses of intravenous 
heparin and hirudin increase the bleeding risk even more, for example in the 
GUSTO-lla [THE GLOBAL USE OF STRATEGIES TO OPEN OCCLUDED CORONARY 
ARTERIES (GUSTO) IIA INVESTIGATORS 1994] and the TIMI-9 A (ANTMAN 
1994) trials which showed intracranial hemorrhage rates with SK and tPA of 
about 2%, resulting in early termination of the studies and reassessment of 
anticoagulant dosages. Heparin therapy apparently adds significantly to the 
bleeding risk after a hemostatic plug is dissolved by thrombolytic agents. Thus 
the incidence of intracranial hemorrhage using heparin plus aspirin was 0.3% 
in GUSTO-IIa, vs 1.8% for heparin plus aspirin use in addition to a throm
bolytic agent [THE GLOBAL USE OF STRATEGIES TO OPEN OCCLUDED CORONARY 
ARTERIES (GUSTO) IIA INVESTIGATORS 1994]. The use of effective glycopro
tein IIblIIIa receptor blockage with abciximab also increases the bleeding risk 
of thrombolytic therapy (YARYURA et al. 1998). 

Bleeding, including severe bleeding, is most frequent when invasive pro
cedures such as arterial catheterization are part of the treatment protocol (THE 
TIMI STUDY GROUP 1985; VERSTRAETE et al. 1985). In the trials with high-dose, 
brief-duration intravenous SK for AMI, when invasive procedures were not 
performed as part of the protocol, the incidence of severe bleeding in the 
absence of compulsory anticoagulation has been about 0.3%-0.5%; with com
pulsory anticoagulation it has averaged 0.5%-1.0% [THE I.s.A.M. STUDY 
GROUP 1986; SCHREIBER et al. 1986; GRUPPO ITALIANO PER Lo STUDIO DELLA 
STREPTOCHINASl NELL'INFARTO MIOCARDICO (GISSI) 1986; ISIS (INTERNATIONAL 
STUDIES OF INFARCT SURVIVAL) PILOT STUDY INVESTIGATORS 1987; WHITE et al. 
1987; KENNEDY et al. 1988; GRUPPO ITALIANO PER Lo STUDIO DELLA SOPRAV
VIVENZA NELL'INFARTO MIOCARDICO (GISSI) 1990; THE INTERNATIONAL STUDY 
GROUP 1990; ISIS-3 (THIRD INTERNATIONAL STUDY OF INFARCT SURVIVAL) COL
LABORATIVE GROUP 1992]. 

If major bleeding occurs, thrombolytic therapy should be discontinued, 
blood replaced, and cryoprecipitate and platelets administered. The use of 
antifibrinolytic agents such as £-amino caproic acid or aprotinin (EFSTRATIADIS 
et al. 1991; MARDER 1990) may be required in some instances. 
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Table 3. Contraindications and cautions for thrombolytic use in myocardial infarctiona 

Previous hemorrhagic stroke at any time, other strokes or cerebrovascular events 
within 1 year 

Known intracranial neoplasm 
Active internal bleeding (does not include menses) 
Suspected aortic dissection 
Cautionslrelative contraindications 
Severe uncontrolled hypertension on presentation (blood pressure >180/110mmHg)b 
History or prior cerebrovascular accident or known intracerebral pathology not 

covered in contraindications 
Current use of oral anticoagulation in therapeutic doses (INR ~2-3); known 

bleeding diathesis 
Recent trauma (within 2-4 weeks), including head trauma or traumatic or prolonged 

(>10min) cardiopulmonary resuscitation or major surgery (<3 weeks) 
Noncompressible vascular punctures 
Recent (within 2-4 weeks) internal bleeding 
For SK/anistreplase: prior exposure (especially within 5 days-2 years) or prior 

allergic reaction 
Pregnancy 
Active peptic ulcer 
History of chronic severe hypertension 

Reproduced from RYAN et al. (1996) 
aViewed as advisory for clinical decision making and may not be all-inclusive or 
definitive. 
bCould be an absolute contraindication in low-risk patients with myocardial infarction. 

f) Patient Selection, Contra indications 

Many bleeding complications can be avoided by patient selection, elimination 
of invasive procedures, limited duration of therapy, and judicious use of anti
coagulation (FLETCHER et al. 1965; MARDER 1979; SHARMA et al. 1982; LEVINE 
et al. 1995; CAIRNS et al. 1995; SIMOONS, FOR THE REPERFUSION THERAPY 
CONSENSUS GROUP 1997). Table 3 lists the contraindications and cautions rec
ommended by the ACc/ AHA guidelines for the management of patients with 
acute myocardial infarction (RYAN et al. 1996). Although patients over 70 years 
of age have an increased risk of developing cerebral hemorrhage (VERSTRAETE 
and COLLEN 1996; WHITE et al. 1996; RIDKER and HENNEKENS 1996) and have 
therefore often been excluded from trials with thrombolytic agents, age per se 
is not a contraindication for thrombolytic therapy since the benefit of throm
bolytic treatment outweighs the risk. For every 1000 elderly patients treated 
with thrombolytic drugs, approximately 36 are saved compared with those 
receiving control treatment (VERSTRAETE and COLLEN 1996, SHERRY and 
MARDER 1991). However, a prior history of a clinical event involving the cere
bral arteries, such as stroke, transient ischemic attack, or intracranial neoplasm 
represent a significant risk for an intracranial hemorrhage with administration 
of a thrombolytic agent. A category of patients that has often been excluded 
from some trials are those with diabetic retinopathy (see above), although 
MAHAFFEY et al. (1997), in analyzing the GUSTO-I data base, found that the 
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incidence of intraocular hemorrhage in patients with diabetes was only 0.05 %. 
Menstruation should not be considered an important contraindication 
(LANTER et al. 1994; KARNASH et al. 1995). 

g) Other Side Effects 

Allergic reactions are not uncommon after the use of SK or anistreplase and 
include fever, rash, rigor, and bronchospasm. Anaphylactic shock appears to 
be rare and might have been overreported in a setting where hypotension is 
common. In the GISSI trial the incidence was 0.1 % (GRUPPO ITALIANO PER Lo 
STUDIO DELLA STREPTOCHINASI NELL'INFARTO MIOCARDICO 1987) and in the 
ISIS-2 study 0.2% [ISIS-2 (SECOND INTERNATIONAL STUDY OF INFARCT SUR
VIVAL) COLLABORATIVE GROUP 1988]. In the ISIS-3 trial [ISIS-3 (THIRD INTER
NATIONAL STUDY OF INFARCT SURVIVAL) COLLABORATIVE GROUP 1992] possible 
allergic reactions with persistent shock occurred in 0.3% of the patients 
treated with SK, in 0.5% of the anistreplase arm, and in 0.1 % of patients 
treated with t-PA. Hypotension is often observed during the administration of 
SK (HERLITZ et a1.1993) and has been attributed to the proteolytic state which 
leads to bradykinin release from kallikrein (HOFFMEISTER et al. 1998a,b). In 
the ISIS-3 trial, profound hypotension was found with SK in 5.8%, with 
anistreplase in 5.9%, with tPA in 2.8%, and in open controls in 0.96% of the 
patients. Thrombocytopenia (HARRINGTON et al. 1994) and an acquired throm
bocytopathy (SEREBRUANY et al. 1998) are uncommon. Interactions between 
SK and anistreplase with other drugs are likewise uncommon (DE BOER and 
VAN GRIENSVEN 1995). 

h) Laboratory Monitoring 

Repetitive assays of blood coagulation and fibrinolysis parameters are of little 
value in SK or anistreplase therapy because the information is predictive of 
neither a successful outcome nor of the risk of bleeding (MARDER 1987; RAO 
et al. 1988; BELL 1995). Prior to thrombolytic therapy with SK or anistreplase 
for an AMI we recommend drawing blood for the following screening tests: 
platelet count, activated partial thromboplastin time (aPTT), prothrombin 
time, and fibrinogen concentration, which can serve as baseline to determine 
whether a lytic state will have been achieved or as retrospective information 
in cases of bleeding complications. 

i) Rethrombosis 

Some 10%-20% of arteries that are successfully reperfused with SK are 
subject to early rethrombosis despite anticoagulant therapy. The most impor
tant factors that predispose to rethrombosis are essentially the same as those 
that led to the initial occlusive event, the presence of a thrombogenic stimu
lus and altered flow dynamics due to residual thrombus or an underlying 
atherostenotic lesion (GIBSON et al. 1995; ANDERSON 1997; DAVIES and 
ORMEROD 1998). Ruptured atheromatous plaques are rich in tissue factor 
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(WILCOX et al. 1989; MARMUR et al. 1996; TOSCHI et al. 1997), a powerful trigger 
for blood coagulation, and are often covered by undissolved thrombus (GASH 
et al. 1986; BROWN et al. 1986; GULBA et al. 1990; VAN BELLE et al. 1998) pos
sessing fibrin-bound thrombin activity (FRANCIS et al. 1983) which is poorly 
inactivated by heparin/antithrombin III (HoGG and JACKSON 1989; VON DEM 
BORNE et al.1996). VAN BELLE and collaborators (1998) performed angioscopic 
examinations of the infarct-related artery 1-30 days after AMI and found that 
45% of patients had evidence for a non-healed ruptured plaque and 77% had 
undissolved thrombus. Similar findings were reported by ARAKAWA et al. 
(1997). Platelets are activated during thrombolytic therapy (GURBEL et al. 
1998; McREDMOND et al. 2000) and platelet-rich thrombi as they occur in the 
arterial circulation are more resistant to lysis by thrombolytic agents (ANDER
SON 1997; ZHU et al. 1999). The thrombogenic stimulus and flow dynamics are 
interrelated, e.g., in the presence of a fully patent vessel with normal flow, the 
effects of a thrombogenic stimulus may be diluted and washed away. Con
versely, a ruptured plaque or a clot that possesses only a mild thrombogenic 
stimulus but also causes luminal encroachment and altered hemodynamics 
(HARRISON et al. 1984) may lead to dyskinetic or even static zones of reduced 
flow, thereby predisposing to recurrent thrombosis. Several approaches have 
been used to reduce the incidence of rethrombosis after thrombolytic therapy. 
These are discussed in Chap. 11. 

II. Anisoylated Lys-Plasmin(ogen) Streptokinase Activator Complex 
(APSAC, Anistreplase) 

1. Randomized Clinical Trials 

Up to 1990 about a dozen randomized clinical trials of anistreplase had been 
conducted in patients with AMI. Nine smaller trials, not including those of 
SEABRA-GOMES et al. (1987); LOPEZ-SENDON et al. (1988); CHARBONNIER et al. 
(1989); HOGG et al. (1990) have been reviewed by HELD et al. (1990). Ran
domized trials that evaluated mortality as an endpoint and compared anistre
plase with placebo, streptokinase, or tPA are listed in Table 4. The composite 
results of these early trials and of the AIMS trial (AIMS TRIAL STUDY GROUP 
1988) looked promising and yielded a 44% short-term survival gain of anistre
plase over placebo. In the very large ISIS-3 trial, however, anistreplase was 
found to be equivalent to SK and to tPA (ISIS-3 (THIRD INTERNATIONAL STUDY 
OF INFARCT SURVIVAL COLLABORATIVE GROUP 1992). The major advantage of 
anistreplase appears to lie in the convenience of administering the drug as an 
i.v. bolus which permits easier pre-hospital treatment. Side effects with anistre
plase were as common as and similar to those encountered with SK. 

2. Pre-hospital Treatment 

Various measures have been undertaken and proposed to reduce the time 
delay between symptoms and the start of thrombolytic treatment (WILLIAMS 
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1998). Media campaigns, addressed particularly to subjects over 65 years 
old and to women, have had variable success. While in the USA the reduction 
of the symptoms to door delay was negligible (Ho et al. 1989), better results 
were obtained in Germany (RUSTlGE et al. 1990) and in Sweden (HERLlTZ 
et al. 1989). In G6teborg, the time delay between symptoms and arrival at the 
hospital could be reduced from 3 h to 2 h. The feasibility to cut down on the 
door to needle time has been generally acknowledged (KEREIAKES et al. 
1990; MACCALLUM et al. 1990; BIRKHEAD 1992; PELL et al. 1992) and includes 
start of the treatment in the emergency room and development of special 
protocols to shorten door to needle time (MAYNARD et al. 1995; BorSJOLlE et al. 
1995). 

As an alternative, the treatment in the patient's home or in the ambulance 
by general practitioners, nurses, ambulance personnel, or special cardiac teams 
has been investigated (reviewed by CARLSSON et al. 1997). Most of the studies 
investigating pre-hospital treatment have used anistreplase. Table 5 lists ran
domized studies that have also evaluated mortality as an endpoint. The only 
trials exhibiting a trend or significant advantage in favor of pre-hospital 
thrombolytic therapy were those utilizing anistreplase. The GREAT trial was 
conducted among general practitioners whose practices were on average 
about 50 km away from the next coronary care unit in Aberdeen. The admin
istration of anistreplase at the patients' home resulted in a gain of 130 min and 
in a significant survival benefit at 3 month, 1 year, and even 5 years after the 
administration of anistreplase (GREAT GROUP 1993; RAWLES 1994, 1997). The 
largest of these trials, the EMIP study, demonstrated a slight benefit in favor 
of home treatment (THE EUROPEAN MYOCARDIAL INFARCTION PROJECT GROUP 
1993). The MITI trial is interesting because the institution of pre
hospital treatment motivated the hospital staff and resulted in a considerably 
shorter door to needle time delay for in-hospital treatment. This could have 
contributed to the lack of a statistical survival advantage for the group receiv
ing alteplase at home or in the ambulance (WEAVER et al. 1993; BROUWER et 
al. 1996). Several other, non-randomized, trials arrived in general at the con
clusion that a small benefit could be derived from starting treatment at home 
or in the ambulance (SCHOFER et al. 1990; ROZENMAN et al. 1995; GRIJSEELS et 
al. 1995). It is thus very likely that in places where local transport conditions 
are difficult and more than 1 h can be gained by starting a pre-hospital treat
ment, a survival benefit will be obtained for patients in whom treatment is 
started before undertaking the trip to the hospital. In metropolitan areas pre
hospital treatment has not produced enough benefit to warrant wider appli
cation at the present time. However, the development of tPA mutants which 
can be administered as a bolus, such as TNK-tPA, reteplase, and lanoteplase, 
may be an occasion to restudy the value of pre-hospital treatment with these 
improved new thrombolytic agents. 

This chapter does not deal systematically with the comparison of SK or 
anistreplase and other thrombolytic agents. Such information can be found in 
Chaps. 8-11. 
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aPTT 
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LATE 
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MU 
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SK 
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TEAM 
TIMI 
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CHAPTER 8 

Tissue-Type Plasminogen Activator (tPA) 

D. COLLEN 

A. Introduction 

Cardiovascular diseases, compnsmg acute myocardial infarction (AMI), 
stroke, and venous thromboembolism have, as their immediate underlying 
cause, thrombosis of critically situated blood vessels with loss of blood flow to 
vital organs. One approach to the treatment of thrombosis consists of the 
pharmacologic dissolution of the blood clot via the intravenous infusion of 
plasminogen activators, which activate the blood fibrinolytic system. 

Several plasminogen activator have been used for the thrombolytic treat
ment of AMI (Fig. 1). Streptokinase, anistreplase, and two-chain urokinase 
induce extensive systemic activation of the fibrinolytic system, deplete plas
minogen, and degrade circulating fibrinogen, Factor V, and Factor VIII (so
called proteolytic state). In contrast, the physiologic plasminogen activators, 
tPA and single-chain uPA (sc-uPA), activate plasminogen preferentially at the 
fibrin surface. The same holds true for staphylokinase (see Chap. 16) and for 
the vampire bat plasminogen activator (see Chap. 17). Plasmin, associated with 
the fibrin surface, is protected from rapid inhibition by arantiplasmin and may 
thus efficiently degrade the fibrin of a thrombus (WIMAN and COLLEN 1978) 
(Fig. 2). 

Thrombolytic therapy of AMI is based on the premise that coronary artery 
thrombosis is its proximate cause. Rupture of an atheromatous plaque leads 
to occlusive thrombosis that produces myocardial ischemia and cell necrosis, 
leading to loss of ventricular function and possibly death. The hypothesis 
underlying thrombolytic therapy in AMI is that early and sustained recanal
ization prevents cell death, reduces infarct size, preserves myocardial function, 
and reduces early and late mortality. The beneficial effects of thrombolytic 
therapy in AMI are now well established, and it has become routine treatment, 
given to more than 500000 patients per year world-wide. 

The current indications to thrombolytic therapy in patients with acute 
myocardial infarction are summarized in Table 1. Contraindications are listed 
on Table 3, Chap. 7. It has been estimated that only 20%-25% of the 1.5-
2 million patients hospitalized world-wide each year with acute myocardial 
infarction receive thrombolytic therapy but that at least twice as many patients 
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Fig.1. Schematic representation of the fibrinolytic system. The zymogen plasminogen 
is converted to the active serine proteinase plasmin, which degrades fibrin into soluble 
degradation products, by the physiological plasminogen activators (PA), tissue-type PA 
(tPA) or urokinase-type PA (uPA) or by exogenously administered PAs. Inhibition may 
occur at the level of plasminogen activators by plasminogen activator inhibitor-1 (PAI
l) or plasminogen activator inhibitor-2 (PAI-2) , or at the level of plasmin, mainly by 
urantiplasmin 
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Fig. 2. Schematic representation of the concept of fibrin-selectivity. Non-fibrin
selective plasminogen activators (e.g., streptokinase, urokinase, anistreplase = APSAC) 
activate both plasminogen in the fluid phase and fibrin-associated plasminogen rela
tively indiscriminately. Systemic plasminogen activation leads to exhaustion of the sub
strate (reduced thrombolytic efficacy) and depletion of ur antiplasmin (systemic 
fibrinolytic state with fibrinogen breakdown). Fibrin-specific plasminogen activators 
(tPA, sc-uPA, staphylokinase) preferentially activate fibrin-associated plasminogen. 
Fibrin-selective agents preserve plasminogen and spare fibrinogen 
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Table 1. ACc/ AHA guidelines for thrombolytic therapy in acute myocardial infarc
tion (AMI) 

Class I: (Evidence and/or general agreement that a given treatment is beneficial, 
useful and effective) 
1. ST elevation (>O.lmV, two or more contiguous leads)a, time to therapy 12h or 

lessb, age less than 75 years 
2. Bundle branch block (obscuring ST-segment analysis) and history suggesting 

acute AMI 

Comment: Treatment benefit is present regardless of gender, presence of diabetes, 
blood pressure (if less than 180mm Hg systolic), heart rate, or history of previous 
AMI (FIBRINOLYTIC THERAPY TRIALISTS' (FTT) COLLABORATIVE GROUP 1994). Benefit is 
greater in the setting of anterior AMI, diabetes, low blood pressure (less than 
100mm Hg systolic), or high heart rate (greater than 100bpm). The earlier therapy 
begins, the better the outcome, with the greatest benefit decidedly occurring when 
therapy is given within the first 3 h; proven benefit occurs, however, up to at least 
12h of the onset of symptoms. Benefit is less with inferior acute AMI, except for the 
subgroup with associated right ventricular infarction (ST elevation RV-4) or 
anterior-segment depression 

Class IIa: (Weight of evidence/opinion is in favor of usefulness/efficacy) 
1. ST elevation", age 75 or older 

Comment: In persons older than 75 years, the overall risk of mortality from 
infarction is high without and with therapy. Although the proportionate reduction in 
mortality is less than in patients younger than 75, the absolute reduction results in 10 
lives saved per 1000 patients treated in those over 75. The relative benefit of therapy 
is reduced (FIBRINOLYTIC THERAPY TRIALISTS' (FTT) COLLABORATIVE GROUP 1994). 

Class lIb: (Usefulness/efficacy is less well established by evidence/opinion) 
1. ST elevationa, time to therapy greater than 12-24 hb• 

2. Blood pressure on presentation >180mm Hg systolic and/or >110mm Hg diastolic 
associated with high risk MI. 

Comment: Generally there is only a small trend for benefit of therapy after a delay 
of more than 12-24h, but thrombolysis may be considered for selected patients with 
ongoing ischemic pain and extensive ST elevation. Risk of intracerebral hemorrhage 
is greater when presenting blood pressure is greater than I80/ll0mm Hg, and in this 
situation the potential benefit of therapy must be weighed carefully against the risk 
of hemorrhagic stroke. Risk of cardiac rupture appeared to increase with prolonged 
time to therapy in an earlier meta-analysis (HONAN et al. 1990) but was not 
associated with increased risk of rupture in later, larger study (BECKER et al. 1995). 
Generally patients presenting more than 12h after symptom onset were excluded 
from some but not all trials. An attempt to lower blood pressure first (with nitrates, 
,B-adrenoceptor blocker, etc.) is recommended, but is not of proven benefit in 
lowering the risk of intracerebral hemorrhage. Primary PTCA or CABG may be 
considered if available 

Class III: (Evidence and/or general agreement that a treatment is not 
useful/effective and in some cases may be harmful) 
1. ST elevationa , time to therapy greater than 24hh, ischemic pain resolved 
2. ST-segment depression only 
Comment: In the absence of ST elevation, there is no evidence of benefit for 
patients with normal electrocardiographic or non-specific changes, and, using current 
thrombolytic regimens, there is some suggestion of harm (including increased 
bleeding risk) for patients with ST-segment depression only (FIBRINOLYTIC THERAPY 
TRIALISTS' (FTT) COLLABORATIVE GROUP 1994; TIMI IIIB INVESTIGATORS 1994). When 
marked ST-segment depression is confined to leads VI through V4, there is a 
likelihood that his reflects a posterior current of injury and suggests a circumflex 
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Table 1. Continued 

artery occlusion for which thrombolytic therapy would be considered inappropriate. 
Very recent retrospective analysis of the Late Assessment of Thrombolytic Efficacy 
(LATE) Trial (LATE STUDY GROUP 1993; LANGER et al. 1996; BRAUNWALD and 
CANNON 1996) also casts some uncertainties about withholding thrombolytic therapy 
from this heterogeneous group of patients 

Taken from RYAN et al. (1996, 1999). 
a Repeat ECGs recommended during medical observation in suggestive clinical settings 
when initial ECG is nondiagnostic of ST elevation. 
b Time of symptoms onset is defined as the beginning of continuous, persistent dis
comfort that brought the patient to the hospital. 

might be eligible for such treatment (EUROPEAN SECONDARY PREVENTION STUDY 
GROUP 1996; FRENCH et al. 1996; JHA et al. 1996; JULIARD et al. 1997; KRUMHOLZ 
et al. 1997). The two most widely used thrombolytic agents for intravenous 
administration to patients with AMI are non-fibrin-selective streptokinase 
and fibrin-selective alteplase (tPA) (Fig. 2). Recommendations for the choice 
of a particular thrombolytic agent and dosage regimens have been established 
by the Task Force of the International Society and Federation of Cardiology 
(now called World Heart Federation) and the World Health Organization 
(Table 2). 

B. Development of tP A as a Thrombolytic Agent 
I. Isolation and Purification of tP A 

Astrup and collaborators were first in describing that many human and animal 
tissues contain a plasminogen activator (ASTRUP and PERMIN 1947; ASTRUP and 
STAGE 1952; reviewed in BACHMANN and KRUITHOF 1984). THORSEN et al. (1972) 
made the original observation that fibrin binds tPA, but not urokinase. Many 
investigators have since confirmed this phenomenon (BINDER et al. 1979; 
AASTED 1980; ALLEN and PEPPER 1981; RADCLIFFE and HEINZE 1981; KRUITHOF 
and BACHMANN 1982; RANBY 1982; reviewed in FEARS 1989). tPA is a very inef
ficient activator of plasminogen in the absence of fibrin but in its presence 
the activation of plasminogen is greatly potentiated (CAMIOLO et al. 1971; 
HOYLAERTS et al. 1982). This is explicable by the assembly of plasminogen 
and of tPA on the fibrin surface. Most agree that binding of sc-tPA and of 
tc-tPA is roughly comparable, although the single-chain form may bind slightly 
better (HIGGINS and VEHAR 1987; RIJKEN et al. 1982). 

These observations greatly stimulated research directed at purifying tPA. 
However, the isolation and purification of tPA from tissues has been difficult, 
because this enzyme is present in very small quantities and is bound firmly to 
particulate cell constituents. Purified or enriched tPA preparations have been 
obtained from pig heart (COLE and BACHMANN 1977; WALLEN et al. 1982), 
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Table 2. Currently used regimens of coronary thrombolysis 

Streptokinase and aspirin 

Alteplase and intravenous 
heparin 

Anistreplase and aspirin 

Selection of regimen 

Taken from SCHLANT (1994). 

Streptokinase (SK) 1.5 million U IV over 30-60min, 
combined with acetylsalicylic acid (AS A) 160-325 mg 
daily started as soon as possible and continued 
indefinitely. The safety and efficacy of this regimen in 
terms of mortality reduction was established in ISIS-2, 
GISSI-2, and ISIS-3. It is associated with moderate 
efficacy for early coronary artery recanalization; about 
55% patency at 90min with a catch-up to about 80% at 
3 h. It is less efficient for mortality reduction in patients 
treated within the first 6 h than accelerated alteplase 
and intravenous heparin as demonstrated by GUSTO. 
Alteplase (tPA) accelerated regimen: 100mg IV over 
90min (15mg bolus, 0.75mg/kg not exceeding 50mg 
over 30 min, and 0.5 mg/kg not exceeding 35 mg over the 
next hour) combined with 160-325mg ASA and 
immediate intravenous heparin (5000U bolus and 
1000U per hour, preferably monitored with activated 
partial thromboplasin time). In GUSTO, the 
accelerated regimen was associated with a statistically 
significant lower mortality than SK (6.3% vs 7.3%, 
P = 0.001) but with a slightly higher incidence (0.1 %) of 
survival with disabling stroke. 
Anistreplase (APSAC) 30U IV given as a slow bolus 
over 3-5 min, in combination with aspirin 160mg/day. 
The comparative mortality reduction was similar to that 
with SKI ASA in ISIS-3. The efficacy for early coronary 
artery recanalization is probably between that of SK 
and front-loaded alteplase. 
The GUSTO trial has demonstrated a significant 
overall survival benefit of accelerated tPA given with 
intravenous heparin over previous regimens, 
particularly SK with subcutaneous or with intravenous 
heparin (14% mortality reduction with 95% confidence 
intervals of 6-21 %) and a consistent pattern of fewer 
complications, including allergic reactions, clinical 
indicators of left ventricular dysfunction, and 
arrhythmias. The survival benefit is largest in patients 
<75 years old, with anterior infarction, and <4h from 
onset of symptoms. No subgroups were identified in 
which tPA was significantly worse than SK but, possibly 
because of a lack of statistical power, no statistically 
significant benefit of tPA compared with SK was 
documented in patients> 75 years old, in patients with 
small inferior infarcts, and in patients presenting >4h 
after the onset of symptoms. Therefore, if cost 
considerations become a limiting factor, tPA should be 
reserved primarily for the former subgroups and SK for 
the latter. If financial constraints do not permit the use 
of any thrombolytic agents, ASA should be 
administered as soon as possible. 
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human uterus (RUKEN et al. 1979), and from vascular perfusion fluids (BINDER 
et al.1979; AASTED 1980; ALLEN and PEPPER 1981). Real progress in the char
acterization of tPA was made when it was discovered that larger quantities of 
this enzyme could be obtained from certain cell cultures, such as the human 
Bowes melanoma cell line (RUKEN and COLLEN 1981). The Bowes melanoma 
cell line was provided to us by Dr. D.B. RIFKIN, New York University Medical 
School, toward the end of 1978. It had been obtained originally from metasta
tic melanoma cells from a patient named Bowes. The Bowes cell line is unique 
because it secretes large amounts of a plasminogen activator which does not 
crossreact with antibodies directed against uPA (WILSON et al. 1980). When 
mixtures of fibrinogen and culture supernatant of the Bowes melanoma cell 
line were mixed and clotted, all plasminogen activator activity remained fixed 
to the clot. Thus, the Bowes plasminogen activator resembled tPA. RUKEN et 
al. (1979), who had developed a purification method for tPA, yielding approx
imately 1 mg from 5 kg of human uterine tissue joined our laboratory in 1979. 
Using a slightly modified procedure, we were able to purify a plasminogen 
activator from the supernatant of the Bowes melanoma cell line and to demon
strate that this material was identical to the human uterine tPA (RIJKEN and 
COLLEN 1981). Subsequently, the purification procedure was scaled upward to 
produce a total amount of approximately 2g of tPA (COLLEN et al. 1982) per
mitting the systematic characterization of its biochemical (RUKEN et al. 1982; 
HOYLAERTS et al. 1982), biological, and physiologic properties and to investi
gate its thrombolytic potential in animal models of thrombosis (COLLEN et al. 
1983). 

The first two renal transplant patients suffering from an ileofemorallrenal 
vein thrombosis were treated with purified Bowes melanoma cell tPA in 1981 
(WEIMAR et al. 1981). Very low doses (5-7.5mg given over 24h) resulted in 
complete lysis of the venous thrombi in these uremic patients. 

II. Cloning and Expression of the tPA eDNA 

In 1980, at the 5th Congress on Fibrinolysis in Malmo, Sweden, Dr. DIANE 
PENNICA, a scientist from the Department of Molecular Biology at the Genen
tech Corporation, explored the possibility of developing tPA as a thrombolytic 
agent and sought collaborations. We began a very fruitful exchange of know
how, reagents, cell lines, and antibodies directed against human tPA, and just 
two years later Dr. PENNICA reported on the successful cloning of tPA at the 
6th Congress on Fibrinolysis in Lausanne, Switzerland. The seminal report was 
published in Nature (PENNICA et al. 1983). With the approval of the FDA, 
recombinant tPA (rtPA) was first administered to a patient on February 11, 
1994. The rapid progress was possible only because of the concerted efforts of 
many scientists at Genentech and academic institutions in the United States 
and Belgium. We were able to demonstrate that the kinetics of activation of 
plasminogen by melanoma cell and by recombinant tPA (ZAMARRON et al. 
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1984) and the turnover in rabbits were similar and that the thrombolytic 
potential of rtPA in a rabbit jugular vein thrombosis preparation was indis
tinguishable from that of the plasminogen activator of melanoma origin 
(COLLEN et al. 1984). 

III. Experimental Coronary Thrombosis Models for AMI 

Around 1980, several cardiology groups had begun to administer intracoro
nary streptokinase (SK) to patients with AMI (see Chap. 7). Late in 1981, at 
an NIH workshop on coronary thrombolysis, we met with Dr. B.E. SOBEL from 
Washington University, St. LOUIS, and agreed to initiate a collaboration explor
ing the use of tPA for thrombolysis in AMI. Coronary thrombosis in dogs was 
produced by advancing a copper coil into the left anterior descending coro
nary artery (LAD). Intravenous infusion of human melanoma cell tPA 
resulted in prompt coronary recanalization without systemic activation of the 
fibrinolytic system. Furthermore, it restored myocardial blood flow and inter
mediary metabolism in the region at risk, as demonstrated tomographic ally 
with I1C-Iabeled palmitate and H2150 given intravenously (BERGMANN et al. 
1983). Subsequently these studies were extended to rtPA (VAN DE WERF et al. 
1984). In a concurrent collaborative study with Dr. H. K. GOLD, Massachusetts 
General Hospital, Boston, coronary thrombosis was produced between two 
ligatures of the LAD in open-chest dogs. Infusion of tPA elicited clot lysis and 
myocardial salvage (GOLD et al. 1984). Finally, in a collaborative study with 
Dr. W. Flameng at the University of Leuven, the coronary thrombolytic prop
erties, clot-specificity, and myocardial protection achievable with rtPA were 
confirmed in baboons (FLAMENG et al. 1985). 

IV. First Administration of tP A to Patients with AMI 

The first study in which melanoma cell tPA was administered to patients with 
AMI was performed in 1983. Participants included Dr. F. VAN DE WERF and 
collaborators at the University of Leuven and Dr. SOBEL and co-workers at 
Washington University. Intravenously administered tPA in doses of 0.2-
O.4mg/min recanalized occluded coronary arteries within 30-60min in six of 
seven patients without producing a proteolytic state. Assays of three parame
ters, sensitive for the detection of a proteolytic state, namely fibrinogen, plas
minogen, and lX2-antiplasmin, demonstrated that none of these markers of 
proteolysis was significantly reduced and that the level of fibrinogen 
degradation products (FDPs) had not increased after tPA (VAN DE WERF et al. 
1984). 

These observations stimulated initiation of a tricenter, dose-finding ran
domized trial with rtPA provided by Genentech. Fifty patients were enrolled 
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in the first half of 1984 at Washington University Medical Center, the Massa
chusetts General Hospital, and Johns Hopkins University Medical Center. The 
intravenous infusion of 0.5mg/kg rtPA over 30-60min in 18 patients produced 
recanalization in 12 (67%). If the same dose was followed by 0.25mg/kg over 
an additional 60min recanalization of the culprit artery resulted in 13 of 
15 patients (87%). However, of the 25 patients with restoration of vascular 
patency, 20% exhibited a reocclusion during the 30min after discontinuation 
of the infusion (COLLEN et al. 1984). This observation lead to the design of the 
TIMI I study. 

C. Clinical Trials with tP A in AMI 
I. Early Clinical Studies in AMI 

The Thrombolysis In Myocardial Infarction (TIMI) Study Group was estab
lished in 1983 by the National Heart, Lung and Blood Institute (Bethesda, 
Md.) in order to assess the efficacy of intravenous SK and other thrombolytic 
agents in the treatment of AMI. The study group initially included 13 clinical 
sites, a data co-ordinating center, a drug-distributing center, and core labora
tories for radiographic, radionuclear, electrocardiographic, coagulation, and 
pathological studies. The TIMI phase I study assessed 90min recanalization 
rates of totally occluded infarct-related coronary arteries. A preliminary report 
was published in 1985 (THE TIMI STUDY GROUP 1985) and the full report in 
1987 (CHESEBRO et al.1987). In this double-blind study patients were randomly 
assigned to either 1.5 Mio U SK, infused over 1 h and a 3-h infusion of tPA 
placebo, or to tPA administered by continuous intravenous infusion over 3h 
(40 mg, 20 mg, 20 mg, in the first, second, and third hour respectively) and a 
I-h infusion of SK placebo. All patients received 5000U of heparin prior to 
coronarography, followed by the administration of the respective thrombolytic 
agent. Intravenous heparin, 1000U/h, was given to all patients 3 h after the 
initial bolus dose of heparin. Treatment with aspirin and dipyridamole was 
started prior to discharge. Coronarographies were evaluated centrally without 
knowledge of treatment assignment. On February 5, 1985 the NHLBI stopped 
phase I trial on the recommendation of the TIMI Policy Advisory and Data 
Monitoring Board, because of substantial, statistically significant differences 
in recanalization rates between the patients given tPA and those given SK. 
Indeed, improvement from TIMI grade 0 flow (for definition see Chap. 7) to 
grade 2 or 3 flow, 90min after start of thrombolytic treatment, occurred in 26% 
of patients receiving SK but in 56% of those treated with tPA. Improvement 
from TIMI grade 0 or 1 to grade 2 or 3 occurred in 31 % of patients with SK 
and in 62% of those given tPA (CHESEBRO et al. 1987) (Table 3). Twenty-one
day mortality, occurrence of clinical signs of reinfarction, bleeding at the 
catheter site, and number of units of blood transfused were similar in the two 
treatment arms. The 6- and 12-month follow-up demonstrated that the mor-
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Table3. Early comparative trials with tPA and placebo or SK in AMI 

ECSG-IJ Topol TIMI-l ECSG-I 

tPA Plac tPA Plac tPA SK tPA SK 

No. of patients treated 64 65 75 25 147 143 64 65 
Percentage of reperfusion 

90 min after start (%) 
From TIMI grade 0 to 56 26 

grades 2 or 3 
From TIMI grades 0, 62 31 

1 to grades 2, 3 
Patency rates 90 min 61 21 69 24 70 55 

after start (%) 
21-day or in-hospital 1 4 4 8 5 4 5 5 

mortality (%) 
Reocclusion by 16 12 24" 14 

coronarography (%) 
Clinical reinfarction (%) 5 0 4 4 13 12 3 5 
Bleeding at catheter 5 0 26 8 66 67 3 8 

site (%) 

a If episodes of reinfarction or death are attributed to reocclusion the rates were 29% 
for tPA and 30% for SK. 
References: ECSG-Il: VERSTRAETE et al. (1985b); TOPOL et al. (1987); TIMI-l: 
CHESEBRO et al. (1987), ECSG-I: VERSTRAETE et aI. (1985a). 

tality rates were lower in the tPA group (7.7% and 10.5%) than in the SK 
group (9.5% and 11.6%; n.s.) (DALEN et al. 1988). 

The same year a similar study was performed in Europe. The treatment 
scheme was simpler. Initially all patients received an i.v. bolus of 5000U of 
heparin. To reduce the symptom to needle time as much as possible, coronary 
angiography was performed only 90min after the start of treatment and thus 
assessed only pa:tency rates. tPA was given in a body weight adjusted dosage of 
0.75mg/kg over a period of 90min. The patients in the SK group received in 
addition 0.5 g of aspirin and 1.5 Mio U of SK infused over 60 min 
(VERSTRAETE et al. 1985a). Patency rates 90min after the start of thrombolytic 
treatment were 70% in the tPA and 55% in the SK group (p = 0.054). Two 
further trials that compared tPA with placebo are listed in Table3. In both, the 
patency rates with tPA were two to three times higher than those in the placebo 
group (VERSTRAETE et al. 1985b; TOPOL et al. 1987). There were no strokes in 
these small trials, bleeding occurred mainly at the catheter insertion sites, but 
reoccIusion remained a major problem and it was not clear whether and at what 
intensity heparin should be given as an adjunct treatment. Furthermore, cardi
ologists became increasingly aware of the fact that the prognosis of patients 
exhibiting TIMI grade 2 flow was significantly worse than of those demon
strating TIMI grade 3 flow (DALEN et al. 1988; KARAGOUNIS et al. 1992; ANDER
SON et al. 1993; STADIUS 1993; VOGT et al. 1993; THE GUSTO ANGIOGRAPHIC 
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INVESTIGATORS 1993; LINCOFF et a1. 1995; GIBSON et al. 1995; reviewed by 
GRANGER et a1.1994 and by BARBAGELATA et a1. 1997; GIBSON et a1. 2000). 

II. tP A Trials, 1986-1989 

In the following years tPA thrombolysis trials attempted to resolve these prob
lems by (1) administering aspirin to all patients prior to treatment with a 
thrombolytic drug based on the findings of the ISIS-2 trial (THE ISIS-2 (SECOND 
INTERNATIONAL STUDY OF INFARCT SURVIVAL) COLLABORATIVE GROUP 1988), (2) 
increasing the dose of tPA to 100mg or even to 150mg (TOPOL et a1. 1987; PAS
SAMANI et a1. 1987), (3) prolonging the period of the tPA infusion to several 
hours (VERSTRAETE et al. 1987; TOPOL et a1. 1988), (4) adopting a front-loading 
schema of tPA administration (NEUHAUS et al. 1989), and (5) administering 
heparin early and in higher doses (reviewed by MAHAFFEY et a1. 1996; SOBEL 
1997; WHITE 1997). 

Table 4 lists most of the trials conducted in the years 1986 to 1989. It does 
not contain comparative trials of tPA vs SK or anistreplase which were begun 
during this period and which are discussed in Chap. 10. In the earliest trials 
Genentech provided a preparation that was composed mostly of two-chain 
tPA. In later trials primarily single-chain material was used. In the trials with 
short term mortality as the primary endpoint there was a 27% (WILCOX et a1. 
1988) and 45% (VAN DE WERF et al. 1988) reduction of the 21-30 day mortal
ity in the tPA group compared to placebo. Three trials investigated early left 
ventricular function with absolute LVEF in the average 6%-7% higher in the 
tPA groups (GUERCI et al. 1987; NATIONAL HEART FOUNDATION OF AUSTRALIA 
CORONARY THROMBOLYSIS GROUP 1988; O'ROURKE et a1. 1988). Two trials were 
designed to explore the effect of continued infusion of tPA on the reocclusion 
rate. In the ECSG-III study two groups of patients received 40mg of tPA 
during the first 90 min, at which time point angiographies revealed a 66% 
patency rate. In the first group this was followed by further infusion of 30mg 
of tPA over 6h; in the second by the administration of a 6h placebo infusion. 
The reocclusion rates were not statistically different between the two groups 
(VERSTRAETE et a1. 1987). In the TAMI-II study 150mg of tPA were adminis
tered in two different dosage schedules. One group received 60mg in the first 
hour and the remaining 90mg over 7h. To investigate also the importance of 
weight adjustment, the second group received 1mg/kg over 60min and the 
remaining dose over the next 5 h. Patency at 90min was borderline significantly 
higher in the body weight adjusted group (TOPOL et al. 1988). Two studies 
attempted to enforce early reperfusion/patency by raising the total dose of tPA 
to 150mg (TOPOL et a1.1987; PASSAMANI et a1. 1987). However this scheme was 
soon abandoned because of an unacceptably high rate of intracerebral hem
orrhage (BRAUNWALD et a1. 1987a,b). 

Several studies addressed the problem of nonperfusion or early reocclu
sion after thrombolysis by means of emergency or rescue PTCA (TOPOL et a1. 
1987; SIMOONS et a1. 1988; THE TIMI RESEARCH GROUP 1988). In none of these 
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trials was there a beneficial effect seen of early emergency PTCA after 
thrombolysis. 

Finally, still in an attempt to improve further early reperfusion, Neuhaus 
and collaborators developed the front-loaded (also called accelerated) tPA 
regimen and obtained in a non-randomized trial the astonishingly high TIMI 
grade 2 and 3 flow rates of 83% (TIMI grade 3,70%) after 60min and 96% 
(TIMI grade 3, 87%) after 90min (NEUHAUS et al. 1989). Most of the trials 
prior to 1990 had used the standard dosage regimen which consists of a 10 mg 
bolus, then SOmg during the first hour and the remaining 40mg given over the 
second and third hour. In the accelerated scheme, patients receive a bolus of 
IS mg initially, followed by SOmg given over the first 30min and the remain
ing 3Smg during the last 60min (see Table 2). A pharmacokinetic study 
revealed that, using this scheme, tPA concentrations during the first 30min 
were approximately SO% higher than those during a standard infusion sched
ule. Plasma half-lives were similar (3.5 min) with both schemes. Markers of a 
proteolytic state (fibrinogen, plasminogen, az-antiplasmin, and FOPs were not 
significantly different (TANSWELL et al. 1992). 

III. tP A Trials 1990-1995 

This is the period of the three megatrials GISSI-2, ISIS-3, and GUSTO (for a 
detailed discussion consult Chap. 10). 

A similar accelerated scheme as the one described by NEUHAUS was 
used in one treatment arm in the GUSTO study, consisting of a 1Smg bolus, 
followed by 0.7Smg/kg (not to exceed SOmg) over 30min and O.Smg/kg (not 
to exceed 3Smg) over the next 60min (THE GUSTO INVESTIGATORS 1993). The 
30-day mortality and the rate of disabling stroke were as follows: (1) strep
tokinase with delayed subcutaneous heparin, 7.2% and 0.5%; (2) streptoki
nase with concurrent intravenous heparin, 7.4% and O.S%; (3) accelerated tPA 
with concurrent intravenous heparin, 6.3% and 0.6%; and (4) combination of 
streptokinase and tPA with intravenous heparin, 7.0% and 0.6%. Compared 
to the 30-day mortality of 6.3% in patients receiving accelerated tPA and intra
venous heparin, that of the combined groups of patients receiving streptoki
nase with either subcutaneous or intravenous heparin was 7.3% (p = 0.001). 
A combined end point of death or disabling stroke was also significantly lower 
in the accelerated tPA group than in the streptokinase-only groups (6.9% vs 
7.8%, p = 0.006). In the GUSTO trial the accelerated alteplase with intra
venous heparin produced somewhat over SO% complete recanalization (TIMI 
grade 3 flow) at 90min (which is the main predictor of clinical benefit) com
pared to around 30% with streptokinase and aspirin (THE GUSTO ANGIO
GRAPHIC INVESTIGATORS 1993). 

The GISSI-2 mortality study (20891 patients) (GRUPPO ITALIANO PER LO 

STUDIO DELLA SOPRAVVIVENZA NELL'INFARTO MIOCARDICO (GISSI) 1990; THE 
INTERNATIONAL STUDY GROUP 1990) compared SK and single-chain alteplase 
(100mg intravenously over 3h). The ISIS-3 trial (41299 patients) [ISIS-3 
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(THIRD INTERNATIONAL STUDY OF INFARCT SURVIVAL) COLLABORATIVE GROUP 
1992] compared SK and double-chain duteplase (0.6MU/kg representing 
approximately 2mg/kg intravenously over 4h). Delayed subcutaneous heparin 
or no heparin was used in most patients in both studies. Both trials showed no 
difference in survival between streptokinase and tPA. Several explanations 
have been proposed for the lack of apparent correlation between mortality in 
these studies and initial (90-min) patency of the infarct-related artery in other 
interventional studies. The prevailing view at present is that these trials did 
not routinely use adjunctive intravenous heparin with tPA to protect against 
reocclusion, resulting in similar patency rates and consequently similar mor
tality benefits with streptokinase and tPA. 

IV. Further Attempts to Improve the Efficacy of Thrombolysis and 
to Reduce the Incidence of Reocclusion 

Several important developments have taken place in the 1990s. To improve 
the efficacy of thrombolysis in AMI, new thrombolytic agents, such as staphy
lokinase and vampire bat plasminogen activator as well as mutants of tPA 
(TNK-tPA, reteplase, lanoteplase, E6010) were developed and tested in clini
cal trials. Large cardiology centers began using primary PTCA as the preferred 
treatment of AMI. 

Ruptured atherosclerotic plaques are very thrombogenic, in large measure 
due to their content of tissue factor (WILCOX et al. 1989; ToscHI et al. 1997; 
MARMUR et al. 1996). Furthermore, even after successful thrombolysis, small 
thrombi may remain in the culprit coronary artery (VAN BELLE et al. 1998; 
ARAKAWA et al. 1997). Fibrin binds thrombin (FRANCIS et al. 1983) which is not 
effectively inhibited by heparin/antithrombin (RoGG and JACKSON 1989; VON 
DEM BORNE et al. 1996). All thrombolytic agents can activate platelets (GURBEL 
et al. 1998) and it is well known that platelet-rich thrombi as they occur in the 
coronary circulation are more resistant to thrombolytic agents than red 
thrombi (ANDERSON 1997; ZHU et al. 1999). For these reasons the effective
ness of adjunctive therapy with hirudin and other direct thrombin inhibitors, 
and with Gp IIblIIIa receptor antagonists, was widely explored. These devel
opments are discussed in Chaps. 11, 16, 17, and 19. 

In this section two further developments will be described. The first con
cerns the appropriateness of administering thrombolytic therapy to patients 
who arrive late at the hospital, the second concerns further dosing schedules 
with tPA. 

In the LATE study 5711 patients with symptoms and ECG criteria con
sistent with AMI were randomized in double-blind fashion to tPA (lOOmg 
over 3h) or matching placebo, between 6h and 24h from symptom onset. Both 
groups received immediate oral aspirin and at later stages of the trial intra
venous heparin (LATE STUDY GROUP 1993; LANGER et al. 1996). The 35-day mor
tality in patients treated within 12h of the onset of symptoms was 8.9% with 
tPA and 12.0% in the placebo group (p = 0.023). In patients in whom the 



222 D. COLLEN 

symptom to needle interval exceeded 12h there was no benefit (tPA: 8.7%; 
placebo 9.2%; p = 0.6). Based on the results of this important study the 
ACC/ AHA guidelines recommend to administer thrombolytic therapy up to 
12h after onset of symptoms (Table 1, class 1). The accelerated dosage scheme 
used in the GUSTO trial was further modified by GULBA et al. (1997) by 
increasing the front-loading dose to 20mg and giving the remaining 80mg 
over 60min, resulting in over 80% TIMI grade 3 flow at the 90min angiogram. 
Pilot angiographic studies suggested that also a double bolus administration 
of 50mg of tPA 30min apart would further increase the TIMI grade 3 patency 
rate (GEMMILL et al.1991; PURVIS et al.1994). In the COBALT trial this scheme 
was investigated in a double-blind fashion in 7169 patients [VAN DE WERF 
FOR THE CONTINUOUS INFUSION VERSUS DOUBLE-BoLUS ADMINISTRATION OF 
ALTEPLASE (COBALT) INVESTIGATORS 1997]. Thirty-day mortality was higher 
in the double-bolus group (8.0%) compared to that of the accelerated tPA 
group (7.5%). Stroke rates were also higher in the double-bolus group (any 
stroke 1.9% vs 1.1 %; hemorrhagic stroke 1.5% vs 0.8%). The authors con
cluded that accelerated tPA remains the preferred regimen for the treatment 
of AMI. 

List of Abbreviations 
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CHAPTER 9 

Urokinase and Single-Chain Urokinase-Type 
Plasminogen Activator (Pro-urokinase) 

V. GUREWICH 

A. History 

The discovery of urokinase (UK) is described in chap. 4. The UK in urine is 
not a waste product as shown by studies of the fate of intravenous injections 
of UK, which was found not to be excreted by the kidney (FLETCHER et al. 
1965). Instead, it is secreted by renal tubular cells (SAPPINO et al. 1991) where 
it helps prevent obstruction of the tubules by fibrin and other proteinaceous 
deposits, as first proposed by ASTRuP and STERN DORFF (1952). Kidney cells in 
culture are another current source of UK and BARLOW and LAZER (1972) 
showed that UK from this source was identical to that purified from urine. 

HUSAIN et al. (1979) purified a novel form of UK from urine which was 
resistant to reducing conditions on electrophoresis. It represented, therefore, 
a single-chain form of UK, which had not previously been described. It was 
shown that 10%-25% of the UK in normal urine was, in fact, single-chain UK. 
The explanation for why this had eluded detection for 28 years was believed 
to be related to the multi-step purification procedure used to isolate UK from 
urine, which permitted proteolytic cleavage of single-chain UK to take place. 
By contrast, the method which resulted in this chance discovery was a novel, 
single-step isolation procedure. Partial characterization of the single-chain 
UK showed that it had the same molecular weight as two-chain HMW-UK, 
but had a significantly lower specific activity. This suggested that it was a pro
enzyme, as also indicated by the finding that it was resistant to inactivation by 
diisopropylflurophosphate. It was believed to represent the native form of UK 
(HUSAIN et al. 1979,1983). 

Single-chain UK was later, but independently, purified from human 
plasma (WUN et al. 1982b; TIssoT et al. 1982), from glioblastoma cell culture 
medium (NIELSEN et al. 1982), and from epidermoid carcinoma by WUN et al. 
(1982a), who also showed that it was a proenzyme which could be activated 
by plasmin. Previous evidence of a precursor form of UK in certain cell culture 
media was published by BERNIK and OLLER (1973,1976), who found evidence 
of a latent UK activity which could be activated by plasmin, thrombin, or 
trypsin. Later, NOLAN et al. (1977) showed that the trypsin activatable activity 
in embryonic kidney cell culture fluid failed to bind to benzamidine Sepharose 
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in contrast to UK, consistent with it being a proactivator. However, purifica
tion of this pro-enzyme and demonstration that it was a single-chain form of 
UK was not achieved at that time. 

B. Nomenclature 
The two-chain plasminogen activator of urine was named urokinase (UK) by 
SOBEL et al. (1952) and therefore the single-chain precursor was originally 
named single-chain UK (HUSAIN et al.1979) and later pro-urokinase (pro-UK) 
(WUN et al. 1982a) when its proenzyme status was further characterized by 
demonstrating activation by plasmin. Subsequently, this property was put into 
question by a kinetic study of recombinant pro-UK (rpro-UK) which sug
gested that its catalytic efficiency against plasminogen was comparable to that 
of UK (COLLEN et al. 1986b). On the basis of this finding, the designation pro
UK seemed to be a misnomer. It was recommended and accepted by the Sub
committee on Fibrinolysis that the names sc-uPA and tc-uPA, for single-chain 
and two-chain urokinase-type plasminogen activator, be used (COLLEN 1985). 
The designation uPA, for all forms of UK, was a logical parallel to the pre
viously accepted designation tPA for all forms of tissue-type plasminogen 
activator. However, subsequent studies showed that sc-uPA was a pro-enzyme 
form of uPA (see below), and therefore the term pro-UK is appropriate and 
has persisted in the literature as a more descriptive and historically more 
coherent name. 

C. Biochemistry of Pro-UK/UK (sc-uPAltc-uPA) 
The primary sequence of the A and B chains of uPA is shown in chap. 4, 
Fig. l. 

The two principal enzymes that cleave pro-UK at its activation site are 
plasmin (WUN et al. 1982a) and kallikrein (ICHINOSE et al. 1986; HAUERT et al. 
1989) (for more details see chap. 4). The catalytic efficiency of this activation 
reaction is relatively low (PANNELL and GUREWICH 1986) which may explain 
the difficulty encountered converting the small amount of single-chain UK 
initially isolated from urine to its two-chain derivative (HUSAIN et al. 1983; 
STUMP et al. 1986). 

It is likely that the biological function of pro-UK/UK is better served by 
this activation reaction being relatively slow at physiological concentrations 
of the reactants. As a result, there is more opportunity for pro-UK itself to 
activate plasminogen, which it can do efficiently under certain conditions, such 
as in the presence of fibrin fragment E (LIO and GUREWICH 1991,1992) or on 
cell surfaces (MANCHANDA and SCHWARTZ 1991). Moreover, on cells, rapid UK 
generation may actually be counter-productive since the more rapid the 
activation, the more rapidly the reaction will be subject to inhibition by plas
minogen activator inhibitor-l (PAL-I) and the complex internalized by the cell. 
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A hyperactive transitional state between pro-UK and UK has also been 
identified whose expression is also favored by a less efficient conversion of 
pro-UK to UK. This transitional state was shown to have a catalytic efficiency 
against plasminogen at least threefold greater than that of UK. The phenom
enon was postulated to be a consequence of an unusual property of pro-UK, 
i.e., a KM against plasminogen lower than that of UK. During plasminogen acti
vation by pro-UK/UK, a transitional hyperactivity develops corresponding to 
the KM of pro-UK and the Kal of UK (Lm et a1.1992). Therefore, pro-UK/UK 
appears to be a somewhat more potent plasminogen activator than UK. 

Several cleavage forms of pro-UK exist which are discussed in chap. 4. 
Thrombin also cleaves pro-UK at Arg156_Phe157 (chap. 4, Fig. 1), just two 
residues from the activation site (IcHINOSE et a1. 1986), yielding a two-chain 
form which is indistinguishable from tc-uPA on gel electrophoresis under 
reducing conditions. This thrombin cleavage product has little catalytic activ
ity (GUREWICH and PANNELL 1987; BRAAT et a1. 1999) and is resistant to acti
vation by plasmin. Thrombomodulin promotes the reaction between thrombin 
and pro-UK (DE MUNK et a1. 1991; BRAAT et a1. 1998), suggesting a biological 
role for this reaction or its product on' the endothelial surface. 

The catalytic constants of thrombin-cleaved pro-UK (thromb-UK) against 
both synthetic substrate and plasminogen are comparable to those of the 
intrinsic activity of pro-UK. Moreover, like pro-UK, the KM of thromb-UK 
against plasminogen is lower than that of UK and its catalytic activity against 
plasminogen is enhanced several hundred-fold by fibrin-fragment E. The role 
of thromb-UK in plasminogen activation in the presence of fibrin fragment 
E or on cell surfaces, where its activity may also be promoted, remains to be 
established. It has been previously reported that thromb-UK is an effective 
and highly fibrin-specific thrombolytic in vivo in experimental animals 
(ABERCROMBIE et a1.1990). Therefore, thromb-UK represents a two-chain form 
of uPA which closely resembles single-chain pro-UK, except for its resistance 
to activation, which diminishes its efficacy but increases its specificity. The 
reduced activity indicates that the N-terminal isoleucine on the B-chain of 
UK (present in tc-uPA but missing in thromb-UK) is important for 
stabilization of the catalytic site and full expression of its activity (LlU and 
GUREWICH 1993). 

I. The Intrinsic Activity of Pro-UK (sc-uPA) 

Measurement of the intrinsic catalytic activity of pro-UK against plasminogen 
is complicated by a positive feedback resulting from the activation of pro-UK 
by formed plasmin. The generation of even trace amounts of UK will sub
stantially affect the kinetics of the reaction. This probably explains the wide 
range of catalytic activities for pro-UK which have been reported, from an 
activity equivalent to that of UK (COLLEN et a1. 1986b) to no activity at all 
(HUSAIN 1991). However, there is now a consensus that pro-UK is a zymogen, 
but one with a significant intrinsic activity, which under conditions where pro-
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UK activation is adequately inhibited corresponds to about 0.4% that of UK 
(PANNELL and GUREWICH 1987; PETERSEN et al. 1988). The existence of a true 
intrinsic activity is also supported by findings with a plasmin-resistant LyslS8 
mutant pro-UK which had a comparable catalytic activity against plasmino
gen to that estimated for pro-UK (GUREWICH et al. 1988b). Recently, studies 
of the structural determinants of the intrinsic catalytic activity of pro-UK have 
shown that a site directed mutation at Lys300 essentially eliminates the intrin
sic activity of pro-UK (Lm et al. 1996; SUN et al. 1997), further excluding the 
possibility that trace UK contaminants were responsible for it. 

The relatively high intrinsic activity of pro-UK compared with other serine 
protease zymogens is unusual. Pro-UK has a lower KM against plasminogen 
than its enzymatic form, UK (COLLEN et al. 1986b; Lm et al. 1992) In addition, 
the inactivation of pro-UK by diisopropylfluorophosphate is reversible (LIU 
and GUREWICH 1995) whereas that of all other serine proteases is irreversible. 
Finally, the intrinsic activity of pro-UK is subject to considerable promotion 
without activation to UK. In the presence of fibrin fragment E, the catalytic 
activity of pro-UK against native Glu-plasminogen is promoted 500-fold, 
giving it an activity equivalent to that of UK. This promotion is not due to 
ternary complex formation but, instead, has been related to a particular con
formational change in Glu-plasminogen induced specifically by fragment E 
(LIU and GUREWICH 1992). A more modest promotion of plasminogen activa
tion by pro-UK by cell surfaces has also been reported (MANCHANDA and 
SCHWARTZ 1991). It is therefore likely that the intrinsic activity of pro-UK is 
physiologically important, and that activation to UK is not a pre-requisite of 
pro-UK-mediated catalysis. 

II. Fibrinolysis by Pro-UKlUK (sc-uPAftc-uPA) 

Fibrinolysis mediated by plasminogen activators is dependent on the activa
tion of fibrin-bound, rather than free, plasminogen. Plasmin which is not bound 
to fibrin, by one or more of its lysine binding kringles, does not induce lysis 
(SUENSON et al. 1990; PAQUES et al. 1992). Therefore, non-specific plasminogen 
activation is not useful in fibrinolysis. 

Plasminogen binds to fibrin via an internal lysine residue on the D-domain 
of intact fibrin (NIEUWENHUIZEN et al. 1983). Early fibrin degradation exposes 
new plasminogen binding sites (HARPEL et al. 1985; TRAN-THANG et al. 1986) 
which are carboxy-terminal lysines, in particular the three carboxy-terminal 
lysines on the E-domain of fibrin (VARADI and PATTHY 1983). Urokinase 
has little preference for fibrin-bound vs free plasminogen and, therefore, 
induces fibrinolysis accompanied by non-specific plasminogen activation. 
Since plasmin is a relatively non-specific protease, its systemic generation 
causes degradation of numerous substrates other than fibrin, including 
fibrinogen, clotting factors V and VIII, certain platelet membrane glycopro
teins, constituents of vascular basement membrane, and certain complement 
zymogens, causing generation of anaphylotoxins (for review see GUREWICH 
1989a). 
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By contrast, pro-UK induces relatively fibrin specific clot lysis (GUREWICH 
et al. 1984), since it activates fibrin-bound plasminogen preferentially. The 
mechanism responsible for this has remained surprisingly elusive. This fibrin
selectivity of plasminogen activation by pro-UK appears to be related to a 
conformational change in Glu-plasminogen when it binds to fibrin, since fibrin
specificity in a plasma milieu was lost when Lys-plasminogen was substituted 
(PANNELL and GUREWICH 1986). A dependence on carboxy-terminal lysine 
binding sites on fibrin for plasminogen binding was implicated when it was 
observed that treatment of clots with carboxypeptidase-B, which cleaves 
carboxy-terminal lysines, inhibited lysis by pro-UK (but not tPA) (PANNELL 
et al. 1988). 

This finding led to studies with fibrin fragment E, which, as noted above, 
contains three carboxy-terminal lysines. The specific and selective, several 
hundred-fold, promotion of plasminogen activation by pro-UK in the pres
ence of fragment E was not related to conversion of pro-UK to UK, since it 
also occurred with a plasmin resistant Lys158 pro-UK mutant. Its extent appears 
sufficient to explain the fibrin selectivity of pro-UK by this mechanism 
(LIO and GUREWICH 1991,1992). Since promotion is dependent on the fibrin 
E-domain, on which plasminogen binding sites are available only after fibrin 
degradation has been initiated, this mechanism of action is consistent with the 
lag phase, characteristic of clot lysis by pro-UK (in contrast to tPA) in a plasma 
milieu. It also explains why this lag phase is attenuated by pretreatment of the 
clot with small amounts of UK or tPA added to the plasma (GUREWICH 1987). 

Another mechanism to explain the fibrin specificity of pro-UK has been 
proposed by HUSAIN (1993) who found that pro-UK, but not UK, binds to 
fibrin in the presence of Zn2+. However, since a concentration considerably 
higher than the physiological one for Zn2+ was used, the biological or phar
macological implications of this observation are unclear. Moreover, when clot 
lysis is performed in citrate plasma, in which Zn2+ has been largely taken out 
of solution, the fibrin specificity of pro-UK is nevertheless retained. 

Therefore, the preferential activation by pro-UK of Glu-plasminogen 
bound to the carboxy-terminal lysines on the E-domain of fibrin remains 
the explanation for its fibrin specificity. At the same time local activation of 
pro-UK to UK on the fibrin surface is an additional element which greatly 
enhances the fibrinolytic effect of pro-UK. Clot lysis studies with pro-UK were 
invariably accompanied by a small (<10%) conversion of pro-UK to UK 
(PANNELL and GUREWICH 1986; DECLERCK et al. 1990). When clot lysis is not 
accompanied by local UK generation, as with a plasmin resistant mutant pro
UK, lysis is quite inefficient, requiring high doses (GUREWICH et al.1988b). The 
confinement of UK to the clot surface during clot lysis mediated by pro-UK 
is probably related to the action of plasma inhibitors. 

III. Contrasting Properties of Pro-UK and tP A 

The complementary mechanisms of fibrin-dependent plasminogen activation 
by tPA and pro-UK have helped to explain their synergy in clot lysis (PANNELL 
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et a1. 1988). However, the complementarity of tPA and pro-UK is a function 
of their restricted and different plasminogen substrates, and will be lost after 
significant conversion of pro-UK to UK has taken place during clot lysis. 
Accordingly, when a LyslSg mutant of pro-UK, un convertible to UK, was used 
in clot lysis together with tPA, more extensive synergy was found (GUREWICH 
et a1. 1988b). Therefore, the synergy of tPA and pro-UK in fibrinolysis is 
limited by pro-UK activation, since UK and tPA are not synergistic, as 
evidenced in the clinical TAMI II trial (TOPOL et a1. 1988). This limitation 
complicates its experimental demonstration, and probably explains why this 
subject has been controversial, synergy having been confirmed by some inves
tigators under certain conditions (GUREWICH and PANNELL 1986; COLLEN et a1. 
1987; FRY et a1. 1989; SABOVIC and KEBER 1995) but not by others under dif
ferent experimental conditions (COLLEN et a1. 1986a; NGUYEN et a1. 1989). 

It is evident that the fibrinolytic properties of tPA and pro-UK are 
different and remarkably complementary, as summarized in Table 1. Their 
principal functional differences are the following: 

1. Both tPA and pro-UK induce equivalently fibrin-specific clot lysis, but by 
distinctly different mechanisms. The fibrin-specificity of tPA is related to its 
high fibrin-affinity, whereas that of pro-UK is unrelated to fibrin-binding. 

2. Pro-UK is a zymogen in blood and remains inert, at fibrin-specific con
centrations, until it reaches a blood clot where it selectively activates 
fibrin-bound plasminogen. By contrast, tPA is an enzyme which is rapidly 
inactivated by plasma inhibitors. 

3. Plasminogen activation by tPA is specifically and selectively promoted by 
fibrin fragment D, which contains an internal lysine plasminogen binding 
site, whereas that by pro-UK is promoted by fibrin fragment E, which con
tains a carboxy-terminal lysine plasminogen binding site. 

4. Pro-UK is activated to UK on the fibrin surface, changing it from a 
restricted to an unrestricted plasminogen activator. By contrast, the con
version of single-chain to two-chain tPA is not accompanied by any sig
nificant change in its properties. 

Tablel. The contrasting properties of pro-UK and tPA 

Fibrin-specificity: 
Zymogen (inert in plasma): 
Fibrin-clot binding: 
Plasminogen activation promoted by: 
Fibrinolytic importance of local 

activation to two-chain form: 
Uptake and promotion of fibrinolysis 

by platelets 
Upregulation by its own EGF domain 

Pro-UK 

+ 
+ 
o 
Fibrin fragment E 
+ 

+ 

+ 

tPA 

+ 
o 
+ 
Fibrin fragment D 
o 

o 

o 
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5. Pro-UK, but not tPA, is specifically taken up from whole blood by platelets 
(GUREWICH et al. 1993), which contain a novel membrane receptor which 
binds to a domain on the A-chain of pro-UK (JIANG et al. 1996). Platelets 
in a clot have also been shown to promote lysis by pro-UK, whereas they 
inhibit lysis by tPA. 

6. The EGF domain of uPA up-regulates pro-UK expression by endothelial 
cells (see below). These latter two properties of pro-UK may help explain 
the extended duration of its fibrinolytic effect reported in experimental 
animals after bolus administration (BADYLAK et al. 1988) and the low rate 
of reocclusion reported following coronary thrombolysis with pro-UK 
(see Table 2). 

It has not yet been tested in comparative clinical trials whether these dis
tinguishing properties of pro-UK, given in doses at which systemic conversion 
to UK is minimized, provide it with clinical advantages in therapeutic throm
bolysis compared with higher doses of pro-UK or with other plasminogen 
activators. 

IV. Pro-UK/UK and Platelets 

A number of experimental studies have shown that the fibrinolytic effect of 
pro-UK is promoted by the presence of platelets in a fibrin clot (GUREWICH 
et al. 1988a; LOZA et al. 1994) whereas that of tPA is inhibited (GUREWICH and 
PANNELL 1986; FAY et al. 1994). The latter observation is readily explained by 
the fact that platelets are rich in plasminogen activator inhibitor-l (PAl-I), 
which rapidly inactivates tPA (ZHU et al. 1999). In fact, the inhibition of tPA 
by PAI-l has been postulated to explain the clinical finding that patients with 
acute myocardial infarction (AMI) treated with tPA in the morning hours, 
when PAI-l levels are higher, are more resistant to thrombolysis by tPA 
(KURNIK 1995). This morning resistance to tPA may be of special significance 
since the morning is also the time of day associated with the highest incidence 
of AMI (MULLER et al. 1985). However, resistance to UK in the early morning 
and in the evening has also been described (KONO et al. 1996). 

Pro-UK is not inactivated by PAl-I, which explains its lack of inhibition 
by platelets but does not explain its promotion by platelets. An explanation 
for this promotion came from studies which showed that prekallikrein is asso
ciated with platelets which is relevant since kallikrein activates pro-UK to UK 
(ICHINOSE et al. 1986; HAUERT et al. 1989). The promotion of pro-UK-induced 
clot lysis by platelets was shown to be related to this enzyme (LOZA et al. 1994). 
Platelets provide a surface which can facilitate plasminogen activation since 
plasminogen also binds to the platelets, and this binding is enhanced three- to 
nine-fold by thrombin stimulation of platelets (MILES and PLOW 1985). In addi
tion, pro-UK is also tightly associated with platelets, having been identified in 
the outer leaflet of the platelet membrane (PARK et al. 1989). About 20% of 
the endogenous pro-UK in blood was found to be associated with platelets 



238 V. GUREWICH 

(GUREWICH et al. 1993) and uptake by platelets of pro-UK from whole blood, 
at physiological concentrations of pro-UK, was demonstrated (GUREWICH 
et al. 1995). A similar uptake of HMW-UK, but not LMW-UK, by platelets 
from a buffer milieu was also demonstrated, implicating the A-chain of uPA. 
A novel =70kDa, high affinity receptor for uPA was identified in the platelet 
membrane (JIANG et al. 1996). Therefore, platelets have a novel, high affinity 
surface receptor for uPA distinct from the uPAR (WOHN et al. 1997) found on 
many other cells. 

The importance of platelets in pro-UK-mediated fibrinolysis has not been 
established in man but has been demonstrated in dogs, a species in which the 
fibrinolytic system is known to be remarkably efficient and related primarily 
to a high uPA activity, contributing to the rapid lysis of experimental pul
monary emboli in the dogs (LANG et al. 1993). Platelets, therefore, provide a 
carrier for some of the pro-UK administered therapeutically. It remains to be 
determined if these pro-UK enriched platelets extend the thrombolytic effect 
of pro-UK. 

D. Pharmacokinetics 
The turnover of pro-UK in blood plasma is short, having an initial half-life of 
approximately 7min in man (COLLEN and VAN DE WERF 1987; KOHLER et al. 
1991; DE BOER et al. 1993; MICHELS et al. 1999) and shorter in other mam
malian species. The clearance of pro-UK is similar to that of UK (SCHNEIDER 
et al. 1982; KOHLER et al. 1991) indicating that clearance is not mediated by 
complexation with inhibitors. uPA is cleared principally by the liver (VAN 
GRIENSVEN et al. 1997), and hepatectomy has been shown to be associated with 
considerable prolongation of the T/2 (STUMP et al. 1987). 

The recognition site on the uPA molecule responsible for its rapid clear
ance has not been identified. It is evident that it is not on the A-chain, where 
the uPAR binding site is located, since LMW forms of uPA, missing the A
chain (BARLOW et al. 1981), are cleared at essentially the same rate as HMW 
forms in man. By contrast, in the rat, about a threefold prolongation of clear
ance was reported for a deletion mutant missing the EGF domain (HIRAMATSU 
et al. 1989). Since unglycosylated rpro-UK from E. coli is cleared at the same 
rate as natural pro-UK (DE BOER et al. 1993), carbohydrate receptors cannot 
be significantly involved in the clearance of uPA either. The clearance from 
the platelet compartment has not been studied, but since the uPA associated 
with platelets resists dissociation, clearance is probably dependent on the half
life of platelets. 

Finally, it has been reported that when UK is administered into the duo
denum of dogs (SUM I et al. 1980; SASAKI et al. 1985) or rats (SUMI et al. 1985) 
or given in enteric capsules by mouth to volunteers (TOKI et al. 1985) some 
absorption takes place, but more importantly, endogenous synthesis and 
intravascular release of uPA is stimulated. In these studies, the amount of 
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activity generated was sufficient to lyse an experimentally induced venous 
thrombus (SUMI et al.1980). When oral administrations of UK were given daily 
for seven days, no evidence of attenuation of the fibrinolytic effect was seen. 
A measurable increase in fibrinolytic activity started within 1 h of the oral 
administration of 120,000IU of UK, and had a duration of effect, measured 
by ami do lytic and plasminogen activator activity of more than 6 h (TOKI et al. 
1985). 

Little further is known about these surprising findings. However, since 
they suggested that uPA up-regulated its own synthesis, this was tested in 
endothelial cells and monocytes in culture. Consistent with the above findings, 
it was shown that the EGF domain of uPA induced about a fivefold stimula
tion of uPA synthesis (LI et al., 1996). This phenomenon may help explain the 
unanticipated finding of BADYLAK et al. (1988) that pro-UK "had a longer than 
expected thrombolytic effect based on the known half-life" when given by 
bolus injection to dogs. 

E. Clinical Studies in Acute Myocardial Infarction 
Due to the important differences in properties between pro-UK and UK, their 
clinical use will be taken up separately. 

I. Urokinase 

1. Controlled Trials of UK vs Controls 

The first controlled trial with UK-activated plasmin (thrombolytic effect prob
ably mainly due to UK) was reported by LIPPSCHUTZ et al. (1965). In-hospital 
mortality of 43 patients with acute myocardial infarction (AMI), randomized 
to receive UK-activated plasmin, was 14%, and that of the 41 control patients 
was 17%. Two other small trials similarly showed a survival advantage for 
patients treated with UK compared to controls. In a very small Scandinavian 
trial mortality in the group treated with UK was 14%, in the control group 
21 % (n.s.) (GORMSEN et al. 1973). In a larger French study 2 out of 60 patients 
in the UK group died (3%), but 8 out of 60 patients in the control group (13%; 
p < 0.05) (BROCHIER et al. 1975). 

A bolus dose of 7200 IU/kg UK followed by an 18-h infusion of 7200 IU/kg 
was given to 172 patients in the EUROPEAN COLLABORATIVE STUDY (1975). Com
pared with 169 controls, the ST segment returned to normal quicker in the 
UK-treated patients. No differences in mortality were found, which in retro
spect is hardly surprising considering the size of this study. A bolus of UK (2 
million IU) was used in another study and patency was determined by angiog
raphy at 1.1 ± 0.6h (MATHEY et al. 1985). Patency, defined as prompt and com
plete filling, occurred in 30 out of 50 patients (60%). Repeat angiography after 
three weeks revealed patency in 23 out of 24 patients studied whose arteries 
were patent initially. No bleeding complications were reported. A similar 
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patency rate and low incidence of reocclusions were reported in 10patients 
given 3million IU of UK administered by infusion over 45-60min (WALL 
et al. 1990). 

In the large US 1M study 2531 patients with AMI were randomized to 
receive an intravenous bolus of I Mio units of UK, repeated after 60 min plus 
heparin (bolus of 10,000 U, followed by 1000 U/h for 48 h) or heparin alone. At 
16 days, overall hospital mortality was 8% in the UK and 8.3% in the heparin 
group (n.s.). The incidence of major bleeding and stroke was similar in the two 
groups (ROSSI and BOLOGNESE 1991). 

2. Pre hospital vs In-hospital Thrombolysis with UK 

In an attempt to reduce the symptom to needle time in patients with AMI 
several studies have investigated the feasibility and effect of administering 
thrombolytic agents in the home of the patients or in the ambulance (reviewed 
by CARLSSON et al. 1997). The potential benefit and the risk of administering 
prehospital UK for AMI was evaluated by SCHOFER et al. (1990) in a double 
blind study. Patients presenting <4 h after symptom onset received 2 Mio 
units of UK as an intravenous bolus either before (Group A, n = 40) or after 
(Group B, n = 38) hospital admission. The mean time interval from symptom 
to needle was 85 min in Group A and 137 min in group B (p < 0.0005). Coro
nary angiography before discharge, mortality, left ventricular function, and 
complication rates did not differ between the two group and the authors con
cluded that "the saving of 45 min in the early stage of an AMI through pre
hospital thrombolysis did not appear to be important for salvage of myocardial 
function." 

3. Comparative Trials of UK vs SK or tPA 

In a small French recanalization study 42 patients were randomized into 4 
groups to receive either different schedules of intracoronary SK (maximal 
dose 350000U) or UK (maximal dose 250000U, supplemented with a small 
amount of 75 mg of Lys-plasminogen). Recanalization was better in the SK 
(87%) than in the UK group (64 %). Systemic fibrinolysis occurred to a lesser 
degree with UK (DE PROST et al. 1983). 

In three studies UK was compared with tPA. A Japanese double-blind 
study randomized 198 patients into 3 groups: 33mg of tPA, 50mg of tPA, or 
960,000 units of UK. All patients underwent baseline and 60min coronary 
angiography. Recanalization rates were 76%, 75%, and 42%, respectively. 
There was no difference in the incidence of major bleeding or hospital mor
tality between the three groups (KANEMOTO et al. 1991). 

The German GAUS study investigated the effects ofrtPA (alteplase) and 
UK on patency and early reocclusion in a single-blind, randomized multicen
ter trial of 246patients with AMI of <6 h duration. rtPA was administered as 
an initial 10mg bolus followed by 60mg of rtPA given intravenously over 
90 min. UK was administered as an initial bolus of 1.5 Mio units, followed by 
another 1.5 Mio units infused over 90min (NEUHAUS et al. 1988). Coronary 
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angiography performed at the end of the infusion revealed a TIMI grade 2 or 
3 patency rate of 69% in the patients given tPA and 66% on those given UK 
(n.s.). Among patients treated within 3 h from symptom onset, patency rates 
were 64% in the tPA and 70% in the UK group (n.s.). Reocclusions after 24 
h were more frequent in the tPA group (Table 2). 

The TIMIKO study compared a double bolus UK vs a front-loaded tPA 
regimen for AMI. In this prospective, multicenter, randomized study 618 
patients presenting within 6 h after onset of chest pain were assigned to receive 
1.5Mio units of UK, followed by a 20000U/kg (max. 1.5Mio units) bolus 
30min after the first dose, or the front-loaded regimen of alteplase used in the 
GUSTO-1 trial (THE GUSTO INVESTIGATORS 1993). All patients received 
200mg of aspirin immediately and continued to take it daily. All patients also 
received intravenous heparin for 3 days, adjusted to prolong the APTT to 1.5-2 
times normal. Coronary angiography was performed in some centers after 
60min and 90min. TIMI grade 3 flow was achieved at 90min in 70% of the 
patients receiving UK and in 68% of those treated with tPA (n.s.). There was 
no difference in the incidence of death, reinfarction, or major bleedings. Hem
orrhagic stroke was more common in the tPA group (1.1 %) than in the UK 
group (0.3%; n.s.). The authors concluded that the double bolus UK regimen 
is an easy, safe, and effective thrombolytic treatment, equivalent to front
loaded alteplase [PARK, FOR THE THROMBOLYSIS IN MYOCARDIAL INFARCTION IN 
KOREA (TIMIKO) STUDY GROUP 1998]. 

Taken all trials with UK together, one arrives at the conclusion that UK 
is an effective thrombolytic agents, but offers no convincing advantages over 
other thrombolytic agents. 

II. Pro-urokinase 

A comparison of the fibrinolytic properties of pro-UK and UK (GUREWICH 
et al. 1984; ZAMARRON et al.1984; COLLEN et al.1984, 1985; FLAMENG et al. 1986) 
showed that pro-UK is far more specific than UK in vitro and also more effec
tive at inducing clot lysis in vivo. These promising experimental results formed 
the basis for clinical trials of pro-UK in AMI, which is the first clinical indi
cation for which it has been evaluated. 

1. Early Dose-finding Studies 

The first reported study consisted of six patients infused with 40mg of natural, 
glycosylated pro-UK infused over 60 min. Complete reperfusion was achieved 
in four patients with little associated fibrinogen degradation, consistent with 
the experience in experimental animals (VAN DE WERF et al. 1986a). In a sub
sequent study, 17 patients with AMI were given non-glycosylated rpro-UK 
from E. coli. In eight patients, 40mg was given over 1 h and in nine patients, 
70mg was administered. The lower dose achieved fibrin specific recanaliza
tion in 75%, but recanalization was incomplete in 50%. The higher dose 
achieved recanalization with normal distal run-off in 78% of the patients, but 
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fibrinogen degradation ranged from 6% to 96% (VAN DE WERF et al. 1986b). 
A similar dose-finding study with rpro-UK was performed by DIEFENBACH et 
al. (1988). Twelve patients with angiographically proven AMI of less than 4h 
duration were given 20mg of pro-UK as a bolus, followed by 60mg infused 
over 1 h, and another 12 subjects received a 10mg bolus and 30mg as infusion. 
Time to reperfusion was 43 min in the first and 67 min in the second group (p 
< 0.005). TIMI flow grade 2 and 3 perfusion rates 90min after the start of the 
treatment were 91 % in the higher dose group, but only 50% in the 40mg group 
(p < 0.001). A systemic lytic state occurred in 33 % of patients in the first group, 
but only in 9% of those given the low dose of pro-UK. Taken together these 
two studies suggest that doses of approximately 40mg of pro-UK, which do 
not cause a significant proteolytic state, are not as efficient as doses of approx
imately 80mg (corresponding to about 8Mio units of UK). 

The broad variability in the fibrin specificity of pro-UK at higher infusion 
rates observed in these studies is quite typical. Non-specificity is related to the 
systemic conversion of pro-UK to UK by plasmin. Since non-glycosylated 
rpro-UK is more sensitive to activation by plasmin (LENICH et al. 1992) a non
specific effect is apt to occur more readily with this form of pro-UK, and this 
appears to be consistent with clinical experience. 

During the same time period Japanese investigators evaluated the effect 
of small doses of intra coronary administration of natural pro-UK and of 
UK in a randomized multicenter study (KAMBARA et al. 1988). Fifty patients 
(Group H) received 6000U of pro-UK i.c., 44 subjects (Group L) were given 
3000U of pro-UK i.c., and 54 patients (Group U) received 3000U of UK. 
Coronary recanalization rates (TIMI 2 or 3) determined angiographically after 
45 min of i.c. infusion were 90% in group H, 59% in group L, and 61 % in group 
U. Bleeding complications were more common in group U. 

2. Randomized Trials of Pro-UK vs SK 

The first randomized double blind trial compared 80mg non-glycosylated 
rpro-UK (Saruplase), given as a 20mg bolus followed by an infusion of 60mg 
in 1 h, with standard dose SK (1.5 million IU in 1 h) (PRIMI TRIAL STUDY 
GROUP 1989). A total of 401 patients with AMI of 4h or less in duration were 
randomized into the two treatment groups. Angiographic patency (TIMI 2 or 
3) at 60min was 72% for rpro-UK and 48% for SK (p < 0.001), but at 90min 
the differences became insignificant (71% and 64% for pro-UK and SK, 
respectively). A major drop in fibrinogen occurred in both groups, being 86% 
and 94% for pro-UK and SK, respectively, but the transfusion requirements 
were significantly (p < 0.01) less in the pro-UK treated patients (4.0% vs 
11.3% for SK). There were no significant differences between the two treat
ment groups with respect to hospital mortality, recurrent ischemic events, 
arrhythmias, or heart failure (Table 3). A one-year follow-up in 387 patients 
enrolled in the PRIMI trial revealed a low and similar overall mortality and 
functional status in the two treatment groups (DIEFENBACH 1992). The five-
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year follow-up in 255 patients revealed comparable mortality rates in the two 
treatment groups; 20.8% in the saruplase and 16.9% in the SK group (n.s.) 
(SPIECKER et al. 1999). 

The major systemic fibrinolytic effect observed with rpro-UK in this study 
reflected the systemic conversion of most of the rpro-UK to UK (KOSTER 
et al. 1994). In light of this, the PRIMI study represents more of a high-dose 
UK trial than a pro-UK trial. Not surprisingly, therefore, when rpro-UK (Saru
plase) at this dose was compared with UK in the SUTAMI study of 543 
patients randomly allocated into the two treatment groups, no differences in 
patency rates (75.4% vs 74.2%) or bleeding complications were found 
between pro-UK and UK (MICHELS et al. 1995). 

The large double blind, multicenter COMPASS trial compared pro-UK 
(saruplase) with SK in a total of 3089 patients with AMI of <6 h duration. 
SK was given at the dose of 1.5Mio U, infused over 60min, and pro-UK as a 
20mg bolus, followed by 60mg infused over 60 min (TEBBE et al. 1998). At the 
beginning of the treatment the pro-UK group received 5000 U of heparin i.v., 
the SK group a placebo injection of heparin and a dummy bolus injection of 
placebo in lieu of the pro-UK bolus. All patients received i.v. heparin for 
~24h starting 30min after the end of the thrombolytic infusion; heparin was 
adjusted to maintain an APTT at 1.5-2.5 times that of normal. The main results 
are listed in table 3. Mortality up to day 30 was 5.7% in the pro-UK group and 
6.7% in the SK group (p < 0.01). Hemorrhagic strokes occurred more often in 
patients receiving pro-UK (0.9% vs 0.3%), whereas thromboembolic strokes 
were more often seen in the SK-treated patients (0.5% vs 1.0%). The rate of 
bleeding was similar in the two treatment groups (10.4 % vs 10.9%). Hypoten
sion and cardiogenic shock occurred less frequently in the pro-UK group. 

3. Randomized Trial of Pro-UK vs tPA 

The medium-size SESAM Study randomized 473 patients with AMI of <6h 
duration into a pro-UK (saruplase) group or a tPA (alteplase) group (BAR 
et al.). Co-medication included heparin and aspirin. Angiographies were 
performed at 45, 60, and 90min after the start of the thrombolytic treatment. 
Saruplase was given as a 20mg bolus, followed by a 60min infusion of 60mg. 
Alteplase was administered as a 10 mg initial bolus, an infusion of 50 mg over the 
next hour, and 40 mg over the second and third hour. The main results are listed 
in Table 3. Just 45 min after the start of the treatment TIM I 2 or 3 perfusion rates 
were 75% in the pro-UK group and 69% in the tPA group. The 90 min patency 
rates were very similar. Reocclusion rates, including patients who underwent 
revascularization interventions were slightly lower in the pro-UK group (6.7% 
vs 10.3%). Complication rates were similar in the two treatment groups. 

III. Non-specific Plasminogen Activation 

Fibrin specific coronary thrombolysis by pro-UK was demonstrated in a study 
of 40 patients in whom 36-69mg of natural pro-UK was infused over 90 min 
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(LOSCALZO et al. 1989). A TIMI grade 2 or 3 patency at 65 ± 22min occurred 
in 51 % of the patients and fibrinogen levels fell by only 10%. However, most 
cardiologists aim at achieving much higher TIMI grade 2 or 3 patency rates 
and have historically been inclined to push doses of thrombolytic agents higher 
and higher (for tPA up to 150mg) until an unacceptably high rate of cerebral 
hemorrhages is encountered. It is unfortunate that larger dose finding studies 
have not been performed with pro-UK. 

When therapeutic thrombolysis by any plasminogen activator is associ
ated with a major systemic activation of plasminogen, there are adverse con
sequences which may undermine the clinical benefits of restoring coronary 
patency. These side effects are related not only to bleeding into the myocar
dial injury zone and elsewhere, but paradoxically also to hypercoagulability 
due to activation of certain clotting factors and platelet activation. In addition, 
there is activation of certain mediators of tissue necrosis. These consequences 
of non-specific plasminogen activation are related to the many substrates 
which are hydrolyzed by plasmin and have recently been reviewed (GUREWICH 
and MULLER 1996). It is noteworthy that when fibrin selectivity was retained 
during coronary thrombolysis with pro-UK, hypercoagulability, evidenced by 
intravascular thrombin generation, was not found (WEAVER et al. 1994). 

Another consequence of systemic plasminogen activation is the deple
tion of the plasma plasminogen reservoir ("plasminogen steal") which also 
compromises thrombolytic efficacy (TORR et al. 1992). This "plasminogen steal" 
concept is consistent with a dose finding trial of glycosylated rpro-UK in which 
the efficacy of 60mg and 80mg doses in 1h were compared. At 60min, the 
60mg dose gave a higherTIMI 3 coronary artery patency (65% vs 30%) and 
higher TIMI 2 or 3 patency (73% vs 61 %) than the 80mg dose (TORR et al. 
1992). The 60mg dose induced only 24% reduction in fibrinogen, compared 
with 41 % with the 80mg dose. Although the number of patients studied was 
too small for the efficacy differences to reach statistical significance, a similar 
finding that 60mg induced comparable coronary artery patency to 80mg, while 
being significantly more fibrin-specific, was obtained in a dose-finding study of 
unglycosylated rpro-UK by Farmitalia. 

IV. Combinations of Pro-UK and UK or tPA 

Pro-urokinase has been shown to be complementary to tPA in its fibrinolytic 
effect (PANNELL et al. 1988; GUREWICH 1989b) and the two activators are syn
ergistic in clot lysis under certain conditions (GUREwICH and PANNELL 1986). 
Therefore, trials evaluating various combinations of these two agents were 
undertaken by a number of investigators. 

1. Early Dose-finding Studies of Pro-UK and UK 

BODE et al. (1988) investigated three different low-dose schedules of pro
UK. In one group a combination of a bolus of only 3.7mg of pro-UK and of 
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250000 U of UK, followed by 44.3 mg of pro-UK, yielded a higher TIMI 2 or 
3 patency rate (65 %) than that observed in the two groups receiving the same 
or a higher dose of pro-UK only. In another, open-label, prospective study 
thrombolysis was started with 250000U of UK, followed by either 33mg or 
48mg of natural pro-UK (TCL 598, Sandoz) (GULBA et al.I989b). With 33mg 
of pro-UK TIMI 2 or 3 patency was observed in only 33% of patients, whereas 
the intermediate dose of 48mg produced TIMI 2 or 3 flow in 75% of patients 
(p < 0.01). A second angiogram performed 24-36h later revealed reocclusion 
in 60% of the patients given the lower dose of pro-UK and in 8 % in the higher 
dose group (p < 0.05). In both groups fibrinogen decreased <15%. Bleeding 
complications were more frequently observed in the higher dose group, but 
were mostly related to puncture sites. 

2. Early Dose-finding Studies of Pro-UK and tP A 

The first of these studies tested a combined infusion of lOmg rtPA and 10mg 
non-glycosylated rpro-UK given over 1 h. Nine patients with documented AMI 
were treated, in three of whom a prior infusion of 10mg tPA had failed to 
achieve reperfusion. Complete recanalization was achieved in seven out of 
nine patients and transient recanalization occurred in an eighth patient. No 
change in the fibrinogen level occurred in any of the patients (COLLEN and 
VAN DE WERF 1987). In a second study the simultaneous infusion of 12mg tPA 
over 30min and 48mg non-glycosylated rpro-UK infused over 40min in 38 
patients with AMI was evaluated. Patency (TIMI grade 2 or 3) was observed 
in 61 % at 60min and in 82% in 90min. At 90 min TIM I 3 patency was seen 
in 58% of the patients. The mean decline in fibrinogen was less than 20% and 
no significant bleeding complications occurred (BODE et al. 1990c). In a third 
study, tPA was given as a 10mg bolus followed by a 10mg infusion over Ih. 
The pro-UK dose was 16.3mg given as a 4mg bolus followed by an infusion 
of 12.3 mg over 1 h. The doses were chosen to represent approximately 20% 
of the monotherapy dose of each agent. Twenty-three patients with AMI were 
treated and TIMI grade 2 or 3 patency at 90min was found in 70%. Two addi
tional patients were observed to lyse at 113 min and 150 min. These results 
were considered to be consistent with a synergistic effect and showed that 
effective lysis could be obtained without fibrinogen degradation, which was 
less than 15 % (KIRSHENBAUM et al. 1991). 

3. Larger Clinical Trial with Pro-UK and tP A 

A study to evaluate a sequential combination of tPA and pro-UK was pub
lished by ZARTCH et al. (1995). The design of the PATENT study was based on 
the experimental findings that tPA and pro-UK are sequential as well as syn
ergistic in their effects. It has been shown that tPA followed by pro-UK, but not 
the reverse order, induces synergistic thrombolysis in experimental animals 
(COLLEN et al. 1987). According to this understanding of fibrinolysis, only a 
small bolus of tPA should be required to initiate lysis and optimize the 
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conditions for pro-UK/UK. In the first 10 patients in this study, a 10mg bolus 
of tPA was given and in the remaining 91 patients, only 5 mg of tPA was admin
istered. The tPA bolus was followed in all patients by an infusion of unglycosy
lated rpro-UK of 40mg/h for 90min. In the entire group of 101 patients, a TIMI 
2 or 3 patency at 90 min of77% and a TIMI 3 patency of 60% was observed. No 
reocclusions were seen in 28 patients who were patent and reexamined at 24h. 
The fibrinogen decline was highly variable, as noted in other studies with an 
intermediate dose, and averaged 50%. Bleeding complications were essentially 
limited to puncture sites and only lout of 101 patients in the study died in hos
pital (ZARICH et aI.1995), similar to the low death rate (11128 patients) reported 
by WEAVER et al. (1994) with a comparable dose of pro-UK. 

V. Bolus administration of Pro-UK 

To study the safety and efficacy of saruplase as a bolus, the angiographic and 
clinical outcomes of three bolus regimens were investigated in the BASE pilot 
study in 192 patients with an acute myocardial infarction and compared with 
the standard regimen (BAR et al. 1999). Fifty-two patients received a double 
bolus of 40 mg and 40 mg after 30 minutes, 51 patients a bolus of 80 mg, and 
36 patients a bolus of 60 mg. Fifty-three patients received the standard regimen 
(a bolus of 20 mg and 60 mg IV infusion over 1 hour). At 60 and 90 min TIMI 
3 flow rates were, respectively, 61 % and 73% with the 40/40-mg bolus, 51 % 
and 57% with the 80-mg bolus, 31 % and 36% with the 60-mg bolus, and 55% 
and 72% with the standard 20/60-mg infusion. 

The primary endpoint, persistent patency (TIMI 2 + 3) at 24-45 hours, 
was seen in 69%, 65%, 44%, and 68% of patients. Inclusion in the 60-mg 
bolus group was prematurely stopped because of the low patency rates. The 
40/40-mg bolus group had the highest mortality rate (13.5%). Other adverse 
event rates were similar in the four groups. The 80-mg single was further 
tested in the BIRD study (Original report not yet published, summarized in 
FERGUSON 1999). A total of 2410 patients presenting within 6 h of symptoms 
were randomized to standard therapy with saruplase (20 mg bolus plus 60 mg 
infusion over 1 h (n = 1214) or a single bolus of 80 mg (n = 1196). The primary 
endpoint of the study, 30-day mortality, was 6.0% with standard saruplase 
therapy and 5.9% with single-bolus administration. Other 30-day endpoints 
included reinfarction (5.0% with standard therapy versus 6.5% with single 
bolus treatment), recurrent angina (26% versus 25%), hemorrhagic stroke 
(0.7% versus 0.8%) and major bleeding events (2.4% versus 2.8%). 
The authors concluded that the single bolus therapy is clinically equivalent 
to standard bolus plus infusion treatment. This would allow to administer 
saruplase at home or in the ambulance to shorten the symptom to needle time. 

VI. Heparin and Pro-UK 

The use of heparin with pro-UK has also been studied. In the treatment of 
AMI heparin is used as an adjunctive agent after thrombolytic therapy with 
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all agents in order to prevent reocclusions. When tPA is administered a bolus 
of heparin is routinely given at the start of thrombolytic therapy to increase 
patency rates. In the LIMITS study the effect of heparin on patency has been 
evaluated. In randomized allocation, 56 patients were given a bolus of 5000lU 
heparin and 62 patients were given a placebo prior to coronary thrombolysis 
with unglycosylated rpro-UK (saruplase) given as a 20 mg bolus followed by 
an infusion of 60mg over 1 h. TIMI 2 or 3 patency at 90min occurred in 78.6% 
of the heparin group compared with 56.5% in the placebo (p = 0.01). It was 
concluded that heparin promotes coronary thrombolysis by pro-UK (TEBBE 
et al. 1995). 

The mechanism responsible for this promotion is unclear since heparin 
has no effect on clot lysis by pro-UK in a plasma milieu in vitro. It has been 
proposed that the effect is related to heparin inactivation of thrombin, thereby 
preventing pro-UK inactivation by thrombin associated with the clot (GULBA 
et al. 1989a). Another additional possibility relates to the observation that 
heparin induces release of tPA from the vessel wall (KLEIN 1989). Therefore, 
heparin may mimic the effect of a small bolus of tPA in its promotion of 
fibrinolysis by pro-UK. 

F. Second Generation Pro-UK 
As noted above, the sensitivity of pro-UK to systemic conversion to UK 
limits its specificity in therapeutic thrombolysis, especially in individuals with 
a higher plasminogen concentration or lower PAI-1 level. This property is 
related, in part, to the intrinsic activity of pro-UK which is relatively high for 
a serine protease zymogen. As a result, plasma concentrations in excess of 
=1-2,ug/ml for 60min will induce non-specific plasminogen activation in most 
patients and result in the systemic conversion of pro-UK to UK by plasmin. 

Many attempts have been made to engineer mutants of pro-UK or UK 
with better fibrin specificity or longer half-life in the circulation using mainly 
molecular biotechnology (LUNEN et al. 1988b; EGUCHI et al. 1990; LIJNEN et al. 
1990; Lm and GUREWICH 1992; LI et al.I992; LIEBER et al.1995; MA et al.1996). 
Chimeras have been produced in an attempt to combine the best features of 
tPA and of pro-UK (LIJNEN et al. 1988a; NELLES et al. 1990). Constructs of 
u-PA and antibodies specific for fibrin have been engineered to confer high 
affinity of uPA to thrombi (BODE et al. 1987, 1990a,b) and the Gly-Pro-Arg 
sequence attached to portions of the UK molecule to confer affinity to platelet
rich thrombi (HUA et al. 1996). Many of these constructs have only been tested 
in vitro and only a few have shown any promise when tested in thrombosis 
models in experimental animals (RUNGE et al. 1996). To date no clinical trials 
have been conducted with these mutants, chimeras, or bispecific agents. 

We have undertaken a study of the catalytic domain of pro-UK to deter
mine the cause of its relatively high intrinsic activity in an effort to attenuate 
it. Computer modeling studies suggested that Lys300 in a flexible loop region 
of the molecule could, by virtue of this flexibility, interact with ASp3SS to induce 
a transient active site conformation. This hypothesis was tested by construct-
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ing a site directed mutant of Lys3oo-Ala. Characterization of the mutant showed 
that its intrinsic activity was reduced about 100-fold (to 0.005% of UK rather 
than 0.4 %) and its plasma stability was greatly enhanced, confirming the find
ings from the modeling studies. When incubated in plasma, pro-UK at con
centrations of ~1 Jig/ml induced 100% degradation of fibrinogen after 1 h, 
whereas the Ala3oo-pro-UK mutant at a concentration of 50 Jig/ml induced 
no fibrinogen degradation under the same conditions (Lru et al. 1996). These 
studies have led to the development of a number of site-directed pro-UK 
mutants (SUN et al. 1997) which induce thrombolysis with far greater fibrin
specificity than does natural pro-UK. 

Attempts to prolong the plasma clearance of pro-UK have, so far, been 
restricted to the coupling of uPA to albumin (BRETON et al. 1995) or to poly
ethyleneglycol (KAJIHARA et al. 1994; SAKURAGAWA et al. 1986). Mutations of 
the pro-UK molecule itself have not been successful to prolong the T/2, due 
to the fact that clearance appears to be independent of the A-chain of pro
UK and of the carbohydrate side chains. However, since a portion of pro-UK 
has an extended half-life by virtue of binding to platelets, and since bolus 
pro-UK has been shown to have a surprisingly protracted fibrinolytic effect 
in animals (BADYLAK et al. 1988) altering this property of pro-UK may be of 
lesser clinical importance. 

G. Conclusions 
Pro-urokinase, the single-chain precursor (sc-uPA) of two-chain UK (tc-uPA), 
is a fibrin-selective plasminogen activator, which is inert in plasma in contrast 
to other plasminogen activators. When administered at infusion rates (40-
60mg/h) at which its systemic conversion to UK is minimized, pro-UK induces 
a high rate of TIMI 3 patency, accompanied by low rates of both reocclusion 
and in-hospital mortality (WEAVER et al. 1994; ZARICH et al. 1995; VERMEER et 
al. 1999). The low reocclusion rate appears to be a property of pro-UK itself, 
suggesting that it will not require any of the new adjunctive therapies 
(antithrombins or lIb/IlIa platelet receptor antagonists) which have been 
developed to prevent reocclusions after coronary thrombolysis with other 
plasminogen activators. A comparative trial of pro-UK given at these inter
mediate infusion rates and SK or tPA has not yet been undertaken. At higher 
infusion rates (80mg/h), extensive systemic conversion of pro-UK to UK takes 
place, and the advantages of pro-UK over UK are lost (MICHELS et al. 1995). 
The sensitivity of unglycosylated rpro-UK to conversion to UK is slightly 
greater than that of glycosylated pro-UK (LENICH et al. 1992), a finding which 
appears consistent with the clinical experience. 

An unusual property of pro-UK is that it is taken up from whole blood 
by platelets (GUREWICH et al. 1993, 1995) where it binds to their outer mem
brane via a specific receptor distinct from uPAR (JIANG et al.1996). This prop
erty may extend the intravascular half-life of a portion of therapeutically 
administered pro-UK considerably. 
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CHAPTER 10 

Comparative Evaluations of tP A vs SK with 
Particular Reference to the GUSTO-I Trial 

A.c. CHIU and E.J. TOPOL 

A. Introduction 
The benefits of intravenous (i.v.) thrombolytic therapy in acute myocardial 
infarction (AMI) are now well established. This chapter will briefly review the 
evidence demonstrating therapeutic benefit of thrombolytic therapy and then 
focus on the recent major comparative randomized clinical trials of tissue-type 
plasminogen activator (tPA) vs streptokinase (SK) and, in particular, the 
Global Utilization of SK and tPA for Occluded Coronary Arteries (GUSTO
I) randomized trial of strategies employing tissue plasminogen activator or 
SK or both. 

B. Evolution of Thrombolytic Therapies 
I. Rationale for Thrombolysis 

The elucidation of the primary pathophysiologic mechanism leading to acute 
myocardial infarction, that of coronary artery thrombotic occlusion triggered 
by atheromatous plaque rupture, prompted investigators to develop strategies 
aimed at restoring infarct related artery patency. Early interventions utilizing 
intracoronary administration of SK were reported by RENTROP et al. (1981). 
Subsequent interventions aimed at restoring patency and, by inference, 
myocardial perfusion, included percutaneous coronary artery angioplasty 
(PTCA) and coronary artery bypass grafting (CABG). The delay and logisti
cal difficulties inherent in relying on emergency angioplasty or intracoronary 
administration of thrombolytic agents for timely restoration of coronary 
patency soon forced investigators to consider other alternatives. The applica
tion of i.v. thrombolytic agents provided an attractive practical strategy for 
intensive clinical investigation. 

II. Early Angiographic Patency Trials, tP A vs SK 

The first medium-size, randomized trial comparing i.v. tPA with SK, the 
Thrombolysis in Myocardial Infarction (TIMl) trial, began in 1984 enrolling 
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patients presenting within 6 h of symptom onset and exhibiting acute injury 
patterns on electrocardiogram (ECG). CHESEBRO et al. (1987) compared 
infarct related artery recanalization rates at 90min in 143 patients treated with 
i.v. administered SK vs that obtained in 147 patients given i.v. tPA and heparin 
(THE TIMI STUDY GROUP 1985). Though this trial illustrated efficacy of both 
regimens, tPA clearly demonstrated a higher TIMI grade 2 or 3 recanalization 
rate (62%) at the 90 min mark than SK (31 %;p < 0.001). TIMI-1 demonstrated 
a survival advantage at 6- and 12-month follow-up of patients treated with tPA 
(mortality rates of 7.7% and 10.5% for tPA, and 9.5% and 11.6% for SK; n.s.). 
Early patency at 90 min, accompanied by sustained patency at the time of hos
pital discharge, resulted in a very low mortality of 1.9% after 6months and 
3.8% after 12 months, irrespective of the agent used (DALEN et al. 1988). It was 
as yet unclear how or if the differential patency rates between the two agents 
would affect clinical outcome as measured by long term mortality. 

During the same period a similar randomized study was performed by the 
European Collaborative Study Group (ECSG). However, in order to reduce 
the time delay from hospital admission to start of thrombolytic therapy, no 
baseline coronary angiography was performed. Initially all patients received 
an i.v. bolus of 5000U of heparin. tPA was given in a body weight adjusted 
dosage of 0.75mg/kg over a period of 90min. The patients in the SK group 
received in addition 0.5 g of aspirin and 1.5 MU of SK infused over 60 min 
(VERSTRAETE et al. 1985). Patency rates were assessed 90min after the start of 
thrombolytic treatment and were 70% in the tPA and 55% in the SK group 
(p = 0.054). 

The third trial was conducted in New Zealand in double-blind fashion 
using a double-dummy (placebo) technique (WHITE et al. 1989). One hundred 
and thirty five patients were randomized to receive 1.5 MU of SK, infused over 
30min, and 135 patients received tPA, infused over 3 h. An initial bolus of 
10mg of tPA was followed by an infusion of 50mg during the first hour and 
20 mg each for the second and third hour. I. v. heparin was started 30 min after 
the beginning of thrombolytic therapy and continued for 48h. Routine coro
nary angiography was only performed 3weeks later; patency rates were 76% 
in the tPA and 75% in the SK group. The effects of the two agents on left 
ventricular function and on reinfarction rates were similar. Mortality at 30 
days was 3.7% in the tPA and 7.4% in the SK group (p = 0.2). 

The smaller Italian PAlMS study assessed reperfusion in AMI patients by 
non-invasive signs 4 h after the start of thrombolytic therapy (MAGNANI et al. 
1989). Eighty six patients randomized to the tPA group received a 10mg bolus 
of tPA, followed by 90mg over 3 h, at doses of 50mg, 20mg, and 20mg at each 
successive hour. The 85 patients allocated to receive SK were given 1.5 MU of 
SK, infused over 60min. Reperfusion was considered to have taken place when 
the following three events occurred in a close temporal relation: 

1. An abrupt abatement or a progressive reduction of chest pain 
2. A reduction of the magnitude of ST segment shift that continued in sequen

tial ECGs until it was <50% of the basal value 
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3. A rapid increase in serum levels of MBCK with the peak occurring within 
13h. 

Reperfusion at 4h occurred in 79% of patients in both groups. Patency of 
the infarct-related vessel at coronary angiography, approximately 4days after 
thrombolytic therapy was 81 % in the tPA and 74% in the SK group. 

As pointed out by LINCOFF and TOPOL (1993), therapeutic efficacy as mea
sured by 90min infarct related artery patency is problematic on several counts. 
H is often taken for granted that infarct related artery patency is equivalent 
to myocardial reperfusion. However, this assumption is unwarranted and lies 
at the crux of the apparent dissociation between angiographic patency, left 
ventricular function and mortality noted in most of the early trials. Angio
graphic "patency" is inclusive of not only arteries reopened by thrombolytic 
therapy but also includes arteries never completely occluded and arteries 
spontaneously reopened. "Recanalization" would be a more discriminating 
term to describe only those arteries reopened by thrombolytic therapy. 
"Reflow" referring to the quality and briskness of contrast or blood flow 
through a previously occluded epicardial coronary artery has been categorized 
by the TIMI grade system. Myocardial "reperfusion" at the tissue level is ulti
mately the primary purpose of thrombolytic therapy and underlies the open 
artery hypothesis but epicardial coronary artery patency assessed only at one 
given point in time does not necessarily equate to tissue reperfusion as has 
been demonstrated by advances in contrast perfusion echocardiography and 
continuous 12-lead digital electrocardiography. What has been typically 
referred to as "patency" in the literature actually represents combined TIMI 
grade 2 and 3 flow assessed at only a few points in time and hence fails to 
appreciate the dynamic state of blood flow in proximity of an unstable athero
matous plaque. Variables, other than TIM I flow rates, were shown to influence 
final infarct size and mortality, such as myocardium at risk and collateral blood 
flow, as demonstrated by sequential tomographic myocardial perfusion 
imaging using technetium-99 sestamibi (KLARICH et al.1999;BRUCE et al.1999). 
Definition of the exact relationship between TIMI grade 2 or 3 flow to preser
vation of left ventricular function and reduction in mortality would have to 
await the findings of the Angiographic Substudy of the GUSTO-I compara
tive thrombolytic trial. 

III. Adjunctive Therapies; Heparin and Aspirin 

Chapter 11 deals with adjunctive therapies currently in use or under develop
ment. This section discusses the use of heparin and of aspirin only. The mor
tality benefit of aspirin therapy in AMI (23 % decrease) was convincingly 
demonstrated by the ISIS-2 trial of i.v. SK [THE ISIS-2 (SECOND INTERNATIONAL 
STUDY OF INFARCT SURVIVAL) COLLABORATIVE GROUP 1988]. While specific data 
are lacking for the role and dosage of aspirin with other thrombolytic agents, 
ISIS-2 results have been extrapolated to justify the current clinical practice of 
at least 160mg of aspirin per day in AMI treated with any thrombolytic agent. 
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This strategy was incorporated in the subsequent major comparative throm
bolytic trials including GUSTO-I. 

While it was elucidated by TOPOL et al. (1989) in the third report of the 
Thrombolysis and Angioplasty in Myocardial Infarction Study (TAMI-3) 
group that heparin conferred no early patency advantage over tPA alone, the 
discovery of the role of heparin as a corequisite to maintaining coronary artery 
patency following therapy with any of the relatively fibrin-specific plasmino
gen activators, can be credited to a host of investigators. Among the investi
gators, the work of BLEICH et al. (1990), DE BONO et al. (1992) for the European 
Cooperative Study Group sixth report, HSIA et al. (1990, 1992) for the 
Heparin-Aspirin Reperfusion Trial Investigators, and ARNOUT et al. (1992) 
clearly illustrated the effect of heparin in sustaining patency after tPA admin
istration. The latter two trials were particularly notable for the observations 
that sustained patency required a given level of anticoagulation with heparin. 
Failure to achieve or maintain a therapeutic level of the activated partial 
thromboplastin time (APTT) resulted in a marked decrement in rates of sus
tained patency. The work of these investigators were to have a major impact 
on the design of the subsequent GUSTO-I trial as well as on the interpreta
tion of the GISSI-2 and the ISIS-3 trials. 

IV. Major Comparative Thrombolytic Trials 

The large scale "mega trial" in search for more optimal thrombolytic regimens 
was initiated in Italy [GRUPPO ITALIANO PER LO STUDIO DELLA SOPRAVVIVENZA 
NELL'INFARCTO MIOCARDICO (GISSI-2) 1990] and combined with the 
INTERNATIONAL STUDY GROUP (1990) trial for a total of 20,891 patients pre
senting within 6h of onset of ischemic symptoms and acute myocardial injury 
pattern (ST-segment elevation) on ECG. GISSI-2 compared SK 1.5MU i.v. 
over 60min against the then accepted "conventional" tPA regimen of alteplase 
100mg i.v. over 3 h. The trial utilized a 2 x 2 factorial design assigning patients 
also to either heparin 12500 U s.c. twice daily commencing 12 h after throm
bolytic therapy or to no heparin. i.v. heparin was not recommended in the pro
tocol and was rarely used in the centers participating in the study. The major 
clinical events are given in Table 1. There was no difference in mortality or 
reinfarction rate between the tPA and the SK groups nor between those who 
did or did not receive s.c. heparin. The incidence of total stroke was higher in 
the tPA group (1.3% vs 0.9%, a relative risk (RR) for tPA of 1.41; 95% con
fidence interval (CI) 1.09-1.83). However, the difference in definite hemor
rhagic stroke, 0.4% and 0.3% respectively, was negligible. On the other hand 
major bleeds were less frequent with tPA (0.6% vs 0.9% in the SK group; RR 
0.67, CI 0.49-0.91). The administration of heparin also was associated with a 
higher incidence of major bleeds (1.0% with and 0.5% without heparin, RR 
1.79, CI 1.31-2.45). 

GISSI-2 was soon followed by the ISIS-3 (THIRD INTERNATIONAL STUDY OF 
INFARCT SURVIVAL) COLLABORATIVE GROUP 1992) which enrolled 41,299 
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Table 1. In-hospital mortality and major clinical events in the four treatment groups 
of the GISSI-2 and International Study Group trial 

Event tPA + heparin tPA SK + heparin SK 
n = 5170 n = 5202 n = 5191 n = 5205 

Death (%) 9.2 8.7 7.9 9.2 
Reinfarction (%) 2.5 2.8 3.0 3.0 
Ventricular fibrillation (%) 6.4 7.3 6.4 6.6 
Cardiogenic shock (%) 5.8 5.4 5.6 6.2 
Stroke total (%) 1.2 1.4 1.0 0.9 
Hemorrhagic (%) 0.4 0.4 0.2 0.3 
Ischemic (%) 0.5 0.6 0.5 0.4 
Undefined (%) 0.3 0.4 0.3 0.1 
Major bleeds (%) 0.8 0.5 1.2 0.6 

Taken from: ThE INTERNATIONAL STUDY GROUP (1990). 

patients. ISIS-3 differed from its predecessor in several respects. Chief among 
these was the inclusion of a trial arm for anistreplase administered conven
tionally as a 30U i.v. bolus over 3min. The form of tPA utilized in ISIS-3 was 
duteplase dosed at 0.6 MU/kg i.v. over 4h which was validated by the work of 
GRINES and DEMARIA (1990) who reported a 90min patency rate of 67%, 
roughly comparable to the results of conventional alteplase angiographic 
patency trials. ISIS-3 utilized a 4 x 2 factorial design randomizing patients to 
one of three thrombolytic agents and to either s.c. heparin commencing 4 h 
after thrombolytic therapy or no heparin. All patients received 162mg of 
aspirin per day. ISIS-3 also had wider entry criteria for patients including those 
without electrocardiographic acute injury pattern, those presenting up to 24 h 
from the onset of infarction and those who were deemed to have an "uncer
tain" indication for thrombolytic therapy by the attending physician. The 
major results of the ISIS-3 trial are listed in Table 2. 

Thus, neither the ISIS-3 nor the GISSI-2 mortality trials were able to 
demonstrate superiority of one regimen over another. The results of these two 
trials have been interpreted to show no advantage in clinical benefit of tPA 
over SK despite earlier evidence in the ability of tPA to achieve higher 90min 
patency. In ISIS-3, the tPA group exhibited a 1.4% total stroke rate of which 
0.7% was hemorrhagic as opposed to the SK group which sustained a 1.0% 
total stroke rate of which 0.2% was hemorrhagic. While tPA as well as anistre
plase were associated with an increased total stroke rate and stroke death 
compared with the SK group, the ISIS-3 investigators pointed out that the lack 
of mortality advantage with tPA was not accounted for by the difference in 
stroke deaths. Furthermore, despite an apparent advantage in favor of SK with 
regards to the rate of stroke, the actual numbers of stroke and, in particular, 
hemorrhagic stroke in all groups were low. As for adjunctive therapy, there 
was no sustained benefit seen in those patients randomized to receive s.c. 
heparin compared to no heparin in either trial. 
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Table2. 35-day mortality and major clinical events in the ISIS-3 trial 

Event Adjunctive agents Thrombolytic agent 

Asp + HAsp tPA SK Anistrepl. 
n = 20400 n = 20375 n = 13569 n = 13607 n = 13599 

Death (%) 10.3 10.3 
3-month survival (%) 87.9 87.3 
6-month survival (%) 86.1 86.0 
Reinfarction (%) 3.2 3.5 
Ventricular fibrillation 5.4 5.6 

(%) 
Cardiogenic shock 6.9 7.1 
Any stroke (%) 1.28 1.18 
Hemorrhagic (%)* 0.56 0.40a 

Transfused or other 1.0 0.8b 

major bleeds 

10.3 
87.6 
85.9 
2.9 
5.5 

6.8 
1.39 
O.W 
0.8 

10.6 
87.6 
86.0 

3.5" 
5.7 

7.1 
1.04d 

0.23 
0.9 

10.5 
87.5 
86.3 
3.55 
5.3 

7.1 
1.26 
0.55 f 

1.0 

Taken from: ISIS-3 (THIRD INTERNATIONAL STUDY OF INFARCT SURVIVAL) 
COLLABORATIVE GROUP (1992). 
* Definitely or probably hemorrhagic. 
2p (2-sided probability): Aspirin + heparin vs aspirin: a<0.02; b<O.01. 
tPA vs SK: '<0.05; d<O.01; e<o.ooo01. 
SK vs anistreplase: f <0.0001. 

Several theories were advanced to account for the apparent lack of 
increased benefit from earlier reperfusion with tPA. Postulated mechanisms 
include insufficient heparinization of the group receiving tPA, differences in 
the pharmocodynamic effect of alteplase and duteplase, less reocclusion with 
SK, SK-mediated reduction of blood viscosity, the putative cerebral protective 
effect of hypotension induced mainly by SK, enhancement of tPA-induced but 
not of SK- or urokinase-mediated plasminogen activation by amyloid f3-
peptide deposits in the brain which might explain the higher incidence of cere
bral hemorrhage during thrombolytic therapy with tPA (KINGSTON et al. 1995; 
WNENDT et al. 1997), or the lack of critical importance of re-establishing early 
and complete infarct related vessel patency. Certainly, some of these hypothe
ses appear to have little support from the totality of evidence compiled in 
the angiographic trials. 

The experience of 9 randomized trials comprising each more than 1000 
patients with AMI were evaluated in a meta-analysis by the FIBRINOLYTIC 
THERAPY TRIALISTS' (FTT) COLLABORATIVE GROUP (1994). The major finding 
was that the mortality benefit from thrombolytic therapy was also seen in 
patients presenting with AMI and bundle branch block, in patients presenting 
beyond 12h since symptom onset, in elderly patients, and in patients present
ing with hypotension, tachycardia, or both. Clinically, these findings support 
the broadening of indications for thrombolytic therapy in the setting of AMI. 
The FTT investigators were also able to evaluate critically the excess early 
mortality and stroke, known as the "early hazard" associated with throm-
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bolytic therapy, as well as to show a large net clinical benefit despite any excess 
early mortality or stroke associated with thrombolytic therapy. 

Citing the correlation between efficacy and infusion rate of tPA demon
strated in earlier studies by TOPOL et al. (1988) and others, NEUHAUS et al. 
(1989) described the improved thrombolytic efficacy of an "accelerated" or 
"front-loaded" tPA regimen achieving "a high early patency rate of the infarct
related artery without an increase in reocclusion rate and adverse reaction." 
This pivotal accomplishment was achieved by a 100-mg dose given within 
90 min divided into an initial 15 mg bolus, a 50 mg infusion over 30 min, and 
a remaining 35mg infused over 60 min. The rtPA-APSAC Patency Study 
(TAPS) reported by NEUHAUS et al. (1992) demonstrated the superiority of 
"front-loaded" or "accelerated" tPA when administered with immediate and 
continued i.v. heparin over anistreplase given with similar adjunctive therapy. 
Marked improvements were found in 90-min patency and in in-hospital mor
tality in the tPA treatment arm. Of the 199 patients treated with the acceler
ated tPA regimen, 84% had achieved TIMI grade 2 or 3 flow by 90min 
compared with 70% in the conventional anistreplase group (p = 0.0007). 
Indeed, by 60 min the accelerated regimen had already achieved 73% patency, 
a rate found only at 90min when utilizing the conventional tPA regimen. In
hospital mortality in the accelerated tPA group was 2.4% compared with that 
of 8.1 % for the anistreplase group (p = 0.0095). These findings are consistent 
with and support the open artery hypothesis of limiting infarct size by rapid 
restoration of perfusion and hence limiting mortality. 

The superiority of the accelerated regimen over any other tPA regimen 
was confirmed that same year by the report of WALL et al. (1992) for the 
seventh Thrombolysis and Angioplasty in Myocardial Infarction (TAMI-7) 
Study Group and by the report of CARNEY et al. (1992) for the RAAMI Study 
Investigators who conducted a randomized, angiographic study directly com
paring the accelerated against the conventional tPA regimen. The accelerated 
tPA regimen clearly represented a more aggressive and more successful 
protocol than either of the conventional tPA strategies employed in ISIS-3 
or GISSI-2. 

The s.c. heparin regimens in ISIS-3 and GISSI-2 were similar. The prefer
ence for delayed s.c. heparin reflected theoretical concerns the ISIS-3 and 
GISSI-2 investigators had with regards to potential bleeding complications 
during the thrombolytic state. The relative logistical advantages of s.c. over i.v. 
heparin, with its requirement for close monitoring of the APTT are also 
obvious. The expected APTT with the s.c. heparin regimen utilized in these 
trials has been stated by the ISIS-3 authors as being approximately 50s and 
was believed to represent a safe but effective degree of anticoagulation. 

However, many investigators became increasingly aware of the fact that 
sustained patency after tPA thrombolysis is best maintained when immediate 
and concurrent i.v. heparin is administered to achieve an APTT value 270s or 
1.5-2.5 times the mean laboratory standard value. This level of anticoagula
tion was associated with a known but small increase in the risk of bleeding 
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complications. It is fair to conclude that tPA regimens in the ISIS-3 and GISSI-
2 trials were disadvantaged by not having either timely or sufficient adjunc
tive anticoagulation with i.v. heparin. This represents a serious handicap for 
tPA strategies in these trials since tPA is known to have a far shorter half-life 
than SK and produces considerably less proteolysis (which has an anticoagu
lant effect) than SK (TRACY et al. 1997). 

It was apparent at this juncture that thrombolytic therapy and aspirin both 
provide additive therapeutic benefit by substantially lowering the mortality 
following AMI. What remained undetermined was which of the available 
thrombolytic strategies would provide the greatest incremental benefit in a 
head-to-head comparison. The role of heparin among the strategies under 
consideration would also require definitive study. 

c. The GUSTO-I Trial 
I. Design of the Trial 

The Global Utilization of SK and Tissue Plasminogen Activator for Occluded 
Coronary Arteries (GUSTO-I) trial was conceived to test the open artery 
hypothesis (THE GUSTO INVESTIGATORS 1993). Specifically, it was theorized 
that earlier, more complete and sustained infarct related artery patency and, 
hence, myocardial reperfusion, would result in reduced mortality. The hypoth
esis would be supported if the agent which accomplished the earliest sustained 
reperfusion, thought to be accelerated tPA, yielded the lowest mortality rela
tive to an active treatment control arm consisting of the then accepted stan
dard thrombolytic agent. The trial would thus compare the best tPA regimen, 
using a weight adjusted "Neuhaus" accelerated regimen together with imme
diate and sustained concurrent heparin against SK with identical heparin 
adjunctive therapy against a combination of tPA and SK identified as a theo
retically promising alternative for lowering reocclusion by CALIFF et al. (1991) 
in the TAMI-5 randomized trial. 

Following the announcement of the ISIS-3 trial preliminary results in 
March 1991 with GUSTO enrolment at 1160 patients, an SK arm with s.c. 
heparin was added to the trial since the ISIS-3 preliminary results suggested 
that s.c. heparin was superior to no adjunctive therapy with SK. This finding 
was later found to be incorrect by the final ISIS-3 report published more than 
one year later [ISIS-3 (THIRD INTERNATIONAL STUDY OF INFARCT SURVIVAL) 
COLLABORATIVE GROUP 1992]. Nevertheless, at the time the fourth treatment 
arm was added it was decided that, should there be no significant mortality 
difference between SK treatment arms (p > 0.10), the results of the two arms 
would be combined for purposes of analysis. However, the data for the two 
SK treatment groups would also be analyzed individually. 

The regimens used in the four arms were: 
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1. SK (Kabikinase, Kabi Vitrum, Sweden) 1.5 MU i.v. over 60 min followed by 
sodium heparin (Sanofi, Paris) 12500 U s.c. twice daily commencing 4 h after 
start of thrombolytic therapy (ISIS-3 regimen) 

2. SK 1.5MU i.v. over 60min with heparin 5000U i.v. bolus followed by 
1000U/hour i.v. infusion (1200U/hour for patients >80kg) with subsequent 
adjustments to maintain the APTT between 60 sand 85 s 

3. Accelerated alteplase tPA (Genentech, San Francisco, CA) 15mg i.v. bolus, 
0.75mg/kg not to exceed 50mg infused over 30min, 0.50mg/kg not to 
exceed 35mg infused over next 60min with the same i.v. heparin regimen 

4. The combination of i.v. tPA (1 mg/kg not to exceed 90mg over 60min with 
10% given as initial i.v. bolus) and concurrent SK (1.0 MU i.v. over 60 min) 
through separate i.v. catheters with the same i.v. heparin regimen 

For s.c. heparin, treatment was continued for 7 days or until discharge from 
hospital; i.v. heparin was given for at least 48h or longer at the investigators' 
discretion and the APTT was monitored at 6 h, 12 h, 24 h for heparin dose 
titration. Subjects in all treatment arms received chewable aspirin (Bayer, 
New York, NY) ;::::160mg administered orally as soon as possible followed 
by 160-325 mg once daily and, if not contraindicated, atenolol (ICI Pharma
ceuticals, Wilmington, DE) 5 mg i.v. divided into two doses followed by 50 to 
100mg oral once daily. All other medications and procedures including 
coronary angiography, PTCA and CABG were left to the discretion of the 
investigator. 

GUSTO-I was designed as a randomized open label trial with 30-day mor
tality as the primary endpoint. There has been previous validation of carefully 
conducted open label trial designs by blinded trial designs (GISSI-1 validated 
by ISIS-2). Furthermore, logistical considerations including the manufacturer's 
refusal to supply SK and the requirement, to maintain blinding, an additional 
second i.v. line would have been required in 30,000 patients (the combination 
tPA/SK treatment arm required two separate i.v. lines) making a blinded 
approach untenable. 

In view of the small but significant risk of stroke associated with throm
bolytic therapy recognized in prior studies, GUSTO-I established a Stroke 
Review Committee. Blinded to treatment assignment, the Stroke Review 
Committee was to investigate, classify according to etiology and functional dis
ability and follow up any and all strokes occurring in trial patients. In addi
tion, unlike prior mega trials, all patients suffering a neurologic deficit were 
required to undergo computed tomography scan or magnetic resonance 
imaging of the brain. Accordingly, the secondary endpoints were defined as 
death plus nonfatal stroke or nonfatal disabling stroke or nonfatal hemor
rhagic stroke. The degree of disability resulting from stroke was prospectively 
defined. The disability definitions were validated by quality of life interviews 
with disabled stroke survivors. Bleeding complications were also prospectively 
defined and monitored. 
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Adequate statistical power to detect a 15% reduction in mortality rate or 
an absolute decrease of 1 % for either of the tPA containing treatment arms 
vs the active control arms employing SK strategies necessitated a sample size 
of 41,000 patients. This figure, calculated on the basis of an assumed alpha of 
0.05 and two-tailed testing, would yield 90% power to detect differences in 
treatment effect if the active control arm mortality was 8% or higher. Such a 
sample size would still yield 80% power in the unlikely event that the active 
control arm mortality was lower than the 8% figure which is well below mor
tality rates reported in previous randomized trials of SK. Of note, both ISIS-
3 and GISSI-2 were also designed to detect a 15% reduction in mortality rates. 

Three subgroups were pre specified for subsequent analysis and these were 
subgroups stratified by age <75 or "275 years, by anterior or other location of 
infarct, and subgroups categorized by time to treatment. Most importantly, an 
angiographic sub study compiling mechanistic data not obtained in the previ
ous megatrials was conducted prospectively studying the relationships 
between infarct related artery patency, reocclusion, ventricular function, and 
survival. This substudy serves as the only attempt by a large scale thrombolytic 
trial to provide angiographic evidence to support or refute the open artery 
hypothesis. 

Eligibility criteria were: (1) at least 20min of chest discomfort; (2) pre
sentation less than 6h after symptom onset; and (3) accompanying electro
cardiographic signs of acute injury ("20.1 m V ST elevation in at least two limb 
leads or "20.2mV ST elevation in at least two contiguous precordial leads). 
Exclusion criteria were previous stroke, active bleeding, prior treatment with 
SK or anistreplase, recent trauma or major surgery, previous participation in 
GUSTO-I, and noncompressible vascular punctures. Refractory uncontrolled 
severe hypertension was considered a strong relative contraindication. 

Standard blinded interim analysis, data management, and quality assur
ance procedures were employed. All patients who suffered major adverse 
events and a randomly selected ten percent of all data forms were audited by 
a contracted independent research organization. TOPOL et al. (1992) for the 
GUSTO-I Steering Committee published the most stringent efforts to date to 
ensure patient safety. An independent Data and Safety Monitoring Commit
tee was charged with the responsibility of adjudicating safety data with par
ticular attention paid to hemorrhagic stroke data interpreted within the 
concept of net clinical benefit and against the expected rates of hemorrhagic 
stroke. The committee would also monitor the incidence of stroke between 
treatment arms as it was foreseen that the mandated extensive imaging eval
uation of any neurologic event might yield higher rates of stroke due to greater 
reporting. The Data Co-ordinating Centre, cataloguing adverse events via 
mandatory facsimile reports transmitted within 24 h of either death or dis
charge of every enrolled patient, reported on the rate of hemorrhagic stroke 
on a biweekly basis. 

The GUSTO-I Steering Committee also took the unprecedented step to 
require written statements from participating investigators at all levels attest-
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ing to the absence of any financial conflict of interest. By unanimous vote the 
Steering Committee also extended the then accepted requirements of inves
tigators to include banning the acceptance of any honoraria or reimbursement 
for travel expenses. It also extended the period of potential conflict of inter
est to one year after formal publication of the trial's primary results. With 
the exception of two biostatisticians at the Data Co-ordinating Centre, all 
other investigators and sponsors of GUSTO-I remained blinded to study data 
and were prohibited from access to data until the prescribed analysis was 
complete. 

II. Primary Results of GUSTO-I 

Between December 27, 1990 and February 22, 1993, 41,021 patients were 
enrolled in the main trial. Of those, 2431 were enrolled in the Angiographic 
Substudy. A total of 1081 hospitals in 15 countries participated. The four treat
ment groups differed slightly by the actual number enrolled due to the delayed 
addition of the SK/s.c. heparin arm. As might be expected in a randomized 
study of the size of GUSTO-I, there were no significant differences in base
line characteristics between the four treatment groups. In general, patients 
were on average 61-62years of age (52-70),25% were female, time to treat
ment was 164-165min (average time to treatment was 5min longer for the 
combination therapy arm due to the additional time required for preparation 
of the two thrombolytic agents), and 40% had anterior location of myocardial 
infarction. In all four arms 17 % had experienced a prior infarct, 5 % had prior 
CABG, 2 % were Killip class III, and 1 % were Killip class IV. There were sim
ilarly no significant differences with respect to history of either hypertension, 
diabetes, or tobacco use. 

A high degree of medication compliance to the protocol was achieved in 
all areas including the use of s.c. heparin. Though not previously utilized in the 
United States, the overall rate of compliance with s.c. heparin was 89%; lack 
of compliance was 14% in the United States and 7% in other countries. Of 
patients in the SK plus s.c. heparin arm, 36% received i.v. heparin during the 
hospitalization, the principal reasons advocated being for the treatment of 
recurrent ischemia or for cardiac catheterization. It is noteworthy that s.c. 
heparin yielded no benefit in terms of 35-day mortality as reported in the ISIS-
3 final report. Moreover, had the final results of ISIS-3 been known earlier, 
no treatment arm allowing for s.c. heparin would have been added to the 
G USTO-I design. 

Analysis of the GUSTO-I primary end point (see Table 3) demonstrated 
that accelerated tPA with i.v. heparin resulted in a statistically significant 
reduction of the 30-day mortality of 15% (95% confidence interval 5.9-21.3, 
p == 0.001). In practical terms, this translates into 10 lives saved per 1000patients 
treated or the prevention of lout of 7 deaths that would be expected from the 
active control thrombolytic therapies. The mortality advantage of accelerated 
tPA is now known to be sustained at 1 year follow-up (CALIFF et al. 1996). 
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Table 3. GUSTO-I primary endpoint and outcome 

Outcome SK + SQH SK+ IVH Accelerated Combined 
n = 9796 n = 10377 tPA+ IVH Therapy 

n=10344 n = 10328 

24-h mortality (%) 2.8 2.9 2.3 2.8 
30-day mortality (%) 7.2 7.4 6.3 7.0 
Or nonfatal stroke (%) 7.9 8.2 7.2 7.9 
Or nonfatal disabling 7.7 7.9 6.9 7.6 

stroke (%) 
Or nonfatal 7.4 7.6 6.6 7.4 

hemorrhagic stroke 
(%) 

IVH, i.v. heparin; SQH, s.c. heparin; tPA, tissue plasminogen activator. 
Adapted from THE GUSTO INVESTIGATORS (1993). 

p Value 
( accelerated 
tPA vs SK) 

0.005 
0.001 
0.006 
0.006 

0.004 

Analysis of the secondary endpoints of net clinical benefit also yielded 
highly significant differences favoring accelerated tPA with i.v. heparin over 
combination therapy or SK strategies. Furthermore, these benefits were sus
tained when comparisons were made to each of the SK arms separately or to 
the SK treatment arms taken together. In terms of 24-h mortality rates, accel
erated tPA yielded a 19.2% (p = 0.005) reduction over the SK treatment arms 
(Table 3). With respect to the combined secondary endpoints of 30-day mor
tality or nonfatal stroke, nonfatal hemorrhagic stroke, or nonfatal disabling 
stroke rates, accelerated tPA yielded a 11.2% (p = 0.006), 12% (p = 0.004), and 
11.5% (p = 0.006) reduction respectively over the SK treatment arms. 
AYLWARD et al. (1996) have performed a thorough analysis on the effect of 
hypertension on mortality due to hemorrhagic stroke in the GUSTO-I 
patients. Systolic blood pressure >175 mm Hg was found in 1229 patients; 
in these the rate of intracranial hemorrhage was 1.71 % compared to the over
all rate of 0.7% (p < 0.0001). 

Analysis of prespecified subgroups deserves special mention as much con
fusion has arisen over the meaning of subgroup analysis. It is important to 
remember that subgroups are often underpowered to draw any definitive con
clusions. The value in subgroup analysis lies in the assessment of directional
ity and consistency of results when compared to the primary analysis of the 
full, adequately powered cohort. The isolation and piecemeal consideration of 
a specific subgroup from the main body of the trial for the purpose of finding 
statistically discrepant results is at best a limited "ice-pick" or univariate view. 
As such, it is prone to spurious results with the attendant loss of statistical 
power in small subgroups. Any lack of consistency and direction of effect 
across subgroups may well justify concern. The subgroup analysis is otherwise 
confirmatory or neutral. 

The age subgroup analysis was consistent between both subgroups and the 
total GUSTO-I population (Table 4). The advantage in mortality reduction in 
those younger than 65, in those 65-74 and in those 75-85 years of age who 
were treated with the accelerated tPA regimen was sustained at one year 
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Table 4. GUSTO-I 30-day mortality rates with odds ratios and 95% confidence inter
vals (CI) in prespecified subgroups by age, infarct location and time to treatment 

Subgroups Patients 
(%) 

Age (years) 
<75 88 
"275 12 

Infarct Location 
Anterior 39 
Other 61 

Time to Treatment (h) 
0-2 27 
>2-4 51 
>4-6 19 
>6 4 

Mortality rate 
(%) 

SK tPA 

5.5 4.4 
20.6 19.3 

10.5 8.6 
5.3 4.7 

5.5 4.6 
6.5 5.6 
9.6 8.7 
8.9 9.1 

Odds Ratio and 95 % 
CI 

-
-

. 
I I 

0.5 1.0 1.5 

Abbreviations as in Table 1. Adapted from: THE GUSTO INVESTIGATORS (1993) with 
corrections from TOPOL et al. (1994). 

follow-up as reported by HOLMES et al. (1995b). Only in the small underpow
ered subgroup of patients over 85 years of age was the relative mortality reduc
tion between thrombolytic agents unresolved. Clearly, the advantage of early, 
complete and sustained reperfusion in ameliorating the high mortality risk of 
myocardial infarction in the elderly proportionally outweighs any risk associ
ated with thrombolytic therapy in the aged. Those at the greatest risk stood 
to benefit the most. CALIFF et al. (1997) developed a logistic regression model 
from the GUSTO-I patient data and arrived at similar conclusions. Patients 
with AMI who had more high risk characteristics, such as advanced age, ante
rior infarction, higher classification (except Killip class IV), lower blood 
pressure, and an increased heart rate had the greatest absolute benefit with 
accelerated tPA vs SK. 

Similar findings pertain to the subgroup classified by infarct location. 
Anterior infarction patients clearly benefited from accelerated tPA with mor
tality rates of 8.6% compared with the SK group mortality of 10.5%. Those 
with non anterior infarct locations also benefited more from tPA than from SK 
though, due to its lower mortality rate, this subgroup had insufficient statisti
cal power with the odds ratio confidence interval (CI) crossing the line of unity. 
Nonetheless, the direction of benefit for this subgroup is consistent with that 
of the total GUSTO-I popUlation. 

With respect to time to treatment, the direction of effect was consistent 
for all subgroups. In the small underpowered subgroup with treatment initi
ated after 6h, there was a small late patency benefit which still justifies throm
bolytic therapy up to 12h. The time to treatment data are also noteworthy with 
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respect to the marked difference in mortality rates between the subgroups. It 
was lowest for those treated at 0-2h (tPA: 4.6%, SK: 5.5%), intermediate for 
those treated at 2-4h (tPA: 5.6%, SK: 6.5%), and highest for those treated at 
4-6h (tPA: 8.7%, SK: 9.6%). The observation that earlier restoration of per
fusion results in lower mortality should be of no great surprise since it was 
predicted on the physiologic principles enunciated in the open artery hypoth
esis (see Chap. 7). The link between earlier reperfusion, probably resulting in 
preserved left ventricular function, and lower mortality, would be subsequently 
demonstrated by the Angiographic Substudy. 

III. The GUSTO·I Angiographic Substudy 

The Angiographic Sub study (THE GUSTO-I ANGIOGRAPHIC INVESTIGATORS 
1993) provides a unique mechanistic view accounting for the observed rela
tive mortality benefits of accelerated tPA over other thrombolytic regimens. 
Among the 2431 patients randomized between the 75 angiographic centers, 
1210 were randomized to 90min angiography with the remainder nearly 
evenly divided between 3 h, 24 h, and 7 day angiography. The cineangiograms 
were then reviewed and classified by TIMI grade at a blinded core angiogra
phy laboratory. 

The Angiographic Substudy demonstrated a clear superiority of acceler
ated tPA over SK in achieving 90min TIMI grade 3 flow. TIMI grade 3 flow 
was accomplished in 54% in the tPA group, 38% in the combined treatment 
group, 32% in the SK and i.v. heparin group, and 29% in the SK and s.c. heparin 
group (comparisons between the tPA group and each of the other three reg
imens p < 0.001). Rates of reocclusion were low and not significantly different 
between treatment groups. Left ventricular function at 90 min as measured by 
preserved regional wall motion also demonstrated benefit in the accelerated 
tPA treatment group (29% of the group) when compared to the SK treatment 
groups (18.5%; p < 0.001) and to the combination therapy group (21%; 
p = 0.035). A similar benefit was found in the accelerated tPA and the SK treat
ment groups with respect to the number of abnormal segment chords. Differ
ences in indices of left ventricular function at 90min and at 5-7 days, when 
stratified by TIMI grade flow were even more striking and significant. Statis
tically significant benefit as measured by ejection fraction, end-systolic volume 
index, wall motion score, number of abnormal chords, and preserved regional 
wall motion, were found for the TIMI grade 3 patients compared to TIMI 
grade 0, 1, 2 patients at 90 min and at 5-7 days (Table 5). Preservation of 
regional wall motion was found in 31 % of the TIMI grade 3 group at 90min 
compared to 11 %,17%, and 19% at 90min for the TIMI grade 0, 1,2 groups 
respectively (p < 0.001 for all comparisons). The benefit in preserved regional 
wall motion was sustained at the 5-7 day evaluation in 18%,22%,27%, and 
39% of the TIMI grade 0, 1, 2, 3 groups respectively (p < 0.001 for all com
parisons). REINER et al. (1996) using multivariate regression analysis found 
TIM I flow to be the only significant determinants of global and regional left 
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TableS. The effect of TIM! grade patency on ventricular function at 90min and 5-7 
day follow-up 

LV Functional Indices TIMID TIMII TIMI2 TIMI3c 

At 90min n = 233 n = 84 n = 275 n = 370 
Ejection Fraction (%) 55 ± 15 55 ± 15 56 ± 15 62 ± 14 
End Systolic Volume Index 

(ml/m2) 
31 ± 17 33 ± 21 29 ± 14 26 ± 14 

Wall motion (SD/chord) -2.8 ± 1.3 -2.7±1.4 -2.6 ± 1.4 -2.2 ± 1.5 
Number abnormal chords 26 ± 17 26 ± 19 27 ± 19 18 ± 17 
Preserved regional wall 11 17 19" 31 

motion (% of group) 
At 5-7 Days n = 171 n = 63 n = 212 n =284 

Ejection Fraction (%) 56 ± 14 54 ± 12 56 ± 14 61 ± 14 
End Systolic Volume Index 

(ml/m2) 
32 ± 16 34 ± 13 30 ± 13 26 ± 14 

Wall motion (SD/chord) -2.5 ± 1.2 -2.7 ± 1.2 -2.3 ± 1.4 -1.8±1.7 
Number abnormal chords 23 ± 18 25 ± 19 22 ± 18 15 ± 16 
Preserved regional wall 18 22 27b 39d 

motion (% of group) 

± values give one standard deviation from the respective mean values. Wall motion is 
expressed as the mean magnitude of depressed infarct zone chords. Wall motion was 
considered preserved if infarct zone chords were normal. Chords in the infarct zone 
were considered abnormal if more than two standard deviations below normal. 
Adapted from THE GUSTO ANGIOGRAPHIC INVESTIGATORS (1993). 
a p = 0.026 for the comparison of this group with the groups with TIMID, 1. 
b P = 0.034 for the comparison of this group with the groups with TIMID, 1. 
c p < 0.001 for the comparison of this group with the groups with TIMID, 1, 2 except 
where otherwise noted. 
d p = 0.007 for the comparison of this group with the group with TIMI 2. 

ventricular function assessed at 5-7 days after thrombolytic therapy. These 
findings relating left ventricular function to TIMI grade flow dramatically 
underscore the link between early TIMI grade 3 patency and mortality reduc
tion as predicted by the open artery hypothesis. The observations of early 
TIMI 3 flow obtained by the accelerated tPA regimen has been confirmed in 
the pooled analysis of 5474 angiographic observations from 15 studies 
(BARBAGELATA et al. 1997; see also Chap. 7, Table 1). 

Significantly, KLEIMAN et al. (1994) in studying early 24-h mortality had 
noted differences based on TIMI grade flow with TIMI 0 or 1 associated mor
tality of 2.35%, TIMI 2 with 2.92% and TIMI 3 with 0.89%. This observation 
helped to account for the 19% reduction in 24-h mortality rate observed in 
the accelerated tPA treatment group compared to the SK treatment groups. 
Also, as can be seen from the above TIMI grade stratified 24-h mortality, TIMI 
grade 2 flow, unlike TIMI grade 3 flow, did not confer any mortality advantage 
when compared against TIMI grade 0 and 1. In light of the concerns of LINCOFF 
and TOPOL (1993) regarding the apparent dissociation between angiographic 
"patency," left ventricular function, and subsequent mortality, these findings 
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strongly suggest that TIMI grade 2 flow, heretofore considered to represent 
"patency," is inadequate reperfusion failing to limit infarct size or reduce 
mortality and hence accounts for the apparent dissociation between 90min 
angiographic patency and clinical outcome. 

SIMES et al. (1995) reported that TIMI grade 3 flow, regardless of the treat
ment received, was associated with the lowest 30-day mortality rates (4.0% for 
TIMI grade 3 vs 7.9% forTIMI grade 2 vs 9.2% forTIMI grade 1 and vs 8.4% 
for TIMI grade 0, p < 0.01). Moreover, the ability of TIM I grade 3 flow to serve 
as a significant independent predictor of 30-day mortality was demonstrated 
after logistic regression analysis and multivariate regression analysis adjusting 
for baseline clinical variables (p = 0.015, odds ratio 0.46,95% CI,0.25-0.86). 
Most importantly, in order to test whether the observed mortality rates in the 
four treatment arms of the total GUSTO-I population could be reliably 
explained by differences in 90 min TIMI grade patency observed in the Angio
graphic Substudy population, these investigators undertook a study utilizing 
mathematical modeling methods. Predictions of mortality rates in the main 
GUSTO-I population based on models constructed from 90 min TIMI strati
fied patency data in the four treatment arms of the Angiographic Sub study 
were closely correlated with the actual observed results in the main study pop
ulation. The degree of correlation between predicted and observed mortality 
was high (r = 0.97) with the proportion of squared error explained (R2) equal 
to 0.92. This suggests that 92% of the variation in mortality rates between the 
treatment arms could be explained on the basis of differences in TIMI grade 
flow at 90 min. There were no significant differences in baseline clinical char
acteristics between the main trial population and the Angiographic Substudy 
patients. 

KLEIMAN et al. (1994) also prospectively examined the 24-h mortality rates 
in GUSTO-I in response to the previously observed apparent paradoxically 
increased risk of death within the first 24h in patients treated with throm
bolytic agents. Utilizing multiple regression analysis it was determined that the 
most significant predictors of early death were hypotension, tachycardia, 
shorter height, and absence of prior smoking. By 6 h no differences in early 
mortality were evident between thrombolytic regimens; however, by 24h mor
tality for the SK group was 2.89%, for the combination group 2.84 %, and for 
the tPA group 2.36% (p = 0.005). Thus, the observed increased 24-h mortality 
after thrombolysis is more a function of initial poor hemodynamic presenta
tion due to acute left ventricular failure, and a thrombolytic strategy aimed at 
early, complete, and sustained restoration of coronary patency rather than 
paradoxically increasing mortality, actually protects against early death. 

In concert with the findings of factors predicting 24-h mortality, LEE et al. 
(1995) identified five factors influencing 30-day mortality. Age, together with 
lower systolic blood pressure, higher Killip class, elevated heart rate, and ante
rior infarction accounted for 90% of the prognostic data found in the baseline 
characteristics. Taken together, these findings, indicative of mortality associ
ated with the hemodynamic consequences of acute left ventricular failure, 
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support strategies aimed at the preservation of left ventricular function 
through earlier, complete and sustained restoration of patency. 

The long-term follow-up data presented recently (Ross et al. 1998) clearly 
demonstrate a marked difference in survival rates between TIM I grades 0, 1, 
2, and TIM I grade 3 which become even more pronounced over time (Fig. 1). 
TIM I grade 3 survival rates, compared against the survival rates of all other 
TIMI grade subgroups, demonstrate an initial 3 lives saved per 100 treated at 
30 days with an additional 5 lives saved per 100 from 30days to 2 years. These 
data reflect the reperfusion advantage achieved in all patients with TIMI grade 
3 flow and the uniformly worse mortality rates seen over time in all other TIMI 
grade subgroups. It would be reasonable to expect that the Kaplan-Meier sur
vival curves of TIMI 3 vs TIMI 2 and TIMI 0 and 1 will continue to diverge 
for some time beyond the present length of follow-up indicating sustained 
mortality benefit though evidence to support this must await the 5 year follow 
up data. Two-year survival curves for the patients stratified by last in-hospital 
left ventricular ejection fraction demonstrated that 30-day deaths occurred in 
3.1 % of those whose ejection fraction was >40% and in 12% of those with 
more severely depressed function. The overa1l2-year mortality in patients with 
ejection fractions >40% was 7.2% vs 27% in those with ejection fractions 
:::::40%. Between 30days and 2years after AMI the corresponding mortality 
rates were 4.3% and 16% respectively. Thus the survival advantage for the 
preserved ventricular function group was approximately 20%. This lends 
support to what has long been clinically suspected; that not only is there a 
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Fig.I. GUSTO-I survival rates stratified by TIMI grade patency. Adapted from Ross 
et al. (1998) 
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benefit in mortality reduction but also a benefit in functional status related 
to preservation of left ventricular function. 

IV. Further Analysis of GUSTO-I Results 

Several non-pre specified subgroup analyses have been conducted in response 
to concerns regarding possible confounding effects of nonprotocol interven
tions such as PTCA or CABG surgery. In patients with cardiogenic shock, 
BERGER et al. (1997) found that an aggressive invasive catheterization and 
revascularization strategy (mainly PTCA) was associated with a reduced 30-
day mortality (odds ratio 0.43, p < 0.0001). Likewise ANDERSON et al. (1997) 
demonstrated that, in patients with cardiogenic shock, the early use of 
intraaortic balloon counterpulsation was associated with a trend toward lower 
30-day and I-year mortality, albeit at the risk of bleeding and other adverse 
events. On the other hand, TARDIFF et al. (1997) reported that CABG surgery 
in patients enrolled in GUSTO-I after thrombolytic therapy entailed a higher 
rather than lower mortality risk. Nine percent of patients treated with tPA and 
8.3% of those treated with SK underwent CABG during the initial hospital 
period. Multivariate analysis revealed that CABG surgery was an independent 
predictor of 30-day mortality (RR 1.87) and a weaker predictor of I-year mor
tality (RR 1.21). The authors concluded that the survival benefit of acceler
ated tPA was not related to CABG and that the short-term mortality 
associated with CABG may be balanced by anticipated long-term benefit 
in specific groups of patients. 

Analysis for intercountry variability has also been performed in response 
to controversy surrounding this issue. VAN DE WERF et al. (1995) and HOLMES 
et al. (1997) found that while US patients demonstrated a slightly greater mor
tality benefit from tPA vs SK, there was no statistically significant difference 
between US and non-US subjects (chi-square 1.06, p = 0.304). It is notewor
thy that there were differences in baseline characteristics between US and 
non-US patients. The latter group were on average older, enrolled later with 
more advanced Killip class, and more likely to have anterior infarctions. US 
centers tended to include proportionally more women and more patients who 
had prior CABG surgery or PTCA. Irrespective of assigned treatment, there 
was a lower overall 30-day and I-year mortality in the US even after adjust
ment for differences in baseline variables. This difference may be a reflection 
of the more aggressive use of angiographic and revascularization procedures 
in the US. 

V. Other GUSTO-I Sub studies 

A cardiogenic shock substudy reported by HOLMES et al. (1995a) concluded 
that patients who presented in shock as opposed to patients who subsequently 
developed shock did equally poorly with 57% mortality and 55% mortality 
respectively. However, accelerated tPA treated patients were significantly less 
likely to develop shock than either SK or combination therapy treated 
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patients. The rate of shock developing in accelerated tPA treated patients was 
5.5% compared to 7.4% in the SK/s.c. heparin arm, 6.9% in the SK/i.v. heparin 
arm, and 6.3% in the combined therapy arm with p < 0.001 for all compar
isons. While patients presenting in shock exhibited lower mortality with SK 
than tPA (probably due to the perfusion independent manner in which SK 
restores patency), the only significant factor improving outcome in shock 
patients, regardless of thrombolytic treatment, was PTCA. 

HASDAI et al. (1999) analyzed demographic, clinical, and hemodynamic 
characteristics in the 2968 patients with cardiogenic shock. Using logistic 
regression modeling techniques they found that the odds of dying were 1.49 
times higher for patients lOyears older and 1.7 times higher for patients with 
prior infarction. Findings derived from physical examination, such as altered 
sensorium and cold, clammy skin were independent predictors of death (odds 
1.68 times higher for each). In patients with oliguria the odds were 2.25 times 
higher. Mortality rate was lowest for cardiac output of 5.1l/min and pulmonary 
capillary wedge pressure of 20mm Hg and increased with either higher or 
lower values. Patients with shock on admission had better outcomes than those 
in whom shock developed later. In a follow-up study HASDAI et al. (2000) 
refined their analysis of clinical factors predictive of cardiogenic shock. The 
four major factors, namely age (hazard ratio 1.47), systolic blood pressure, heart 
rate, and Killip class (1.7 for Killip class II versus I, and 2.95 for Killip class III 
versus I) accounted for >85% of the predictive information. On the basis of 
these analyses a prognostic algorithm was developed permitting prediction of 
outcome in patients with cardiogenic shock undergoing thrombolytic therapy. 

The subject of diabetes and thrombolytic therapy of AMI in the GUSTO
I trial has been addressed by several investigators (MAK and TOPOL 2000). 
Mortality in patients with diabetes and AMI is approximately twice that 
of nondiabetic patients. In the GUSTO Angiographic Trial 12.8% of the 2431 
patients had diabetes (WOODFIELD et al. 1996). This cohort had a significantly 
higher proportion of female and elderly patients and they were more often 
hypertensive, came to the hospital later, had more congestive heart failure, and 
a higher number of previous AMI and CABO. There were no differences in 
TIMI flow grade 3 and of ejection fractions 90min after starting thrombolytic 
therapy between diabetics and nondiabetics, but reocclusion rates were higher 
in diabetics (n.s.). Diabetic patients had less compensatory hyperkinesia in the 
non infarct zone (p < 0.01). The 30-day mortality was 11.3% in diabetic vs 5.9% 
in nondiabetic patients (p < 0.0001). After adjustment for clinical and angio
graphic variables, diabetes remained an independent determinant of 30-day 
mortality (p = 0.02). A similar analysis was conducted in the 41,021 patients 
enrolled in the GUSTO-I trial by MAK et al. (1997). In the 5044 patients with 
diabetes mortality at I-year follow-up was 14.5% vs 8.9% in the nondiabetic 
patients. Diabetic retinopathy had previously been identified as a contraindi
cation to thrombolytic therapy without clear evidence that these patients have 
an increased risk of ocular hemorrhage. MAHAFFEY et al. (1997) in reviewing 
all cases in the GUSTO-I trial found only 12 patients with intraocular hemor
rhage, but only one nondiabetic patient with intraocular hemorrhage. The 



280 A.c. eHIU and E.J. TOPOL 

authors conclude that diabetic retinopathy should not be considered a con
traindication to thrombolysis. 

The stroke sub study reported by GORE et al. (1995) revealed a 1.4% 
incidence of stroke in GUSTO-I patients, the majority of which were non
hemorrhagic in all treatment arms. As expected, the total stroke rate was lowest 
in the SK arms, next lowest in the accelerated tPA arm, and the highest in the 
combined treatment arm. Unfortunately, but again not unexpectedly, 41 % of 
all strokes were fatal, 31 % were disabling. and 60% of hemorrhagic strokes 
proved fatal during the hospitalization. Multiple regression analysis identified 
advanced age, lower body weight, prior cerebrovascular disease, hypertension, 
treatment with tPA, and an interaction between hypertension and age as the 
significant predictors of intracranial hemorrhage. Nonetheless, it was clear that 
the net clinical benefit of accelerated tPA vs SK was maintained across all sub
groups reflecting the fact that the small total risk of stroke and the even smaller 
risk of intracranial hemorrhage was far outweighed by the reduction in 
mortality achieved by accelerated tPA. MAHAFFEY et al. (1998) performed an 
in-depth analysis of the risk factors for nonhemorrhagic stroke in the GUSTO
I patients. Of the 247 patients who developed this adverse event, 17% died and 
another 40% were disabled by the 30-day follow-up. The most important 
predictors were older age, followed by higher heart rate, history of stroke or 
transient ischemic attacks, diabetes, previous angina, and history of hyperten
sion. The authors developed a simple nomogram that can predict the risk of 
nonhemorrhagic stroke on the basis of baseline characteristics. 

Parenthetically, THE NATIONAL INSTITUTE OF NEUROLOGICAL DISORDERS 
AND STROKE RTPA STROKE STUDY GROUP (1995) reported on the successful use 
of tPA for the treatment of ischemic stroke in a randomized, double blind, 
placebo controlled trial of 624 patients. Alteplase tPA was dosed at 0.9mg per 
kg not to exceed 90mg with 10% given as initial bolus and the remaining 90% 
infused over 60 min. When administered within 3 h of ischemic stroke onset, 
tPA resulted in a net clinical benefit despite an increased incidence of intra
cranial hemorrhage. The benefit, measured in terms of neurological function, 
was not at the expense of any additional mortality. 

In response to the heightened concerns related to health care expenditure 
and the implications for cost in treating AMI (CALIFF et al.1999) with an agent 
as expensive as tPA, MARK et al. (1995) reported a cost effectiveness study. If 
it is assumed that tPA is substituted for SK in the approximately 250,000 eli
gible myocardial infarction patients seen each year, it has been estimated that 
the cost would be approximately $500 million per year yielding 3.5 million 
patient years saved. Cost effectiveness ratios when calculated across the spec
trum of patient variables show tPA to be cost effective when compared to a 
host of customarily accepted expensive medical therapies. tPA therapy cost 
effectiveness ratios were least effective when tPA was employed in the treat
ment of patients under the age of 40years and in patients under 60years 
treated for inferior infarction. In the US, as of 1996, nearly 80% of patients 
with AMI receiving thrombolytic therapy receive accelerated tPA. 
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VI. Epilogue 

CANNON et al. (1994) reported the double blind TIMI-4 trial which com
pared accelerated tPA against anistreplase and a combination treatment 
arm. As in GUSTO-I, the TIMI-4 patients also received aspirin and immedi
ate i.v. heparin. Both angiographic data at 90min and 1 year mortality 
mirror the findings of GUSTO-I thus providing confirmatory evidence of the 
superior performance of accelerated tPA and of its consequent mortality 
benefit. 

The impact of GUSTO-I and its Angiographic Substudy is clear. The treat
ment of AMI with accelerated tPA and i.v. heparin results in complete (TIMI 
grade 3), sustained reperfusion resulting in preservation of left ventricular 
function, and consequent reduction in mortality. The crucial importance of the 
rapid restoration of TIMI grade 3 blood flow is powerfully demonstrated in 
the GUSTO-I Angiographic Substudy. These conclusions, in confirmation of 
the postulated mechanism of benefit stated in the open artery hypothesis, 
is perhaps the most compelling, important, and enduring contribution of 
GUSTO-I. Finally, by any measure, the utilization of accelerated tPA, in pre
venting or avoiding one of every seven deaths due to AMI, is a major thera
peutic advance among all efforts heretofore directed at the treatment of 
the leading cause of death in Western society. 
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CHAPTER 11 

Conjunctive Therapy to Reduce the 
Occurrence of Coronary Reocclusion After 
Thrombolytic Treatment of AMI 

R. HAYES, R. GALLO, V FUSTER and 1. CHESEBRO 

A. Introduction 
Thrombolytic therapy aims to dissolve the occlusive thrombus present in over 
90% of acute myocardial infractions (AMI) (DEWOOD et al. 1980; FALK 1983; 
DAVIES and THOMAS 1989; FUSTER et al. 1992; reviewed by RENTROP 2000). 
Prompt reperfusion reduces infarct size, preserves ventricular function, and 
reduces mortality. 

However several obstacles remain: (1) resistance to therapy by 90 min 
angiographic patency remains at 15%-40%; (2) acute coronary reocclusion 
occurs in 5%-25% of patients; (3) an average of 45 min is needed for 
reperfusion of the infarct -related artery; (4) the efficacy of currently available 
therapy has a cost, increased bleeding in approximately 2%-5% of cases, 
including a 0.2 %-0.7% rate of intracerebral hemorrhage (THE ISIS-2 [SECOND 
INTERNATIONAL STUDY OF INFARCT SURVIVAL] COLLABORATIVE GROUP 1988; ISIS-
3 [THIRD INTERNATIONAL STUDY OF INFARCT SURVIVAL] COLLABORATIVE GROUP 
1992; COLLEN 1993). Conjunctive antithrombotic therapy aims to achieve 
optimal and lasting reperfusion. 

B. The Role of Thrombin and Platelets in 
Thrombus Formation 

The occlusive thrombus which leads to myocardial infarction results from 
disruption of a lipid-rich atherosclerotic plaque in three quarters of patients 
(FUSTER et al. 1992; FALK et al. 1995). The disrupted plaque is composed of 
various thrombogenic substances including (1) a lipid-rich core surrounded by 
macrophages and containing tissue factor; and (2) smooth muscle cells and 
types I and III collagen (DRAKE et al. 1989; FUSTER et al. 1992; FALK et al. 1995; 
TOSCHI et al. 1997). Tissue factor produced by macrophages binds circulating 
factor VIla; the complex directly induces thrombin generation through the 
extrinsic pathway via activation of factors IX and X (FUSTER et al. 1992; 
MARMUR et al. 1996; TOSCHI et al. 1997; TAUBMAN et al. 1999). Minute amounts 
of thrombin activate platelets and cause aggregation and upregulation, and 
binding of von Willebrand Factor (vWF) to the glycoprotein IIblIIla receptor 
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Fig.I. Platelets and coagulation: The platelet plays two roles in thrombosis. As shown 
on the left side of the figure a platelet plug is formed by adhesion to the vessel wall 
through von Willebrand Factor (vWF) or collagen, and aggregation to other platelets 
through fibrinogen, fibronectin, and vWF. Such binding is mediated by integrin recep
tors (i.e., GP lalIIa, lIb/IlIa). The intrinsic and extrinsic systems of the coagulation 
cascade are shown to the right of the figure. The platelet membrane acts as a surface 
which greatly amplifies the assembly and activity of the prothrombinase complex 
(modified with permission from STEIN et at. 1989) 

at high shear stress and of fibrinogen at low shear rates (COLLER 1995). Medial 
smooth muscle cells initiate mural thrombosis (HERAS et a1. 1989, 1990). Col
lagen is able to activate platelets directly via the GP lalIIa receptor (Fig. 1) 
(BADIMON et a1. 1988). 

Thrombin has many actions (Fig. 2) both pro- and anti-thrombotic, is a 
strong platelet agonist at minute concentrations, converts fibrinogen to fibrin, 
and activates factor XIII which crosslinks and stabilizes the fibrin clot. Throm
bin activates factors V and VIII which increase thrombin generation at a 
278000 times greater rate than factor Xa alone (MANN et a1. 1985; CHESEBRO 
and FUSTER 1991). Thrombin also binds to thrombomodulin and activates 
protein C and protein S which inactivate factors Va and VIlla and lead to an 
important negative feedback of the coagulation cascade. Fibrin-bound throm
bin in thrombi is a potent agonist of further clot propagation via platelet acti
vation and more thrombin generation (CHESEBRO and FUSTER 1991; MEYER et 
a1. 1994). Thrombin activity is necessary for generation and maintenance 
of in vivo platelet-rich thrombus (HERAS et al. 1989, 1990; WYSOKINSKI et al. 
1996). 
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Fig,2, Biologic activities of thrombin: Thrombin, formed by factor Xa from the pro
thrombin complex, has many actions such as (1) platelet activation, (2) activation of 
factor XIII which stabilizes fibrin, (3) activation of factors V and VIII which further 
generates thrombin, and (not shown here), (4) activation of protein C and S via binding 
to thrombomodulin which acts as a negative feedback by inactivating factors Va and 
VIIIA (WEBSTER et al. 1991) 

Platelets are also activated by other strong agonists such as thromboxane 
(TXA2) and platelet activating factor, and weak agonists such as epinephrine, 
collagen, and serotonin. Thrombin appears to be the primary activator since 
minute amounts initiate platelet aggregation, and specific thrombin inhibition 
with hirudin limits platelet deposition in vivo to a single layer and causes 
dissolution of arterial thrombus (SCHMID et aL 1962; HERAS et aL 1990; 
WYSOKINSKI et aL 1996). Strong agonists activate platelets independent of 
cyclooxygenase through the phospholipase C second messenger system. Thus, 
such agonists are not inhibited by aspirin. Weak agonists activate platelets via 
the cyclooxygenase pathway to produce TXA2 and are inhibited by aspirin 
(Fig. 3). Platelets enhance thrombin generation by providing an effective 
surface for formation of the prothrombinase complex (factor Va, Xa, pro
thrombin, and Ca2+, Fig. 1) (COLLER 1995). 

c. Evidence for the Efficacy of Thrombolytic Therapy 
Thrombolytic therapy has decreased mortality approximately 30% in 
randomized controlled trials (GRUPPO ITALIANO PER LO STUDIO DELLA 
STREPTOCHINASI NELL'INFARTO MIOCARDICO [GISSI] 1986; ThE ISA.M. STUDY 
GROUP 1986; THE ISIS-2 [SECOND INTERNATIONAL STUDY OF INFARCT SURVIVAL] 
COLLABORATIVE GROUP 1988; AIMS TRIAL STUDY GROUP 1988; WILCOX et aL 
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Fig. 3. Activation of platelets. Platelets are activated by various in vivo agonists and 
by adhesion to the vessel wall (binding to collagen) (1,2). Arachidonic acid (AA) is 
converted to thromboxane (TXA2) (4) by the action of two enzymes, cyclooxygenase 
and thromboxane synthase. By binding to a receptor various platelet agonists (i.e., 
ADP, serotonin) are released from platelet granules (3). Thrombin (via the intrinsic 
and extrinsic cascade, right) and collagen can still activate the platelet even if AA for
mation is blocked. Tissue factor from the plaque fatty gruel or arterial mural throm
bus, initiates the extrinsic pathway. In the activated state, the platelet expresses the 
glycoprotein lIb/IlIa receptor on its surface membrane, which leads to platelet aggre
gation (FUSTER et al. 1992) 

1988; reviewed by MARDER and SHERRY 1988). The GUSTO trial reported 
a 6.3% mortality with front loaded tissue-type plasminogen activator (tPA) 
plus intravenous heparin (THE GUSTO INVESTIGATORS 1993; THE GUSTO 
ANGIOGRAPHIC INVESTIGATORS 1993). Early recanalisation without reocclusion 
salvages myocardium, prevents reinfarction, and decreases congestive heart 
failure (CHF) and death. 

I. Importance of Achieving Patency of the Infarct Related Artery 

The efficacy of thrombolytic therapy is "time-dependent"; early treatment 
especially increases the incidence of reperfusion with streptokinase (SK) 
(CHESEBRO et al. 1987; KIM and BRAUNWALD 1993). The earlier thrombolytic 
therapy is given, the greater the increase in lives saved (GRUPPO ITALIANO PER 
LO STUDIO DELLA STREPTOCHINASI NELL'INFARTO MIOCARDICO [GISSI] 1986; 
THE GUSTO INVESTIGATORS 1993; GREAT GROUP 1993; WEAVER et al. 1993; THE 
EUROPEAN MYOCARDIAL INFARCTION PROJECT GROUP 1993). GISSI-1 showed 
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a 50% reduction in mortality for patients treated within 1 h. For treatment 
given within 70 min, the mortality was 1.2% as compared to 10% for patients 
treated after 70 min. Of those patients treated within 1 h, 40% had no evidence 
of infarct on thallium scintigraphy. By meta-analysis at least 1.6/1000 lives are 
saved for each hour earlier treatment is initiated (FIBRINOLYTIC THERAPY 
TRIALISTS' [FTT] COLLABORATIVE GROUP 1994; BOERSMA et al. 1996). 

A patent infarct-related artery (IRA) reduces coronary events. Many 
studies have clearly demonstrated that an open IRA, particularly TIMI grade 
3 flow patency, 60-90 min after start of thrombolytic therapy is correlated with 
improved cardiac function and survival (the open artery hypothesis). Thus, 
patients with a patent IRA had a 2.5 % I-year mortality as compared to 15 % 
for those with an occluded IRA (KENNEDY et al. 1985). In TIMI-1, the one
year mortality was 8.1 % in patients with a patent IRA, as compared to 14.8% 
in those with an occluded IRA (CHESEBRO et al. 1987). In the TAM I study 
in-hospital mortality was 5.2% in patients with open and 10.4% in those 
with occluded IRA (TOPOL et al. 1987). In the GUSTO angiographic study the 
30-day mortality, regardless of treatment assignment, was 8.9% in patients 
with TIMI grade 0 and 1 flow, 7.4 % in those exhibiting TIMI grade 2 flow, and 
4.4% in those with TIMI grade 3 flow (p < 0.01) (THE GUSTO ANGIOGRAPHIC 
INVESTIGATORS 1993). After 6 and, perhaps, 12h the benefits of a patent IRA 
seem to persist at a time when salvage of viable myocardium is unlikely; treat
ment with tPA within 6-12h resulted in a significant 27% reduction in 35-day 
mortality (LATE STUDY GROUP 1993). Patients receiving SK within 6-12h had 
a 14% reduction in mortality (n.s.) (EMERAS [ESTUDlO MULTICENTRICO 
ESTREPTOQUINASA REPlJBLlCAS DE AMERICA DEL SUR] COLLABORATIVE GROUP 
1993). The benefit of a patent IRA involves improved left ventricular function 
due to a decrease of infarct expansion and remodelling (documented by 
decreased left ventricular end systolic volumes), increased electrical stability 
(fewer late potentials on signal averaged ECGs), and salvage of hibernating 
myocardium (KIM and BRAUNWALD 1993). 

Early randomized trials have reported 90min patency as a primary end
point. The patency rate (TIMI grade 2 or 3) with SK was reported as approx
imately 43%-64%, with standard dose tPA 63%-79%, and with front-loaded 
tPA 81 %-91 % (with a mean of 85%); within 2-3 h, patency with tPA is approx
imately equal to that with SK (I.s.A.M. STUDY GROUP 1986; CHESEBRO et al. 
1987; THE GUSTO ANGIOGRAPHIC INVESTIGATORS 1993; LINCOFF and TOPOL 
1993). However, the mean incidence in 15 studies of complete reperfusion 
(TIMI grade 3 or normal coronary flow) at 90min (63% for accelerated tPA, 
50% for standard dose tPA and 31.5% for SK, respectively) best predicted 
mortality reduction and an improved clinical outcome (BARBAGELATA et al. 
1997) and is presumably what accounted for the 14% reduction in mortality 
achieved in GUSTO-I (OHMAN et al. 1990; KARAGOUNIS et al. 1992; THE 
GUSTO INVESTIGATORS 1993; THE GUSTO ANGIOGRAPHIC INVESTIGATORS 1993; 
REINER et al. 1994; SIMES et al. 1995). In these studies TIMI grade 2 flow 
(delayed flow of contrast) was shown to be no better than TIMI grade 0 or 1 
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flow. In the GUSTO angiographic study, TIMI grade 3 flow was associated with 
a 30-day mortality of 4.4% and TIMI grade 2 flow with a mortality of 7.4% 
(THE GUSTO INVESTIGATORS 1993; SIMES et al. 1995). 

II. Limitations of Thrombolytic Therapy 

Even with the success of front-loaded tPA in the GUSTO trial, no reperfu
sion occurred in 19% of patients, and only 54% achieved TIMI grade 3 flow. 
The cost of increased reperfusion was a risk of bleeding in 0.8%-1.5% of 
patients with intracranial hemorrhage in 0.5%-0.9%. In addition 4.9%-6.4% 
of arteries initially patent at 90min reoccluded at 5-7 days (THE GUSTO 
INVESTIGATORS 1993). Reocclusion is associated with a 2.5-times increased rate 
of in-hospital mortality (11 % vs 4.5%, p = 0.001), an increased rate of pul
monary edema, hypotension and atrioventricular block, and less recovery of 
global or infarct-zone left ventricular function (OHMAN et al. 1990). The ability 
of angiography to predict reocclusion using such factors as degree of residual 
stenosis, minimal luminal diameter, presence of thrombus, or eccentricity has 
met with mixed results (REINER et al. 1994; GIBSON et al. 1995). The largest 
study to date reported by the GUSTO investigators demonstrated that none 
of these parameters adequately predicted reocclusion (REINER et al.1994). The 
use of techniques such as ST-segment monitoring may be more predictive 
(KRUCOFF et al. 1986; DELLBORG et al. 1991). 

III. The Role of Platelets and Thrombin in Resistance to Therapy 

Thrombosis and thrombolysis are dynamic, simultaneous, and opposing pro
cesses. The key goal of thrombolytic therapy is to activate the plasminogen 
system to form plasmin, the enzyme which lyses the fibrin clot. However, fib
rinolysis activates local and systemic factors, and leads to the generation of 
thrombin which may result in thrombosis and reocclusion of the IRA. Thus, 
blocking thrombosis with anti thrombotic therapy enhances lysis (CHESEBRO 
and FUSTER 1991). 

1. Thrombin 

Numerous studies have shown that thrombolytic therapy leads to increased 
generation and activity of thrombin (EISENBERG et al. 1987, 1992; OWEN et al. 
1988; RAO et al. 1988; RAPOLD et al. 1989, 1992; STUMP et al. 1989; HOFFMEIS
TER et al. 1999). Thrombin is generated from prothrombin with release of pro
thrombin fragment 1.2 (F1.2) via the assembly of the prothrombinase complex 
on phospholipid membranes (Figs. 1, 4). Free thrombin forms a 1:1 stoichio
metric complex (so-called thrombin-antithrombin complexes [TAT]) with the 
physiologic inhibitor of thrombin, antithrombin III [AT-III]. Thrombin bound 
to fibrin and/or to damaged artery is very thrombogenic since it is poorly inac
tivated by AT-III, even in the presence of heparin (WEITZ et al. 1990). MEYER 
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Fig.4. Biochemical markers of thrombin formation and fibrinolysis: Prothrombin frag
ment 1.2 is formed when prothrombin is converted to thrombin by factor Xa. There
fore, it is a marker of thrombin generation. Fibrinopeptide A (FPA) is formed when 
fibrinogen is converted to fibrin by thrombin. Therefore it is a marker of thrombin 
activity (CHESEBRO et aL 1995) 

et aL (1994) have demonstrated that a thrombus forms rapidly on an injured 
arterial walL Thrombus growth, as measured by platelet and fibrin deposition, 
was effectively inhibited by hirudin and to a much lesser extent by heparin, 
suggesting that thrombin was the principal agent responsible for thrombus 
growth. The best antithrombotic therapy will maximally accelerate thrombol
ysis and result in the least residual mural thrombus (MRUK et aL 1996). This 
study showed the critical role of thrombin inhibition in enhancing thrombol
ysis and reducing residual mural thrombus. 

Thrombin converts fibrinogen to fibrin during which fibrinopeptide A 
(FPA) is formed. Thus, both thrombin activity and generation of fibrin can be 
assayed. Fibrinolysis leads to the formation of fibrin degradation products 
(FDPs) which also bind active thrombin (STUMP et aL 1989; MERLIN I et aL 1994; 
WEITZ et aL 1998). 

EISENBERG et aL (1987, 1992) and RAPOLD et aL (1989, 1992) showed in 
separate studies that patients with AMI treated with thrombolytic agents had 
an immediate increase in FPA levels. FPA levels rose more with SK therapy 
than with tPA and could be abolished or significantly attenuated by an infu
sion of heparin (Fig. 5). Patients with high plasma FPA levels (>50ng/ml) 24h 
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Fig.5. FPA levels in 19 patients with AMI treated with SK. Administration of SK leads 
to an elevation of FPA levels. Conjunctive administration of heparin leads to prompt 
A deCline in FPA levels (EISENBERG et al. 1987) 

after tPA therapy had a significantly increased incidence of reocclusion by 
angiography (88% vs 55%) with a specificity of 86% but a sensitivity of only 
48%. FPA levels did not correlate with recurrent ischemia or left ventricular 
mural thrombus (RAPOLD et al. 1989) and were not attenuated by heparin in 
all patients (OWEN et al. 1988). Patients whose FPA levels remained elevated 
despite adequate anticoagulation with heparin had reocclusion of the IRA 
(RAPOLD et al. 1992). GRANGER et al. (1998) determined markers of thrombin 
generation in 292 patients enrolled in the GUSTO-I trial. Baseline FPA levels 
were elevated to ten times normal and increased further during thrombolytic 
therapy. F1.2 and TAT levels also increased during thrombolysis. The former 
was a predictive marker of clinical outcome. Patients who died or experienced 
reinfarction during the first 30 days had higher F1.2 levels (0.42 nmolll) than 
those without such an event (0.34nmol/l; p = 0.008). Although hirudin better 
inhibits clot-bound thrombin than does heparin, persistent thrombin genera
tion was still found in 18 subjects with coronary heart disease given 3 differ
ent doses of hirudin IV for 6h (ZOLDHELYI et al. 1994). 

The TIMI -1 and TAMI -1 studies showed that markers of fibrinolysis pre
dicted patency of the IRA (RAO et al. 1988; STUMP et al. 1989). STUMP et al. 
(1989) showed that tPA induced a rapid fibrinogenolysis with lowering of fib
rinogen and increase in FDPs. The risk of reocclusion of the IRA at 7-10 days 
correlated inversely with the magnitude of its drop to nadir levels, and to peak 
levels of FDPs. Although fibrinogen levels decreased and FDP levels increased 
with infusion of SK (to a lesser extent with tPA), by 5 h the level of fibrino
gen began to rise and was still rising above normal at hospital discharge, 
suggesting a hypercoagulable state after infarction (RAO et al. 1988; MERLINl 
et al. 1994). 
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2. Platelets 

Numerous studies have shown that, during thrombolysis, platelets are acti
vated either directly by the thrombolytic agent, or indirectly by thrombin and, 
perhaps, plasmin (NIEWIAROWSKI et al. 1973; SCHAFER and ADELMAN 1985; 
FITZGERALD et al. 1988; LUCORE and SOBEL 1988; GOLINO et al. 1988; KERINS et 
al. 1989; LEE and MANN 1989; lANG et al. 1989; POTTER VAN LOON et al. 1990; 
GERTZ et al. 1990; VAUGHAN et al. 1991; KUNITADA et al. 1992; ARONSON et al. 
1992; KAWANO et al. 1998). Platelet-rich compared to platelet-poor thrombi are 
much less sensitive to thrombolysis in vitro and in vivo (lANG et al. 1989). 

The composition of residual thrombi depends both on the extent of lysis 
and the influence of shear force. Shear force is a measure of the difference in 
velocity between different areas of laminar flow, and is related directly to 
velocity and inversely to the third power of the luminal diameter. In a blood 
vessel, the velocity of flow is greatest in the center of the vessel, and the highest 
shear force is at the blood-vessel wall interface where the greatest difference 
in velocities exists (BACK et al. 1977; ALEVRIADOU et al. 1993). In stenotic 
lesions, shear force is increased at the apex of the stenosis where platelet depo
sition is greatest (BADIMON et al. 1986; BADlMON and BADIMON 1989; MAILHAC 
et al. 1994). Fibrin deposition also increases with increasing shear force but 
more so proximally and distally to the stenosis where flow separation and eddy 
currents also lead to red cell deposition (MAILHAC et al. 1994). The result is a 
thrombus composed of a "white-head" and a "red-tail" (AMBROSE 1992). 

FITZGERALD et al. (1988) and KERINS et al. (1989) showed that thrombol
ysis with either SK or tPA induced synthesis of thromboxane as measured by 
the urinary metabolites 2,3-dinor-TXB2 and prostacyclin. Synthesis of these 
compounds was less with successful reperfusion, and was abolished by pre
treatment with aspirin. GOLINO et al. (1988), using the Folts model in dogs, 
showed that cyclic flow variations were abolished when both thromboxane and 
serotonin receptor antagonists were administered. 

On balance, plasmin appears to increase platelet activation in vivo during 
thrombolysis. Early studies proposed that plasmin causes platelet activation 
(NIEWIAROWSKI et al. 1973) by activating prothrombin and factor V which act 
to increase thrombin generation and platelet activation (LEE and MANN 1989; 
EISENBERG et al. 1992). ARONSON et al. (1992) also showed that platelets treated 
with tPA or SK increased thrombin generation. Others reports showed that 
plasmin, generated by SK, lead to inhibition of platelet aggregation (ADELMAN 
et al. 1985; SCHAFER and ADELMAN 1985; GOUIN et al. 1992). 

Platelets attenuate thrombolysis by several mechanisms. ZHU et al. (1999) 
showed that platelet derived plasminogen activator inhibitor-1 (PAl-I) is a 
major determinant of the resistance of platelet-rich arterial thrombi to lysis 
by pharmacological concentrations of tPA. PAI-1 reduced tPA activity by 47% 
in rabbits (LUCORE and SOBEL 1988). Efficacy of thrombolysis correlated in
versely with PAI-1 levels (BARBASH et al. 1989; POTTER VAN LOON et al. 1992). 
However, KUNITADA et al. (1992) showed that platelets inhibit thrombolysis 
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with tPA not only via release of PAI-1, but also via clot retraction, with 
decreased access of the fibrinolytic proteins. Antibodies induced by SK cause 
platelet aggregation by binding to the SK/plasminogen complex on the platelet 
surface and counteract SK-mediated thrombolysis (VAUGHAN et al. 1991; 
McREDMOND et al. 2000). 

D. Antithrombotic Therapy 
The high risk of rethrombosis after thrombolysis underscores the need for con
junctive anti thrombotic therapy. Such therapy may target thrombin (heparin, 
low-molecular weight heparin, hirudin and its derivatives, hirulog, etc.) or 
other serine proteases involved in the generation of thrombin such as factor 
VIla (i.e., tissue factor pathway inhibitor) or factor Xa (tick anticoagulant 
peptide, etc.), or platelets (aspirin, ticlopidine, GP I1blIIla antagonists, prosta
cyclin, inhibitors of thromboxane or serotonin synthesis, receptor antagonists, 
etc.). 

I. Thrombin Inhibition 

1. Heparin 

Heparin is a glycosaminoglycan composed of a heterogeneous mixture of 
molecules of different molecular weights. The anticoagulant action of heparin 
against thrombin is due to the simultaneous binding of one-third of these 
heparin molecules (those with ::::18 saccharides) to AT-III and thrombin, 
forming a ternary complex. Heparin/AT-III binding accelerates inactivation of 
thrombin, factors Xla, IXa, and Xa, and to a lesser extent also of factor VIla. 
Binding of heparin to heparin cofactor II (at much higher doses) can also 
inactivate thrombin (HIRSH et al. 1995). The efficacy and safety of heparin 
administration by either continuous IV or subcutaneous routes are compara
ble provided the dosages are adequate. Subcutaneous administration requires 
higher doses (averaging 17000U/12 per hour) to counteract the reduced 
bioavailability. An initial simultaneous IV bolus is needed if an immediate 
effect is required because heparin binding sites in the circulation must be 
saturated to maintain plasma levels, and subcutaneous absorption is delayed 
by 1-2h. 

Heparin has several disadvantages for treatment of platelet-rich arterial 
thrombosis (HIRSH et al. 1995; CHESEBRO et al. 1995): 

1. It has a weak antiplatelet effect which is directly related to dosage (plasma 
levels). Both, increased dosage and aspirin increase the bleeding risk. 

2. It is inactivated by platelet factor 4 which is released from activated 
platelets and by fibrin monomer II formed as fibrinogen is converted to 
fibrin. 

3. Heparin also binds to endothelial cells throughout the vasculature and to 
macrophages which internalize, depolymerize, and metabolize heparin. It 
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also binds to a variety of plasma proteins such as histidine-rich glycopro
tein, vitronectin, fibronectin, and vWF and to as yet not clearly defined 
acute-phase reactant proteins. This protein binding contributes to reduced 
bioavailability at low doses, variable anticoagulant effect at fixed doses, and 
the laboratory phenomenon of heparin resistance (YOUNG et a!. 1997). 

4. Heparin dose/response curves are non-linear, and increase disproportion
ately with intensity and duration of increasing dose. 

5. Heparin acts indirectly through the activation of AT-III and at high doses 
via heparin cofactor II. 

6. AT-III binds poorly to thrombin which is bound to fibrin in a thrombus, to 
circulating fibrin-split products, or to subendothelial matrix (WElTZ et a!. 
1990,1998; HIRSH 1995). 

Since heparin at usual doses mainly inactivates free thrombin and poorly 
blocks growth of thrombus, arterial thrombus may grow to occlusion 
(WYSOKINSKI et a!. 1996). 

Despite these problems, the lowest reported incidence of reocclusion at 
57 days by angiography (4.9%-6.4%) was achieved with heparin (continu
ous IV or subcutaneous administration) plus aspirin therapy (ThE GUSTO 
INVESTIGATORS 1993). Heparin at high doses potentiates lysis in animal models. 
It reduced the time to reperfusion in canine arterial segments injured with a 
copper coil, and treated with thrombolysis and heparin (200 U/kg or 300 u/kg) 
(CERCEK et a!. 1986; TOMARU et a!. 1989), and in the occluded porcine carotid 
artery after percutaneous transluminal angioplasty (PTA) and catheter 
endarterectomy, and reduced residual mural thrombus (MRUK et a!. 1996). In 
the HEAP pilot study, an acute bolus of heparin (300 U/kg) resulted in a 90-
min coronary TIMI 3 patency in 37% of patients (VERHEUGT et a!. 1998). 

Early randomized trials included heparin with thrombolytic agents 
(GRUPPO ITALIANO PER LO STUDIO DELLA STREPTOCHlNASI NELL'INFARTO 
MroCARDICO [GISSI] 1986; THE I.S.A.M. STUDY GROUP 1986; THE ISIS-2 
[SECOND INTERNATIONAL STUDY OF INFARCT SURVIVAL] COLLABORATIVE GROUP 
1988; AIMS TRIAL STUDY GROUP 1988; WILCOX et a!. 1988). Several studies have 
documented the therapeutic benefit of conjunctive heparin therapy with 
fibrin-specific thrombolytic agents (TOPOL et a!. 1989a; HSIA et a!. 1990; BLEICH 
et a!. 1990; DE BONO et a!. 1992) (Fig. 6). 

Heparin in the usual therapeutic doses safely given to humans does not 
enhance thrombolysis (TOPOL et a!. 1989a). The National Heart Foundation of 
Australia Study Group showed that 24h of treatment with heparin followed 
by treatment with aspirin (300mg) and dipyridamole (300mg) achieved the 
same, relatively poor, patency rate at 7-10 days as 7 days of additional intra
venous heparin (81 % vs 80%) (THOMPSON et a!. 1991). 

Achieving an activated partial thromboplastin time (aPTT) in the thera
peutic range is important in maintaining adequate perfusion of the IRA. 
Patients whose aPTT at 8h and 12h was <45s had a patency rate of only 45% 
at 18 h, whereas those patients with aPTTs >45 s or >60 s had patency rates of 
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Fig.6. Thrombolytic trials with heparin vs placebo: Data showing the effect of heparin 
vs placebo on patency of the IRA at later time points in patients receiving tPA from 
the four major trials (CANNON et al. 1995) 

88% and 95% respectively (HSIA et al. 1992) (Fig. 7). Patients with an aPTT 
>2 times control at 3-36 h had a patency rate at 81 h (mean) of 90%, compared 
to 80% and 72% in those exhibiting aPTTs of 1.3-2.0 or <1.3 times control, 
respectively. Only 32% of patients achieved an aPTT in the therapeutic range 
(ARNOUT et al. 1992). Finally, KAPLAN et al. (1987) showed that the aPTT level 
in patients treated with conjunctive heparin therapy was inversely correlated 
with recurrent ischemic events. Therefore, it is currently recommended to 
measure the aPTT at 6h, 12h, and 24h after infusion of tPA and other fibrin 
specific thrombolytic agents to attain an aPTT of 1.5-2.5 times control (ThE 
GUSTO INVESTIGATORS 1993; CANNON et al.1994). GRANGER et al. (1996) exam
ined the aPTT in 29,656 patients in the GUSTO-I trial and found that, at 
12h, the value associated with the lowest 30-day mortality, stroke, and bleed
ing rate was 50-70 s. There was a clustering of reinfarction observed in the first 
10h after discontinuation of IV heparin. However, in the COBALT trial (VAN 
DE WERF F, FOR THE CONTINUOUS INFUSION VERSUS DOUBLE-BoLUS ADMINIS
TRATION OF ALTEPLASE [COBALT] INVESTIGATORS 1997), aPTT values at 12h, 
24h, and 48h were not significantly different between patients who did or did 
not develop a hemorrhagic stroke, whereas aPTT values at 6 h after throm
bolysis correlated positively with the incidence of hemorrhagic stroke (KRUIK 
et al. 1998). This strongly suggests that heparin adjustments should be per
formed as soon as possible after completing the tPA infusion. 

The role of conjunctive therapy with heparin in addition to non-fibrin 
specific agents is much less clear. There has been no large scale randomized 
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Fig.7. Heparin aspirin reinfarction study: HSIA et al. demonstrated the advantage of a 
therapeutic APTT in achieving patency of the infarct related artery in those patients 
with AMI receiving tPA. Here 95% of patients with an aPTT > 60s had a patent IRA, 
as opposed to 88 % and 45 % in those patients with aPTTs of 45-60 sand <45 s respec
tively (HSIA et al. 1992) 

trial to date comparing heparin vs no heparin in conjunction with SK 
therapy. 

Although not designed as a mortality study, the SCAT! study showed a 
mortality benefit when subcutaneous heparin 12500U/every 12h was given in 
addition to SK alone (8.8% vs 4.5% P = 0.05) (THE SCAT! GROUP 1989). In 
an ISIS-2 pilot study, patients treated with intravenous heparin 12h after SK 
had lower reinfarction rates than those patients who did not receive heparin 
(2.2% vs 4.9%) (ISIS [INTERNATIONAL STUDIES OF INFARCT SURVIVAL] PILOT 
STUDY INVESTIGATORS 1987). Furthermore, though the ISIS-2 study was not 
designed to test the effect of conjunctive heparin therapy, a sub-group analy
sis showed that mortality was 8.3% in those patients receiving IV heparin, 
and 10.1 % in those who did not (p < 0.05), and vascular mortality was reduced 
by 19% (THE ISIS-2 [SECOND INTERNATIONAL STUDY OF INFARCT SURVIVAL] 
COLLABORATIVE GROUP 1988). Finally, the reduction of FPA levels by heparin 
during SK therapy supports the efficacy of heparin with SK (EISENBERG et al. 
1987; OWEN et al. 1988). 

Subcutaneous heparin after thrombolytic therapy with either tPA or SK 
(delayed 4h in ISIS-3 and 12h in GISSI-2) did not decrease mortality or rein
farction probably because of the delay in treatment with heparin, where aPTTs 
did not reach therapeutic levels for 24-48 h after initiation when the risk of 
reocclusion is highest (GRUPPO ITALIANO PER LO STUDIO DELLA SOPRAVVIVENZA 
NELL'INFARTO MroCARDICO 1990; LINCOFF and TOPOL 1993). Although GUSTO 
was not designed to test the value of heparin therapy, the lowest reported rate 
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of angiographic reocclusion with either continuous IV or subcutaneous 
heparin for 5-7 days plus aspirin, suggests that heparin therapy to an aPTT of 
1.5-2.5 times control (target 2.0) starting 4h after SK is beneficial for patients 
(CAIRNS 1995). In the majority of earlier studies heparin was administered in 
fixed doses. HOCHMAN et al. (1999) have demonstrated that lower, body weight
adjusted heparin doses are superior than the traditional dosage schemes in 
achieving early aPTTs within the target range and reduce the need for dose 
changes over the ensuing 24 h. 

The benefits of combining heparin and aspirin in acute coronary syn
dromes, the increased coronary event rate after stopping heparin, and the 
reduced post-hospital event-rate on anticoagulation plus aspirin all suggest 
that additional therapy to aspirin is needed for 6-12 weeks beyond the acute 
event (THE GUSTO ANGIOGRAPHIC INVESTIGATORS 1993; COHEN et al. 1994; THE 
GLOBAL USE OF STRATEGIES TO OPEN OCCLUDED CORONARY ARTERIES [GUSTO] 
lIB INVESTIGATORS 1996; WALLENTIN FOR THE FRAGMIN DURING INSTABILITY IN 
CORONARY ARTERY DISEASE [FRISC] STUDY GROUP 1996). 

Support for this recommendation is provided by the angioscopic 
demonstration that healing of the IRA requires more than one month and 
that an unstable yellow plaque with adherent thrombus is common during 
that period (VAN BELLE et al. 1998). GLICK et al. (1996) have examined 
whether extending the anticoagulant effect of heparin by low-molecular
weight heparin (LMWH) can prevent recurrent myocardial ischemia after 
AMI treated with SK. On the fifth day after AMI and after heparin therapy 
cessation, 103 patients were randomly assigned to either treatment with 
LMWH (enoxaparin 40mg/d subcutaneously for 25 days) or control (no treat
ment). During the 6-months observation period 20% of the patients in the 
control group experienced reinfarction vs 4.6% in the LMWH group. Angina 
pectoris was diagnosed in 21.6% of the controls and in 9.3% of the LMWH 
patients. 

2. Low-Molecular-Weight Heparin 

Several studies have been published on the effect of low-molecular-weight 
heparin (LMWH) in unstable angina (reviewed by ANTMAN and COHEN 1999), 
but only one study addressed the effect of LMWH as a conjunctive agent in 
the treatment of AMI with SK. In the randomized, double-blind BIOMACS 
II study 54 patients with AMI received subcutaneously 100 IU/kg of dalteparin 
prior to an infusion of SK and 47 patients received a placebo injection instead 
(FROSTFELDT et al. 1999). A second subcutaneous injection of 120 IU/kg of dal
teparin or of placebo was given 12h later. All patients also received 300mg 
aspirin as an oral loading dose and 75 mg on consecutive days. Immediately 
after the start of treatment monitoring with continuous vector-ECG was 
started and continued for 24-28 h, when coronary angiography was performed. 
In the dalteparin group TIMI grade 3 flow after 20-28h was 68% and in the 
placebo group 51 % (p = 0.1). Non-invasive investigation of early reperfusion 
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by means of vector-ECG and myoglobin determinations also revealed a 
tendency for earlier reperfusion in the dalteparin group, and fewer post
thrombolytic ST vector magnitude increases, indicative of ischemic episodes 
(p = 0.037). In the upcoming HART II trial subcutaneous enoxaparin will be 
compared with IV unfractionated heparin as conjunctive agents in patients 
receiving front-loaded tPA for ST-segment elevation AMI (ANTMAN and 
COHEN 1999). 

Vasoftux, a novel anticoagulant derived from LMWH, did not improve 
patency rates in patients treated with SK, compared to heparin and SK (PETERS 
et al. 2000). 

3. Hirudin 

Direct thrombin inhibitors such as hirudin are able to overcome many of the 
limitations of heparin. Hirudin is a 6S-amino acid polypeptide originally 
extracted from the salivary gland of the leech Hirudo medicinalis, and now 
produced by recombinant technology. Hirudin forms a 1: 1 complex directly 
with thrombin (more rapidly than AT-III) with its carboxy-terminus binding 
to the substrate recognition site (which recognizes fibrinogen or the platelet 
membrane thrombin receptor), and its amino-terminus binding to the catalytic 
site of thrombin (Fig. 8). Hirudin binds thrombin nOn covalently but with high 
specificity and affinity. Furthermore, unlike heparin: (1) hirudin readily binds 
to thrombin bound to fibrin or arterial wall matrix, (2) there are no circulat
ing inhibitors of hirudin, and (3) hirudin does not bind to endothelial cells or 
plasma proteins. The result is that hirudin achieves a more specific and con-
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Fig.8. Interaction of direct thrombin inhibitors with thrombin. The carboxy terminus 
of hirudin binds to exosite I (the substrate recognition site) while the amino terminus 
binds to the active (catalytic) site. Also depicted is the binding of hirugen (to the 
exosite), hirulog (to both sites), and PPACK and Argatroban (to the active site) (WEITZ 

et al. 1995) 
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sistent state of anticoagulation (ZOLDHELYI et al. 1993; TOPOL et al. 1994; THE 
GLOBAL USE OF STRATEGIES TO OPEN OCCLUDED CORONARY ARTERIES [GUSTO] 
lIB INVESTIGATORS 1996; TOSCHl et al. 1996). For example, in the TIMI-5 and 6 
studies, the proportion of patients whose aPTT values varied <30 s between 
the highest and the lowest aPTT was only 25% in patients treated with heparin 
as compared to 61 %-74% of patients treated with hirudin (CANNON et al. 
1994; LEE et al. 1995). The half-life of hirudin is 2-3 h (ZOLDHELYI et al. 1993). 
Hirudin may be antigenic. In patients with heparin-induced thrombocytope
nia, treated with hirudin for more than 5 days, 56% developed antibodies 
against hirudin (SONG et al. 1999). 

Hirudin reduced platelet and fibrin deposition of deeply injured arterial 
wall segments to a single layer as compared to heparin which reduced depo
sition to a lesser extent but in a dose dependent manner (HERAS et al. 1989). 
At an aPTT 2-3 times control, hirudin totally eliminated mural thrombosis 
and limited platelet deposition to a single layer (HERAS et al. 1989, 1990). 
Hirudin enhances dissolution of platelet-rich arterial thrombi (WYSOKINSKI et 
al. 1996). Salutary effects of hirudin in animal models (HERAS et al. 1989,1990; 
MRUK et al. 1996) led to the development of pilot studies with hirudin as con
junctive agents in thrombolysis (CANNON et al. 1994; TOPOL et al. 1994; LEE et 
al. 1995; ZEYMER et al. 1995; WYSOKINSKI et al. 1996). 

The TIMI-5 trial randomized 246 patients to standard dose heparin vs one 
of four doses of hirudin in combination with front loaded tPA. The primary 
end point, TIMI grade 3 flow at 90min and 18-36h, was 61.8% in the hirudin 
group and 49.4% in the heparin group (p = 0.07), and at 18-36h patency was 
98% in the hirudin and 89% in the heparin group (p = 0.01). Furthermore, 
reocclusion occurred in only 1.6% of hirudin patients vs 6.7% for heparin. The 
incidence of in-hospital death or reinfarction was only 6.8% for hirudin, com
pared to 16.7% for heparin (p = 0.02). The composite endpoint of death, 
myocardial infarction, severe CHF, or cardiogenic shock was reduced with 
hirudin (9.3% vs 19.0%, p = 0.03). Finally, the incidence of major spontaneous 
hemorrhage was infrequent, and more common in the heparin group (4.7% 
vs 1.2 %) (CANNON et al. 1994). 

The HIT-I trial evaluated hirudin with front loaded tPA in 40 patients and 
also showed a low incidence of reocclusion, reinfarction and bleeding for 
hirudin-treated patients (ZEYMER et al. 1995). The HIT-II trial was an open, 
sequential dose-finding study in 143 AMI patients treated with tPA (VON 
ESSEN et al. 1998). Initial bolus and subsequent IV infusion doses/kg per hour 
during 48h were 0.1I0.06mg/kg, 0.2/0.1 mg/kg, and 0.4/0.15mg/kg. TIMI 3 flow 
at 60min was 50%,58%, and 63%, respectively. Major bleeding occurred in 
0%, 4.8%, and 8.4%, respectively, but no intracranial hemorrhage was 
observed. 

The TIMI-6 study, a non-angiographic trial in 193 patients using a 5-day 
infusion of antithrombotic drug, suggested that hirudin at a dose of 0.1 mg/kg 
per hour was the optimal dose with SK to reduce the composite endpoint of 
death, CHF, or cardiogenic shock. At hospital discharge this was 17.6% in the 
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heparin group compared to 21.6%, 9.7%, and 6% with 0.05,0.1, and 0.2mg/kg 
per hour dose of hirudin, respectively (LEE et al. 1995). 

Three larger-scale trials comparing hirudin to heparin (TIMI 9A, GUSTO 
IIa, and HIT-III) were discontinued prematurely due to an increased incidence 
of major bleeding including intracerebral hemorrhage (ANTMAN et al. 1994; 
THE GLOBAL USE OF STRATEGIES TO OPEN OCCLUDED CORONARY ARTERIES 
[GUSTO] IIa INVESTIGATORS 1994; NEUHAUS et al.1994). Major bleeding in the 
heparin treated patients occurred in those who were older, and had higher 
aPTTs (mean 115 s within 12 h), usually due to the higher heparin dosage 
given in heavier patients. In the hirudin group, there was an increased risk of 
bleeding in patients with elevated creatinine since hirudin is excreted by the 
kidney. 

In GUSTO IIb and TIMI 9B trials the heparin dose was lowered to 
1000U/h (aPTT of 55-85s) and the dose of hirudin reduced to a bolus of 
O.lmg/kg plus an infusion at 0.1 mg/kg per hour (aPTTs 55-85s) (THE GLOBAL 
USE OF STRATEGIES TO OPEN OCCLUDED CORONARY ARTERIES [GUSTO] IIb 
INVESTIGATORS 1996; ANTMAN, FOR THE TIMI 9B INVESTIGATORS 1996). In the 
GUSTO IIb multicenter study a total of 12,141 patient with acute coronary 
syndrome were enrolled. The risk of death or AMI at 24 h was significantly 
lower in the group assigned to hirudin therapy than in the group receiving 
heparin (1.3% vs 2.1 %; p = 0.001). The primary endpoint of death or nonfa
tal AMI or reinfarction at 30 days was reached in 9.8% of the heparin group 
compared with 8.9% in the hirudin group (p = 0.06). All the benefit in the 
GUSTO IIb trial was in non-USA patients where therapy was administered 
28min after randomization compared to no benefit in USA patients receiving 
therapy 41 min after randomization. There was no significant difference in 
major bleeding complications. In the GUSTO IIb subgroup of patients with 
ST elevation 2274 patients received tPA and 1015 patients received SK. 
Among SK-treated patients, death or reinfarction at 30 days occurred more 
often in those treated with conjunctive heparin (14.4 %) than in those receiv
ing hirudin (8.6%; p = 0.004). Among tPA-treated patients the rates were 
10.9% with heparin and 10.3% with hirudin (p = 0.68) (METZ et al. 1998). In 
the TIMI 9B study, where hirudin was given later after randomization (median 
44min), there was no difference between the hirudin and heparin outcome 
(ANTMAN, FOR THE TIMI 9B INVESTIGATORS 1996). 

In the double blind HIT-4 trial 1208 patients with AMI of less than 6 h 
duration were treated with aspirin and SK and randomized to receive recom
binant hirudin (leptorudin, IV bolus of 0.2 mg/kg, followed by subcutaneous 
injections of 0.5mg/kg b.i.d. for 5-7 days) or heparin (IV placebo bolus, fol
lowed by 12,500IU b.i.d. for the same time period) (NEUHAUS et al. 1999). In 
the HIT-4 study hirudin was given before the infusion of SK (1.5Mio U IV) 
was started. Although grade 3 flow tended to be higher in the hirudin (41 % ) 
than in the heparin group (34%) there were no significant differences in the 
two groups with respect to total stroke and reinfarction rate, death, rescue
PTCA, and refractory angina. 
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It is still not clear whether the aPTT is the most suitable test to monitor 
hirudin therapy (reviewed by STURZEBECHER 1991). It may well be that the 
ecarin time (PbTZSCH et al. 1997) is more suitable to measure free circulating 
hirudin concentrations in patients and that hirudin doses have to be adjusted, 
as is the case for heparin, to obtain optimal but not excessive anticoagulation. 

4. Hirulog 

As shown in Fig. 8, hirulog is composed of hirugen, a synthetic 12-amino acid 
peptide containing the same amino acids present at residues 53-64 in hirudin 
(the only exception being sulfation of tyrosine at position 63 to increase 
thrombin binding), linked to D-Phe-Pro-Arg-Pro-(GlY)4. As depicted, the 
hirugen portion binds to the substrate recognition site on thrombin, and the 
linked peptide binds to the catalytic site. However hirulog is less effective than 
hirudin due to its higher KD and because thrombin can cleave the Arg-Pro 
bond, thereby converting it to a weaker thrombin inhibitor. Hirulog has a half
life of only 35-40min (LIDON et al. 1994; THEROUX et al. 1995). 

Two angiographic pilot studies evaluated hirulog versus standard dose 
heparin given during 5 days with SK (LIDON et al. 1994; THEROUX et al. 1995). 
Patency of the IRA at 90min was significantly better in the hirulog-treated 
patients (77% vs 47%, p < 0.05), and TIMI grade 3 flow in the IRA was 67% 
compared to 40% for heparin (p = 0.08). 

In the HERO-1 trial, 412 patients with AMI, presenting within 12h, were 
given aspirin and SK, and randomized in a double-blind manner to receive up 
to 60h of either heparin (5000U bolus, followed by 1 000-1200 U/h), low-dose 
hirulog (bivalidin, 0.125 mg/kg bolus, followed by 0.25 mg/kg per hour for 
12h, then half this dose), high-dose hirulog (twice the dose of low-dose hirulog 
in all phases). TIMI grade 3 flow of the IRA at 90-120min was 35% in the 
heparin, 46% in the low-dose hirulog, and 48% in the high-dose hirulog group 
(p: heparin vs hirulog in both groups <0.04). At 48 h reocclusion was more fre
quent in the heparin group (n.s.). By 35 days death, cardiogenic shock, or rein
farction had occurred in 18% of patients receiving heparin, in 14% of the 
low-dose, and in 12.5% of the high-dose hirulog group (n.s). (WHITE et al. 
1997). Major bleeding was less frequent in the two hirulog groups. Based on 
these promising results a larger HERO-2 study is now under way. A total of 
17,000 patients will be enrolled. In this trial patients with AMI of less than 
6 h duration will be randomized to hirulog or heparin and be treated with 1.5 
Mio U of SK. 

5. Argatroban 

In the ARGAMI-2 study, 1200 patients with AMI, treated with SK (n = 601) 
or tPA (n = 599) were randomized to receive heparin or low or high doses of 
argatroban (Novastan), a synthetic direct thrombin inhibitor. An interim 
analysis revealed that the low dose argatroban treatment was ineffective. The 
final analysis of 1001 patients (high dose argatroban 494; heparin 507) showed 
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no significant differences in mortality and in all primary endpoints between 
argatroban (20%) and heparin (19%). Major bleeding (0.4 %), stroke (0.2 %), 
and intracranial hemorrhage (0%) were less common in the argatroban group 
than in the heparin group (1.2%,0.6%, and 0.4%, respectively). Target aPTT 
(55-85 s) was more frequently achieved in the argatroban than in the heparin 
group (BEHAR et al 1998). 

In the relatively small MINT study, 125 patients with AMI within 6 h were 
randomized to heparin and low-dose or high-dose argatroban in addition to 
front-loaded tPA (JANG et al. 1999). TIMI grade 3 flow at 90min was achieved 
in 42% of heparin, 57% of low-dose, and 59% of high-dose argatroban 
patients. In patients presenting after 3 h TIMI grade 3 flow was significantly 
more frequent in high-dose argatroban vs heparin patients (57% vs 20%; 
p = 0.03). Major bleeding was more common in the heparin group. The com
posite of death, recurrent AMI, cardiogenic shock or congestive heart failure, 
revascularisation, and recurrent ischemia at 30 days occurred in 37.5% 
of heparin, 32% of low-dose, and 25.5% of high-dose argatroban patients 
(p = 0.23). The results obtained in these two studies using a small-molecule 
direct thrombin inhibitor look promising and warrant further, larger trials. 

6. Efegatran 

In the randomized dose-finding ESCALAT study, comprising 245 patients 
with AMI of <12h duration, 4 different doses of efegatran, a small-molecule 
direct thrombin inhibitor in combination with SK (1.5 Mio U) were compared 
with heparin and front-loaded tPA. The combination of efegatran plus SK was 
less effective than that of heparin plus tPA in achieving early patency. Death 
and major bleeding, although not significant, occurred more frequently in the 
efegatran group (FUNG et al. 1999). 

II. Antiplatelet Agents 

1. Aspirin 

Aspirin is a partial inhibitor of platelet activation, able to block 
cyclooxygenase-dependent agonists such as ADP, collagen, epinephrine, and 
serotonin, though not fully able to block agonists which act independently of 
the cyclooxygenase pathway such as thrombin, thromboxane, and platelet acti
vating factor (reviewed by AWTRY and LOSCALZO 2000). Some patients, 
however, are resistant to the action of aspirin due to a mutation in the 
cyclooxygenase gene (SCHMID et al. 1962; FUNK et al. 1991). 

Although a dose as low as 30mg/day may be all that is needed (THE DUTCH 
TIA TRIAL GROUP 1991), it is currently recommended to give 162.5-325mg of 
aspirin immediately with thrombolysis, and daily thereafter (CAIRNS et al. 
1995). This recommendation derives mainly from the ISIS-2 study. Patients 
randomized to SK or aspirin had similar 23% and 25% reductions in 5 week 
mortality (p < 0.0001). Combined therapy led to a 42% reduction in 5-week 
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mortality and a 50% reduction in reinfarction. This benefit persisted at 15 
months and 10 years follow-up [THE ISIS-2 (SECOND INTERNATIONAL STUDY OF 
INFARCT SURVIVAL] COLLABORATIVE GROUP 1988; BAIGENT et a1. 1998). 

A meta-analysis by Roux et a1. (1992) of 32 trials, including 4930 patients 
treated with either tPA or SK, showed that aspirin reduces angiographic 
reocclusion from 25% to 11 %, and recurrent ischemia from 41 % to 25%. 

2. Glycoprotein IIb/IIIa Antagonists 

GP IIblIIla platelet membrane receptor antagonists completely abolish 
platelet aggregation at a dosage resulting in more than 80% binding (COLLER 
1995). This has led to the development of a host of compounds which 
interfere with the binding of fibrinogen and of other ligands to the platelet 
membrane integrin receptor IIblIIIa. The first compounds used in clinical 
trials is the humanized monoclonal mouse antibody c7E3 (abciximab, ReoPro) 
directed against the activated form of GP IIblIIla (JANG et a1. 1994, 
reviewed by FAULDS and SORKIN 1994). Other compounds inhibiting platelet 
aggregation are peptides comprising an RGD (Arg-Gly-Asp)-sequence or 
a KDG (Lys-Gly-Asp )-sequence which bind with high affinity to GP IIblIIIa, 
such as eptifibatide (Integrilin, a cyclic heptapeptide). Another approach 
has been to mimic the charge and spatial conformation of the RGD sequence 
via engineered synthetic and semisynthetic compounds. Examples of such 
peptidomimetic intravenously used compounds are tirofiban (Aggrastat), 
lamifiban (Ro-44-9883) and fradafiban (BIBU 52ZW). Orally adminis
tered small molecules have also been developed such as xemilofiban (SC-
54684A), sibrafiban (Ro-48-3657), lefradafiban (BIBU-I04xx), lotrafiban 
(SB-214857), orbafiban (SC-57099B) and roxifiban (DMP-754) (reviewed 
by MADAN et a1. 1998 and VERSTRAETE 2000). Most of these drugs have been 
initially used for the treatment of unstable angina and non-Q-wave 
myocardial infarction and in conjunction with PTCA or stent implantation 
where they have shown good efficacy in the prevention of later coronary 
events (recently reviewed by RONNER et a1. 1998a; KONG et a1. 1998; ADGEY 
1998; HARRINGTON 1999; KEREIAKES et a1. 2000; TCHENG 2000; KLEIMAN et a1. 
2000). Investigators have long feared to use these agents in conjunction 
with thrombolytic therapy because of their potential to produce intracranial 
hemorrhage. 

Only a few studies evaluated these agents with thrombolysis. The TAMI-
8 dose-ranging pilot trial evaluated 60 patients treated with tPA, heparin, and 
aspirin and 50 patients with escalating bolus injections of c7E3 at 3 h, 6 h, and 
15 h after tPA; 10 patients received placebo. A patent IRA occurred in 92 % 
of c7E3 treated patients, compared to 56% of control patients. Recurrent 
ischemia occurred in only 13% of c7E3 treated patients compared to 20% 
of controls. This benefit was achieved with a 25% risk of major bleeding 
compared to 50% in the control group predominantly during coronary artery 



Conjunctive Therapy to Reduce the Occurrence of Coronary Reocclusion 307 

bypass surgery (KLEIMAN et al. 1993). Two further studies have examined 
whether the adjunction of abciximab to thrombolysis in AMI patients allows 
reduction of the doses of the thrombolytic agent. 

In the TIMI 14 trial, 888 patients with ST elevation were randomized to 
receive: (1) an accelerated full dose of alteplase; (2) abciximab without a 
thrombolytic agent in the form of a bolus of 0.25 mg/kg, followed by an IV 
infusion of 0.125 .ug/kg/min for 12 h; (3) reduced doses of alteplase (20-65 mg) 
plus abciximab; (4) reduced doses of SK plus abciximab. TIMI 3 flow at 90 min 
was achieved in 57% of patients in group 1, in 32% in group 2, in 47%-77% 
in group 3, and in 17%-33% in group 4 (ANTMAN et al. 1999; DE LEMOS et al. 
2000). There was a fairly good consistency of results in the various subgroups 
analyzed (gender, age, diabetes, smokers). 

The SPEED/GUSTO-4 dose-ranging trial investigated the combination of 
abciximab with reteplase. Patients (n = 305) with ST elevation AMI were ran
domized into six treatment groups: (1) abciximab alone given in the same dose 
as in the TIMI 14 trial; (2) abciximab plus a 5 U bolus of reteplase; (3) abcix
imab plus a 7.5U bolus of reteplase; (4) abciximab plus a lOU bolus of 
reteplase; (5) abciximab plus 2 boluses of 5 U and 2.5 U of reteplase (30 min 
apart); (6) abciximab plus double bolus of 5 U of reteplase. TIMI grade 3 flow 
at 60 min was 28% in group 1,53% in group 2,46% in group 3,44% in group 
4,48% in group 5, and 63% in group 6. Respective corrected TIMI frame 
counts were 100, 40, 45, 44, 36, and 36. Hemorrhagic complications were 
not significantly increased with combination therapy (OHMAN et al. 1998; 
FERGUSON 1999). This trial continues and is the basis for a very large GUSTO-
4 study which plans to randomize approximately 16,000 patients to treatment 
with either abciximab plus low-dose reteplase and low-dose weight-adjusted 
heparin or full-dose reteplase plus standard heparin. The primary endpoint of 
this study will be mortality at 30 days. 

Three randomized pilot trials evaluated synthetic GP lIb/IlIa antagonists 
with tPA (integrilin in two trials, and lamifiban in the other). In the IMPACT
AMI trial, 180 patients with AMI were assigned to one of six integrilin doses 
or placebo. All patients received accelerated alteplase, aspirin, and IV heparin. 
TIMI grade 3 flow, 90min after start of therapy, was achieved in 66% of the 
49 patients who had received the highest integrilin doses, but in only 39% of 
the 52 patients receiving only alteplase and placebo. The incidence of bleed
ing was low in all groups (OHMAN et al. 1997). In the other integrilin study, 171 
patients with AMI all received 1.5 Mio U of SK and were randomized to four 
conjunctive therapy modes: placebo or integrilin 0.18mg/kg as a bolus fol
lowed by: (1) an IV infusion of 0.75.ug/kg per minute; (2) 1.33.ug/kg per 
minute; or (3) 2.0.ug/kg per minute. The highest dose was discontinued when 
an increased bleeding rate was observed. There were no intracranial hemor
rhages and the vast majority of occurrences of bleeding were from arterial 
puncture sites. Coronary angiography was performed 90min after the start of 
thrombolytic therapy. TIMI grade 3 flow was observed in 38% of patients in 
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those receiving only SK, and in 53%,44%, and 52% in the three integrilin 
groups respectively (RONNER et aI. 1998b). 

The PARADIGM trial was designed to assess the safety, pharmacody
namics, and effects on reperfusion of the GP lIb/IlIa inhibitor lamifiban when 
given with thrombolysis to 353 patients with AMI. Patients with ST segment 
elevation presenting within 12h of symptom onset who were treated with 
either tPA or SK were enrolled in this three-part phase II dose exploration 
study. In part A, all patients received lamifiban in an open-label, dose escala
tion scheme. Parts Band C were randomized, double-blind comparison of a 
bolus plus 24-h infusion of lamifiban vs placebo with patients randomized in 
a 2: 1 ratio. The goal was to identify a dose or doses of lamifiban that provided 
>85% ADP-induced platelet aggregation inhibition. Platelet aggregation was 
inhibited by lamifiban in a dose-dependent manner with the highest doses 
exceeding 85% ADP-induced platelet aggregation inhibition. There was more 
bleeding associated with lamifiban; major bleeding occurred in 3.0% of 
patients receiving lamifiban and in 1.7% of controls; transfusions were given 
in 16.i % lamifiban-treated vs 10.3% placebo treated patients. Lamifiban 
induced more rapid reperfusion (75% vs 62% in controls as measured by con
tinuous ECG parameters (HARRINGTON 1998). 

Heparin does not appear to be necessary when using abciximab for the 
reduction of arterial thrombosis assessed by platelet-deposition onto arterial 
media using the ex-vivo perfusion chamber in patients undergoing high-risk 
angioplasty with c7E3 (DANGAS et aI. 1998). The use of heparin with synthetic 
GP I1blIIIa inhibitors is currently being evaluated. Gp IIb/IIIa inhibitors may 
cause thrombocytopenia, probably through activation of platelets (PETER et aI. 
2000). 

3. Other Drugs Inhibiting Platelet Function 

In the AMISTAD trial, 236 patients with AMI were randomized to receive IV 
adenosine or placebo as conjunctive therapy in addition to tPA or SK. The 
primary endpoint was infarct size as assessed by SPECT-sestamibi at 6 days. 
Myocardial infarct size was significantly reduced in the adenosine group (33% 
relative reduction) (MAHAFFEY et aI. 1999). 

Clopidogrel, given at an initial dose of 75 mg in addition to t-PA in an 
open, non-randomized study, was well tolerated in 116 patients with AMI 
(BASSAND et al. 1999). No efficacy data were given in this study and it is ques
tionable whether prompt platelet inhibition was achieved with this small dose; 
effective inhibition of platelet aggregation with cIopidogrel within a few hours 
necessitates a loading dose of 300-375mg (BACHMANN et aI. 1996). 

Ridogrel resulted in no difference in patency at 7-14 days compared to 
aspirin in conjunction with SK, although recurrent ischemia was significantly 
reduced (13% vs 19%) (THE RAPT INVESTIGATORS 1994). 

Therapy with prostacycIin either alone or in conjunction with tPA had 
limited success due to unacceptable side effects (TOPOL et aI. 1989b). Pro-
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staglandin E1 decreased the time to reperfusion with SK but not with tPA 
(SHARMA et al. 1986). Another prostacyclin analogue, taprostene was not effec
tive with single chain urokinase (BAR et al. 1993). 

Other conjunctive therapy with drugs which do not have an effect on 
the hemostasis system, such as ,6-blockers, ACE-inhibitors, nitrates, calcium 
channel blockers, antioxidants, and magnesium is not discussed here. The 
reader is referred to some recent pUblications dealing with these agents (KIZER 
et al. 1999; MICHAELS et al. 1999; DI PASQUALE et al. 1999; RAGHU et al. 1999; 
GERSH 1999). 

4. Physical Conjunctive Therapy 

Numerous in vitro and animal studies have demonstrated that low-frequency 
ultrasound augments thrombolysis (reviewed by ATAR et al.1999). Ultrasound 
accelerates binding of tPA to crosslinked fibrin, increases binding affinity and 
the number of tPA-binding sites on crosslinked fibrin (SIDDIQI et al. 1998). In 
the ACUTE feasibility study intra coronary catheter-directed low-frequency 
ultrasound achieved TIMI grade 3 flow in 13 of 15 patients (87%) with AMI 
(ROSEN SCHEIN et al. 1997). 

In 24 dogs a thrombotic occlusion of the left anterior descending coronary 
artery was produced. After 60 min of occlusion tPA (l.4mg/kg) was given IV 
over 90min. In 12 dogs transcutaneous ultrasound (27 kHz) was applied over 
the chest. At 90min after the start of thrombolytic therapy the TIMI 3 and 
TIMI 2+3 flow rates were, respectively, 67% and 83% in the ultrasound group 
and 25 and 33% in the group receiving only tPA (p == 0.006). Pathological 
examination did not reveal injury secondary to ultrasound in the skin, soft 
tissues, heart or lungs (SIEGEL et al. 2000). It thus appears that noninvasive 
transthoracic ultrasound has substantial potential as a conjunctive means to 
improve coronary thrombolysis. 

E. Outlook 
Compared to the presently optimal treatment of AMI, using the accelerated 
tPA regime and conjunctive therapy with aspirin and heparin, further improve
ments of conjunctive treatment schemes are to be expected. These include low
molecular-weight heparins, more individualized doses of hirudin and hirulog 
(possibly by means of the ecarin clotting time), administered over longer 
periods of time, and combination therapy of Gp IIblIIIa receptor inhibitors 
with reduced doses of a newer thrombolytic agent. 
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A. Introduction 

Venous thromboembolism continues to be a major health problem, arising 
mainly as a complication of the immobilized hospital patient, but which also 
occurs in ambulant, otherwise healthy individuals. The incidences of deep vein 
thrombosis (DVT) and pulmonary embolism (PE) have been estimated in a 
number of epidemiological surveys dealing with a variety of data sources, all 
of which are probably gross underestimates of the true occurrence rates. Some 
years ago it was estimated, on the basis of hospital statistics in the United 
States in 1966, that the total number of diagnosed cases of PE was about 
106000 and the total number of diagnosed cases of DVT was about 182000 
(RUME et al. 1970). Thus according to this estimate there were about a quarter 
of a million patients diagnosed with DVT and/or PE in the United States in 
1966. A longitudinal study by COON et al. (1973), on the prevalence and inci
dence of venous thromboembolism in a Michigan community, provides addi
tional epidemiological information. Data derived from this community was 
extrapolated to the 1970 US. census figures to arrive at an estimate of 
the annual incidence of DVT in the US. of over 250000 cases. In addition, data 
from this study were used to estimate the prevalence of the postthrombotic 
sequellae in the US. population. The approximate frequency of stasis 
changes in the skin of the legs was 6-7 million persons, while about 500000 
have or have had leg ulcers. These figures for the prevalence of the post
thrombotic changes would represent a frequency of about 5% of the US. adult 
population. A more recent estimate of the magnitude of the PE problem was 
based upon the prevalence rate for fatal and non-fatal PE (SASAHARA and 
SHARMA 1988). It was estimated that approximately 3-4 patients/lOOO inpa
tients and about 15 patients/lOOO inpatients suffer fatal and non-fatal PE 
respectively, resulting in a total of about 150000 patients suffering fatal PE 
and about 600000 patients suffering non-fatal PE each year in the United 
States. 

PE is indeed a modern paradox - as great advances are being made in 
medicine, the incidence of the disease appears to be rising. This rising inci
dence appears to be due to the increasing numbers of older and sicker patients 
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who are hospitalized and subjected to longer periods of bed rest and more 
complex operations and procedures. 

The aetiology of PE is usually due to deep vein thrombi embolizing to the 
lungs although substances such as fat, tumor, amniotic fluid, air, foreign parti
cles, etc. may also embolize to the lungs in the appropriate clinical setting pro
ducing non-thrombotic PE. The majority of significant PE arise from thrombi 
in the popliteal, femoral, or iliac veins. Data from autopsies have shown that 
80% or more of patients with PE have associated DVT (SEVITI and 
GALLAGHER 1961). Hence, the selection of treatment for PE should also be 
optimal for the treatment of its DVT source. Other possible sources of venous 
thrombi include the inferior vena cava, the subclavian vein, the internal jugular 
vein, the cavernous sinuses of the skull, and the right atrium and ventricle 
(WOLFE and SABISTON 1980). 

Emboli, once released from the peripheral venous circulation, are dis
tributed to both lungs in approximately 65% of cases, to the right lung alone 
in 25%, and to the left in 10% (SASAHARA et al. 1973). The lower lobes are 
involved four times more frequently than the upper lobes. The majority of 
thromboemboli lodge in the larger or intermediate pulmonary arteries with 
35% or less reaching the smaller vessels. 

The mortality of undiagnosed, and therefore untreated, PE is relatively 
high, ranging from 18% to 35% (SIDDlQUE et al. 1996). However, once diag
nosis is made and the disease treated, there is a substantial reduction in mor
tality to about 8%-10% (SASAHARA et al. 1973; KASPER et al. 1997) Patients 
presenting with cardiogenic shock have a mortality of about 25% and those 
necessitating cardiopulmonary resuscitation of about 65 % (KASPER et al. 
1997). In the International Cooperative Pulmonary Embolism Registry 
(ICOPER) 2454 consecutive eligible patients with acute PE were registered 
from 62 hospitals in seven countries in Europe and North America. Overall 
crude mortality rate at 3 months was 17.4%. After exclusion of 61 patients in 
whom PE was first discovered at autopsy the 3-month mortality rate was 
15.3%. Forty-five percent of the deaths were ascribed to PE and 18% to under
lying cancer (GOLDHABER et al. 1999). On multiple regression analysis the fol
lowing predictive factors for death were identified (hazard ratio given in 
parentheses ): 

• systolic arterial hypotension (2.9) 
• congestive heart failure (2.4) 
• cancer (2.3) 
• tachypnea (2.0) 
• right ventricular hypokinesis on echocardiography (2.0) 
• chronic obstructive pulmonary disease (1.8) and 
• age over 70 years (1.6) 

This observation underscores the importance of early diagnosis and the insti
tution of early and aggressive therapy in reducing mortality. 
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B. Treatment with Thrombolytic Therapy 

In the long and continuing search for improved methods of treating pulmonary 
embolism, many modes of therapy have been developed. Thus, the clinician 
has several options available today and also bears the responsibility for select
ing an approach which should satisfy both short- and long-term treatment 
objectives. 

Short term objectives should include: (1) the prevention of thromboem
bolic propagation; (2) prevention of recurrent PE; and (3) the removal of throm
boemboli as completely as possible from the pulmonary vasculature. Long term 
objectives should include: (1) the prevention of recurrent PE; (2) prevention of 
chronic venous insufficiency; and (3) the prevention of chronic pulmonary 
hypertension. We believe both short- and long-term objectives can only be 
achieved with the use of thrombolytic therapy (SHARMA et al.1980, 1990). 

Two thrombolytic agents, streptokinase (SK) and urokinase (UK), 
have been available to the professional community for the treatment of PE 
since the late 1970s, and prior to that time they were used in venous throm
boembolism on an investigational basis. In 1990, tissue plasminogen activator 
(tPA) was approved by the Food and Drug Administration for the treatment 
ofPE. 

Streptokinase is a protein secreted by group C J3-hemolytic streptococci 
with fibrinolytic properties. It combines with plasminogen to become an acti
vator which then converts the remaining plasminogen into plasmin. UK is a 
natural fibrinolytic agent which was originally isolated from human urine, but 
is currently expressed by human kidney cells. Now it can also be made by 
genetic engineering, expressing it in a mouse hybridoma cell line (CREDO et 
al. 1997a), in E. Coli, yeast, and Chinese hamster ovary cells (see Chap. 4). The 
zymogen form of UK, pro-UK is also produced in these cells lines (CREDO et 
al. 1997b; see also Chap. 9). Tissue plasminogen activator is also made by 
genetic engineering, expressed in a Chinese hamster ovary cell line (see Chaps. 
2 and 8). 

The concept of thrombolytic agents actually dissolving existing clots, 
rather than merely preventing further clot development as with anticoagu
lants, has always been attractive to clinicians. As a result, two major coopera
tive clinical trials sponsored by the National Institutes of Health (NIH), 
comparing UK and SK with heparin therapy, were conducted. The Phase I 
Urokinase Pulmonary Embolism Trial (UPET) (SASAHARA et al. 1973) was 
designed to compare therapeutic efficacy between heparin and UK therapy 
and the Phase II trial (UROKINASE-STREPTOKINASE PULMONARY EMBOLISM TRIAL 
(USPET) 1974; SASAHARA et al. 1975) was designed to compare therapeutic 
efficacy among three thrombolytic regimens: 12 h UK, 24 h UK, and 24 h SK. 
The results from these trials established the efficacy of SK and UK in the treat
ment of PE. From the data of these two large trials, we can separate out clin
ical effects and benefits which are established from those which are possible, 
but not yet proven. 



328 A.A. SASAHARA and o.Y.R.K. SHARMA 

C. Established Clinical Effects of Thrombolytic Therapy 
I. Thrombolytic Agents Hasten Thromboembolic Resolution 

The evidence that confirms this benefit was primarily derived from the two 
multicenter trials sponsored by the NIH. In the UPET, 160 patients received 
a 12-h infusion of either UK or heparin, followed by heparin in both groups. 
Comparison of control and posttherapy pulmonary angiograms showed that 
significantly more lysis of pulmonary emboli occurred in the UK-treated 
patients than in those given heparin. A particularly striking finding was the 
extent of clot lysis in patients with large pulmonary emboli that occluded over 
35% of the pulmonary vasculature. 

Moreover, comparison of baseline and posttherapy perfusion lung scans 
showed greater reperfusion in the UK-treated patients than in the heparin 
group. Although, on the average, significant differences in reperfusion did not 
persist beyond the first few days, they were evident for approximately a week 
in patients with massive emboli. 

In a further objective assessment of drug efficacy, selected pressures in the 
right heart and pulmonary circulation were measured and compared. Of the 
eight evaluated measurements, six showed a greater improvement or more fre
quent return to normal in the UK-treated patients than in the heparin group. 
These improvements were in mean right atrial, right ventricular systolic and 
diastolic, and mean pulmonary artery (PA) pressures, as well as in total pul
monary vascular resistance (PVR) and systemic arterial oxygen tensions. 

Because of favorable results obtained in other countries with purified SK, 
which had not been available for testing in Phase I, a second trial was deemed 
necessary to compare the two fibrinolytic agents. This study, the USPET, or 
Phase II, randomly assigned 167 patients to three thrombolytic treatment 
groups. Details of the protocol were very similar to the Phase I study and the 
same types of efficacy assessments were carried out. 

II. Results of Pulmonary Angiography 

Figure 1 shows the mean changes in thromboembolic obstruction as assessed 
by pulmonary angiograms obtained before and 24 h after initiating therapy. In 
the three fibrinolytic treatment groups, the mean improvement indicating 
embolic resolution was essentially the same and also equivalent to the mean 
improvement with 12h UK therapy in the Phase I study. Equivalence of the 
12 h UK effects in Phases I and II is important because it permits pooling of 
data from the two trials. In this combined analysis, all three groups treated 
with fibrinolytic agents showed significantly greater clot resolution than the 
group treated with heparin. 

III. Results of Perfusion Lung Scans 

In the three fibrinolytic therapy groups in Phase II, the mean lung scan per
fusion defect before therapy was 33% of the total pulmonary perfusion. Fol-
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Fig.l. Angiographic assessment of the mean changes following therapy in the five 
groups of patients in the UPET and USPET trials (see text). Note the virtual identi
cal degrees of improvement in the lytic groups, all of which are superior to the heparin 
group. Reproduced from SASAHARA et al. (1975). 

lowing the therapy period, the mean degrees of resolution revealed in lung 
scans made from 24h to 30h after the start of treatment were 9.0% with 12h 
of UK, 11.6% with 24h of UK, 7% with 24h of SK, and 2.5% with 12h of 
heparin. In terms of percentages of the mean pretreatment lesion extent in the 
three groups, the improvements were 20%,29%,18%, and 6% respectively. 

The difference between the results with 24 h UK (29%) and 24 h SK (18%) 
almost achieved statistical significance (Fig. 2). All three fibrinolytic therapy 
groups showed significantly greater reperfusion than did the heparin group in 
the Phase I study. 

IV. Hemodynamic Observations 

Mean changes in four important pressure measurements 24 h after initiation 
of fibrinolytic therapy showed no consistent difference favoring one agent or 
regimen over another (Fig. 3). Patients treated for 24h with SK showed less 
reduction in PA pressure but a greater increase in cardiac output than the two 
UK groups. These changes, however, were minor. All three lytic therapy groups 
showed significantly greater hemodynamic improvement or more frequent 
return to normal than did the heparin group in Phase I. In massive PE, the 
degree of lowering of the pulmonary hypertension was significantly greater 
with UK than with SK (Fig. 4). 

Thus, from the two controlled trials it can be concluded that UK and SK 
conferred the following benefits within the first 24 h of therapy: 
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II: SCAN CHANGE: MASSIVE PE 
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Fig.2. Perfusion lung scan change in massive PE. The degree of reperfusion at 24 h in 
the 24 h UK group was significantly greater than the reperfusion in the 24 h SK group. 
The 12 hand 24 h UK groups were not significantly different, though there was a strong 
trend. Reproduced from SASAHARA et al. (1975). 

1. The induced fibrinolysis resulted in more rapid and extensive clot resolu
tion within the pulmonary vasculature as assessed by pulmonary angiogra
phy. Spontaneous lysis during heparin therapy was minimal. 

2. Clot dissolution resulted in greater reperfusion of the embolized lung as 
assessed by serial lung scans. The degree of reperfusion with heparin 
therapy was minimal. 

3. Lysis of obstructing emboli resulted in greater reductions in hemodynamic 
abnormalities and more frequent return to normal cardiopulmonary func
tion. Such changes were minimal with heparin therapy. 

4. Equivalent improvements in resolution of pulmonary embolism can be 
achieved with 12 or 24h of UK or 24h of SK, except in massive PE. 

v. Thrombolytic Therapy Removes Pulmonary Thromboemboli 
More Completely than Heparin Therapy 

Many patients who recover from acute PE do so without apparent sequelae. 
Their lung scans return to normal as do their pulmonary angiograms. In the 
Phase I study, approximately 85% of patients had either normal lung scans or 
minimal (less than 10%) residual scan defects one year after embolization. 
However, neither conventional pulmonary angiography nor perfusion lung 
scanning is a sensitive indicator of changes in the pulmonary microcirculation, 
which principally influences changes in PA pressures. 
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Fig.3. Mean hemodynamic changes in the heparin and three thrombolytic groups 
(12h UK, 24h UK, 24h SK). The grouping of the four treatment groups for each pres
sure measurement (right atrial mean, right ventricular systolic and end diastolic, and 
pulmonary arterial mean pressures) are as follows, left to right: heparin, 12 h UK, 24 h 
UK and 24h SK. Though minimal reductions in the abnormal pressures were noted in 
the heparin group, significant improvements occurred in the lytic groups. Reproduced 
from SASAHARA et al. (1975). 

il: PAm CHANGE: MASSIVE PE 

UK 12 UK 24 SK 24 
0 

0> -2 
r 
E -4 E 

w -6 
l!l z 
<t -8 UK 24} r 
0 SK 24 3./6 

-10 

-12 11.4 

Fig.4. Pulmonary arterial mean (PAm) pressure change in massive PE. The degree of 
lowering of PAm pressure was significantly greater in the 24h UK group compared to 
the 24 h SK group. The two UK groups were not significantly different. Reproduced 
from SASAHARA et al. (1975). 
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Angiograms, when correctly performed, permit visualization of third
order PA branches, whereas it is known that there are about 25 successively 
smaller orders of precapillary pulmonary vessels. Lung scans are also greatly 
limited by the relatively large threshold of resolution of detector-collimation 
systems. Although radioisotope macro aggregates become lodged in the micro
circulation, detection of individual aggregates and vessels is beyond the reso
lution limits of scanning systems. 

As an indirect substitute, we measured the pulmonary capillary blood 
volume (Ve) and the pulmonary diffusing capacity (Dca), which are sensitive 
indices of the integrity of the pulmonary microcirculation (SHARMA et al.1980). 
Patients from the Phase I and II trials, without prior or underlying cardiopul
monary disease, were selected for examination, so that any observed abnor
mality could be reasonably attributed to PE rather than other disorders. 
Studies of 40 such patients showed that the mean Ve and Deo were normal in 
patients treated with fibrinolytic agents, whereas they were low in the heparin 
group (Fig. 5). These differences, persisted for up to one year after therapy. 

VI. Thrombolytic Agents Hasten Dissolution of Thrombi in the 
Venous System of the Legs 

Rapid lysis of thrombi in the deep venous system tends to preserve the 
anatomy and function of the venous valve cusps (KAKKAR 1973) whereas slow 
resolution with heparin therapy appears to distort and destroy venous valves. 
We therefore employed impedance plethysmography (IPG) to assess the res
olution of deep-vein thrombosis in most of the patients with PE treated at our 
center in the Phase I and II trials. IPG was performed daily for one week. Ini
tially, 16 patients, randomized to receive heparin and 16 to receive fibrinolytic 
therapy, had abnormal IPG tracings indicative of deep-vein obstruction in one 
or both limbs (SHARMA et al. 1977). After 24h of therapy, IPG showed that 
only 1 patient in the heparin group but 11 patients in the lytic group converted 
their tracings to normal, indicating clearing of the venous outflow block. 
During the ensuing week, tracings of 3 additional patients in the heparin group 
and 1 in the lytic group became normal, bringing the total to 4 of 16 (25%) in 
the heparin group and to 12 of 16 (75%) in the fibrinolytic group. It is worth 
noting that the vast majority of patients whose deep venous flow improved 
with lytic therapy showed improvement within 24h, whereas the change in the 
heparin group occurred much more slowly. 

VII. Thrombolytic Therapy Can Be Administered Safely 

The only important complication of lytic therapy is bleeding. In the Phase I 
study, overt bleeding or unexplained drops in hematocrit were frequently 
noted. Bleeding complications occurred in 27% of the heparin group and 44 % 
of the UK group. The majority of UK-treated patients who bled did so within 
24h of therapy. Thereafter, the frequency of bleeding appeared to be less than 
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Fig. S. Results of the pulmonary capillary blood volume (VC) measured in the heparin 
(H) and thrombolytic (1) treated groups, expressed as milliliter per square meter of 
body surface area. The left panel shows the results at 2 weeks and the right panel com
pares the I-year results with the 2-week results in each group. The open circles repre
sent mean values. There were significant differences in the normal pulmonary capillary 
blood volumes of the thrombolytic group compared with the abnormally reduced 
volumes in the heparin group at 2 weeks and at 1 year. Reproduced from SHARMA et 
al. (1980). 

in the heparin group. Moreover, the increased bleeding in patients receiving 
UK was related to cutdowns and arterial punctures. Spontaneous hemorrhage 
occurred with equal frequency in the heparin and UK groups. 

In the Phase II trial, bleeding occurred in 25% of the 12h UK group, 
31 % of the 24h UK group, and 22% of the 24h SK group. Careful analy
sis showed that from 39% to 72% of the patients who bled in the different 
groups did so from invaded sites such as arterial punctures, venous cut
downs in which angiographic catheters were left in place for at least 24h, 
and multiple venipunctures. Minimizing these invasive procedures sharply 
reduces the incidence of bleeding. This was demonstrated by BELL (1975) who 
reported that minimal bleeding occurred when invasive procedures were 
avoided. 
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In our own Phase I and II patients, 3 of 16 in the heparin group and 7 of 
16 in the lytic group showed more than a 5% drop in hematocrit. Of these, 
two of the three heparin-treated patients and six of the seven receiving lytic 
therapy developed oozing from venous cutdown sites. However, the amount 
of oozing was not significant enough to warrant blood replacement except in 
one patient in the lytic group. Thus transfusion was required in only 3% of all 
our study patients or 6% of the lytic therapy recipients. Our experience was 
typical of the results obtained in the multicenter trial, which indicated that 
most bleeding or oozing occurs at invaded sites and can usually be controlled 
by the application of pressure bandages. 

Another observed complication is fever. Mild temperature elevations 
of at least O.8°C occurred in 15% of patients receiving UK and 24% of those 
given SK. In the Phase I study, the mean temperature elevations in the 
heparin and UK groups proved to be identical. Allergic reactions such as 
rashes were infrequent, occurring in none of the 12h UK group, only 2% of 
the 24h UK group, and 6% of the SK group. No patient developed anaphy
lactic shock. 

D. Possible Unestablished Clinical Effects 
I. Thrombolytic Agents May Decrease Mortality from 

Pulmonary Embolism 

In the Phase I trial, seven patients died in the heparin group (9%) and six in 
the UK group (7%), resulting in an overall mortality of 8.1 %. In the Phase II 
study, the overall mortality was 8.3% - respectively 7% in the 12h UK group, 
9% in the 24h UK group, and 9% in the 24h SK group. None of these differ
ences was significant. However, neither trial was designed to detect a mortal
ity difference. 

However, if one examines the causes of death in the trials, some of the 
observations suggest that lytic therapy might be lifesaving in appropriate clin
ical situations. For instance, in the Phase I study, four and possibly five of seven 
deaths (57% to 71 %) in the heparin group resulted from shock, cardiac arrest, 
or heart failure attributable to PE compared with only one of six deaths (16%) 
in the fibrinolytic group. The majority of deaths in the lytic groups resulted 
from hemorrhages in clinical situations that we have now learned to avoid. It 
is possible that a trial limited to patients with massive PE might show a dif
ference in mortality. The early lysis of massive emboli should lead to earlier 
lowering of pulmonary hypertension, restoration of right ventricular function, 
and stabilization of cardiopulmonary status. In contrast, the slow and incom
plete lysis of thromboemboli with heparin therapy could unnecessarily 
prolong the hemodynamic abnormalities, leading to progressive deterioration 
and death. Analysis of mortality causes in the Phase I trial tends to support 
this hypothesis. 
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In a thoughtful analysis of Phase I results in patients with massive PE and 
shock, SAUTTER et al. (1972) cited the 80% mortality associated with pulmonary 
embolectomy in similar patients and the relatively low 18% mortality in those 
treated medically. They recommended institution of partial cardiopulmonary 
bypass to support such patients during administration of lytic therapy. It 
has been shown that pulmonary arterial pressure may be reduced as soon as 
90min after the start of fibrinolytic therapy. These observations and recom
mendations appear to support the concept that early institution of fibrinolytic 
therapy in patients with massive PE may be lifesaving. But a large-scale 
clinical trial, as recommended by Sautter, is required to secure convincing 
data. 

II. Thrombolytic Therapy Improves Long-term Hemodynamic Status 

In addition to the measurements of pulmonary capillary blood volume at 
2 weeks and at 1 year, we also made long-term observations of the hemody
namic status in 23 patients (thrombolysis 12 patients; heparin 11 patients) after 
5-10 years (SHARMA et al. 1990). The hemodynamic studies were carried out 
at rest and during exercise. After routine right heart catheterization with a 
thermodilution Swan-Ganz catheter and determination of PA pressures and 
cardiac output, the patients performed supine leg exercise on a bicycle 
ergonometer. A minimum duration of 3 min steady state exercise at a heart 
rate of at least 50% over the baseline was required before the hemodynamic 
measurements were made. All patients were male The two groups were 
matched for age, body surface area, and the severity of PE. The average period 
of follow-up was 7.3 years for the heparin group and 7.5 years for the throm
bolytic group. 

In the group randomized to heparin, these late posttherapy measurements 
of resting PA mean pressure and PVR did not change significantly from the 
abnormal, resting, immediate posttherapy values, measured 7.3 years earlier. 
In contrast, in the thrombolytic group, resting PA mean pressure and pul
monary vascular resistance were within normal limits in this late posttherapy 
measurement and not statistically significantly different from the immediate 
postthrombolysis values measured 7.5 years earlier. On exercise in the heparin 
group the PA mean pressure increased significantly more from its elevated 
resting value, while in the thrombolytic group there was no significant change 
from its normal baseline value. The PVR showed a similar pattern during exer
cise, increasing significantly from its abnormal elevated value in the heparin 
group, while showing little change within the normal limits in the thrombolytic 
group. 

Our studies, therefore, demonstrate that the more complete clot resolu
tion in the pulmonary vasculature brought about by thrombolytic agents has 
long-term implications in the improved hemodynamic status. However, 
the numbers were small in our series and confirmatory data from a larger 
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group will be required before these important observations can be accepted 
as established. 

E. New Thrombolytic Regimens 
More recently, there has been renewed interest shown in thrombolysis of pul
monary embolism by employing new and novel regimens of high dose/short 
duration therapy of several plasminogen activators. Since one of the major 
factors involved in the bleeding from thrombolytic therapy is duration of 
therapy, investigators have sought to design regimens that employed high 
doses over a short period of time to maximize efficacy and safety (DICKIE et 
al. 1974; PETITPRETZ et al. 1984; GOLDHABER et al. 1992; DIEHL et al. 1992). 

Another novel approach which seems to bridge the conventional and 
approved 24 h regimen of UK and the abbreviated and bolus regimens of 
tPA and UK is the bolus +12h low-dose intrapulmonary infusion of UK 
(GONZALEZ-JUANATEY et al. 1992). In 16 patients with PE, UK therapy 
was administered with a bolus dose of 500000IU, followed by a right atrial 
catheter infusion of 1 million IU over 12h (83333 IU/h). There was a mean 
improvement of the angiographic score of 57% when repeat angiography at 
48 h was compared with the control series, and significant (over 30% ) improve
ment in all of the hemodynamic parameters measured. All patients improved 
and only one patient sustained a significant bleed at the catheter insertion site. 
The investigators concluded that this new and novel regimen was useful in the 
safe and efficacious administration of UK. Another trial of importance was 
the UKEP Study which compared two dosages of UK in patients with massive 
PE: the standard 4400IU/kg and a reduced dosage of 2000IU + heparin (THE 
UKEP STUDY RESEARCH GROUP 1987). Equal efficacy was achieved with 
improved safety: only 4.5% of the patients exhibited severe bleeding compli
cations. UK also has been administered as intrapulmonary artery infusion 
in 26 patients with massive PE of whom 9 had contraindications to the use 
of thrombolytic therapy (recent surgical interventions). A loading dose of 
4000 U/kg given as a bolus, followed by 4000 U/kg for 12 to 24 h produced rapid 
and significant resolution of pulmonary emboli, as demonstrated by repeat 
pulmonary angiography. Intracerebral hemorrhage was not observed and none 
of the patients with bleeding needed blood transfusions (MCCOTTER et al. 
1999). 

Table 1 lists trials performed with tPA. All of these studies are relatively 
small and do not permit one to determine whether the treatment with throm
bolytic agents results in a survival benefit. All trials have performed functional 
studies, most often pulmonary angiography, lung scans, and other functional 
tests before and after the administration of placebo, heparin, tPA, UK, or SK. 
The studies can be summarized as follows: 

1. When comparing tPA with placebo or heparin alone, there was a much 
more rapid improvement of the Miller index by pulmonary angiography 
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during the first 1-4h. Differences in angiographic scores tended to disap
pear subsequently. 

2. When comparing i.v. administration vs infusion of the tPA directly into 
the pulmonary artery there was no difference in efficacy or complications 
(VERSTRAETE et al. 1988). 

3. Dosage regimens of 100mg of tPA over 2h resulted in a more rapid recanal
ization of the pulmonary vasculature than those administering the same 
dose over longer time periods, e.g., 6h. 

4. There appears to be no statistically significant difference in efficacy 
between the three thrombolytic agents tPA, UK, and SK if these are given 
in high doses over a short time period. 

5. Bleeding complications occur in a substantial number of patients and 
intracerebral hemorrhage was encountered in about 1.4-1.9% of patients 
treated with tPA (KANTER et al. 1997; DALEN et al. 1997). This incidence is 
higher than that encountered in the thrombolytic treatment of acute 
myocardial infarction. 

6. In patients over 75 years of age the extent of improvement of pulmonary 
circulation and the incidence of bleeding complications was identical to that 
in patients less than 75 years old in the trial of GISSELBRECHT et al. (1996). 
However other investigators, analyzing the database of 5 studies compris
ing 312 patients arrived at the conclusion that patients over the age of 70 
had a fourfold higher risk of bleeding complications than patients under 
the age of 50 (MIKKOLA et al. 1997). The study of GULBA et al. (1994) com
pared thrombolytic therapy and embolectomy in patients with massive pul
monary embolism and shock in an open trial. In general, patients who could 
not be promptly operated on got thrombolysis. Mortality in embolec
tomized patients in this study was remarkably low at 23%, but not signifi
cantly different from that of the thrombolyzed patients (33%). 

Our belief currently is that thrombolytic therapy has significant benefits 
for patients with PE. The selection of an agent at this time is probably less 
important than making the decision to employ thrombolytic therapy in 
patients with "significant" PE. The recent studies offering different regimens 
are important in that the designs incorporate the principle of high dose/short 
duration therapy to achieve efficacy with maximal safety. Significant emboli 
previously indicated the involvement of several segmental defects on lung 
scan or three segmental pulmonary arteries on angiography, indicating that 
approximately 20%-25% of the lung vascular volume was compromised by 
the PE. 

A more recent procedure to assess the overall hemodynamic impact of 
PE is echocardiography (COVARRUBIAS et al.1977; STECKLEY et al. 1978; SHIlNA 
et al. 1980; KASPER et al. 1986; COME et al. 1987). As the size of the embolic 
process increases, more alterations in normal right ventricular hemodynamics 
take place, e.g., right ventricular (RV) enlargement, left ventricular compres
sion, RV wall hypokinesis in the absence of RV hypertrophy, and varying 
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degrees of tricuspid regurgitation. Because of the correlation between RV 
hemodynamics and echocardiographic changes, the echo cardiogram is capable 
of detecting the patient with hemodynamically significant PE. These patients, 
in the absence of any contraindication to thrombolytic therapy, may be the 
optimal candidates for thrombolytic therapy (GOLDHABER 1998). Two recently 
published registries demonstrate that echo cardiography has become a widely 
applied procedure in the decision making process regarding whether to use 
thrombolytic agents or not. In the leOPER registry of 2454 patients with PE 
from 52 hospitals in 7 countries, 84 % underwent perfusion lung scanning and 
19% had pulmonary angiography. Of the 47% patients on whom echocardio
graphy was performed, 40% had right ventricular hypokinesis. In this registry 
13% of patients were given thrombolytic therapy (GOLD HABER et al. 1997). In 
the German MAP PET registry 1001 patients with major PE from 204 centers 
were enrolled. Inclusion criteria included acute right heart failure and/or pul
monary hypertension. In this more severely affected patient population, two
dimensional and Doppler echocardiography was performed in 74% of 
patients, lung scans in 57%, right heart catheterization in 26%, and pulmonary 
angiography in 18%. Overall, the number of diagnostic studies decreased with 
increasing severity of the hemodynamic status of the patients (KASPER et al. 
1997). In a substudy, including only 719 hemodynamically stable patients (i.e., 
without evidence of cardiogenic shock) primary thrombolytic treatment was 
given to 169 patients (23.5%), whereas the remaining 550 patients were ini
tially treated with heparin alone. Overall 30-day mortality was significantly 
lowered in the patients who received thrombolytic treatment (4.7% vs 11.1 %; 
p = 0.0.016). Recurrent PE was also much less frequent but bleeding was more 
common (see Table 2). Multiple logistic regression analysis revealed that the 
reduction of 30-day mortality associated with primary thrombolysis remained 
evident after adjustment for the influence of other relevant clinical charac
teristics at presentation (age, arterial hypotension, etc.) with an observed risk 
of 0.46 (confidence interval 0.21-1.00; p = 0.05) (KONSTANTINIDES et al. 1997). 

Table2. Adverse in-hospital events in the MAP PET registry 

Event 

All deaths 
FromPE 
From underlying disease 
From complications of 

diagnostic or therapeutic 
procedures 

Recurrent PE 
Major bleeding 
Cerebral 
Other sites 

Primary 
thrombolysis 
(n = 169) 

8 (4.7) 
7 (4.1) 
o 
1 (0.6) 

13 (7.7) 
37 (21.9) 
2 (1.2) 

35 (20.7) 

Reproduced from KONSTANTINIDES et al. (1997). 

Initial heparin alone 
(n = 550) 

61 (11.1) 
58 (10.5) 

1 (0.2) 
1 (0.2) 

103 (18.7) 
43 (7.8) 

2 (0.4) 
41 (7.5) 

p 

0.016 

<0.001 
<0.001 
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F. Surgical Therapy 
Aside from pulmonary embolectomy, the surgical techniques employed in pul
monary embolism are for the purpose of preventing recurrent episodes. 
Because more than 90% of thrombi originate in the lower extremities, surgi
cal maneuvers have been directed toward interruption of the inferior vena 
cava. As such, the following indications can be recommended for interruption: 

1. Contraindications to anticoagulation 
2. Recurrence during adequate anticoagulation 
3. Septic pelvic thrombophlebitis with emboli 
4. Recurrent pulmonary emboli 
5. Pulmonary embolectomy 

The majority of patients requiring surgical venous interruption are those in 
whom some contraindication to anticoagulation exists. These include severe 
systemic hypertension associated with grade III or IV hypertensive retinopathy, 
presence of an actively bleeding lesion in the gastrointestinal or genitourinary 
tract (symptomatic lesions without active bleeding are considered relative con
traindications), craniotomy or cerebrovascular accident within the prior 4-6 
months, or evidence of a lesion known or suspected to be associated with 
intracranial hemorrhage, including cerebral neoplasms, presence of an uncon
trolled hypocoagulable state, including coagulation factor deficiencies, platelet 
abnormalities or other spontaneous hemorrhagic or purpuric phenomena, and 
severe renal or hepatic insufficiency. Relative contraindications to anticoagula
tion must be considered on an individual patient basis, weighing the risk and 
impact of bleeding against the morbidity of surgical venous interruptions. 

The recognition of true recurrence during the acute phase of pulmonary 
embolism is a difficult clinical problem that cannot be resolved without the 
aid of lung scanning or pulmonary angiography. Only by angiography can the 
distinction between recurrent pulmonary embolism and fragmentation 
and distal migration of the original clot be answered with any assurance 
(SASAHARA and BARSAMIAN 1973; SASAHARA 1975). The importance of this dis
tinction has considerable bearing on the therapy. Adequate anticoagulation 
implies the intravenous administration of heparin in adequate doses to achieve 
and maintain therapeutic levels. Should true recurrence occur during this 
period, the patient may be considered a "heparin-failure" and caval interrup
tion can be subsequently performed. The fragmentation and distal migration 
process, on the other hand, requires only continuation of the heparin. In con
trast, thrombolytic therapy can be continued for both recurrence and frag
mentation with distal migration. 

If recurrence develops during well-controlled orally administered antico
agulation therapy in the recovery period, or during long-term anticoagulation, 
reanticoagulation is recommended. Subsequently, several courses are available, 
depending on a number of factors: cardiopulmonary status of the patient, mag
nitude of reembolism, assessment of deep veins in the legs, and nature of the 
predisposing event. If the underlying cardiopulmonary status is satisfactory, the 
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embolic episode sub massive (less than 35%-40% of total pulmonary vascula
ture affected), the deep veins minimally abnormal, and the predisposing event 
temporary (e.g., leg trauma), retreatment with intravenously administered 
heparin, following the same time-course sequence as in the initial event, may be 
carried out. However, if the underlying cardiopulmonary status is unstable, the 
reembolic episode massive, the deep veins grossly abnormal, or the predispos
ing condition chronic (e.g., recurrent heart failure), caval interruption is recom
mended. Assessment of patency of deep veins in the legs is best performed by 
ascending phlebography or alternatively by one of the non-invasive methods, 
e.g., electrical impedance plethysmography (SASAHARA et al. 1967; WHEELER et 
al. 1971) or duplex scanning, and is extremely helpful in this decision process. If 
a sizable clot in the deep vein is seen, with the proximal end "free floating", or 
if the non-invasive study indicates deep venous obstruction, it can be assumed 
that the patient is still at risk of sustaining recurrent pulmonary embolism. 

Although interrupting the inferior vena cava will prevent further em
bolization in the acute period, recurrences can occur (GUREWICH et al. 1966; 
DECOUSUS et al. 1998). Decousus and his team studied 400 patients with prox
imal deep vein thrombosis, who were at risk for PE and randomized to receive 
a vena caval filter or no filter. There was an initial small clinical benefit of filters 
in preventing recurrent PE, but it was counterbalanced by an excess (20.8% 
vs 11.6%) of recurrent deep vein thrombosis without difference in mortality 
at two years. The use of temporary vena cava filters has been advocated in 
patients at high risk for re-embolization, particularly during thrombolysis, but 
whose clinical underlying condition is reversible (ZWAAN et al. 1998). In a 
recent report of a multicenter registry of 188 patients the main indication for 
temporary filter insertion was indeed thrombolytic therapy (in 53% of 
patients). Average filter time was 5.4 days. Four patients (2.1 %) died of PE 
despite filter protection. Major filter problems were filter thrombosis (16%) 
and filter dislocation (4.8%) (LORCH et al. 2000). 

Pulmonary embolectomy, a dramatic and heroic procedure, is now being 
performed in fewer patients with pulmonary embolism. The procedure should 
be performed with cardiopulmonary bypass in patients with angiographically 
confirmed massive embolism with shock who do not respond to vigorous 
medical therapy and who, without mechanical removal of the embolism, would 
probably die (SAUTTER et al. 1975; CROSS and MOWLEM 1967). The mortality 
ranges between 30% and 100% in different series, but in the infrequent appro
priate clinical situation it may be lifesaving (SASAHARA and BARSAMIAN 1973; 
GULBA et al. 1994). 

More recently catheter thrombectomy has been introduced as an 
option for the treatment of high-risk PE (BRADY et al. 1991; GREENFIELD et al. 
1993; KONING et al. 1997). The current status of percutaneous mechanical 
thrombectomy has been recently reviewed by SHARAFUDDIN and HICKS (1997, 
1998a,b). In one study percutaneous catheter and guidewire fragmentation 
together with local infusion of tPA in 4 patients with massive PE produced 
excellent results (MURPHY et al. 1999). 
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G. Adjunctive Therapy 
Since most patients with clinically detectable pulmonary embolism will have 
some degree of hypoxemia, oxygen therapy is an important adjunct. Though 
cyanosis may be noted only in the very ill, arterial oxygen tension will 
invariably be reduced. Regardless of the mechanism of hypoxemia in the indi
vidual patient (venous admixture, ventilation-perfusion reduction, or diffusion 
defect), the administration of oxygen will relieve or diminish the symptoms 
of hypoxemia in many patients (SASAHARA et al. 1967). Since hypoventilation 
is rarely a cause of hypoxemia in pulmonary embolism, oxygen may be 
administered comfortably by nasal catheter without fear of suppressing 
ventilation. 

In patients who sustain major to massive pulmonary embolism, cardiac 
failure is frequently observed, particularly when there is pre-existing car
diopulmonary disease. The cardiac index may fall below 2.0 IImin per m2 

(McINTYRE and SASAHARA 1972). In such circumstances, the administration of 
an isoproterenol hydrochloride drip (2-4mg/500ml of 5% dextrose in water) 
is helpful as a cardiotonic agent: it increases cardiac output and decreases pul
monary arterial pressure. In the event that hypotension is present and persists 
after isoproterenol administration, levarterenol bitartrate (2-6ml of 0.2% in 
500ml of 5% dextrose in water) can be administered. Occasionally, when the 
central venous pressure is low, administration of intravenous fluids may be 
helpful in restoring near-normal hemodynamics. Digitalis glycosides, intra
venously administered diuretics, and various antiarrhythmic agents should be 
used in the appropriate clinical situation in the usual dosages. In patients who 
complain of severe pleuritic pain or who exhibit apprehension, morphine 
sulfate, administered slowly and intravenously Img at a time (up to 5-10mg), 
may be useful. Apprehension is lessened and ventilation is frequently 
improved. Codeine sulfate (30-60mg) may be given for lesser pain. Since the 
great majority of patients who suffer acute pulmonary embolism have their 
site of thromboemboli in the deep veins of the legs, appropriate measures, such 
as leg elevation for symptomatic treatment should be instituted. 

List of Abbreviations 
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DVT 
ICOPER 
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NIH 
PA 
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pulmonary diffusing capacity 
deep venous thrombosis 
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MAnagement Strategy and Prognosis of Pulmonary Embolism 
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National Institutes Health (U.S.A.) 
pulmonary artery 
Plasminogen Activator Italian Multicenter Study 
pulmonary embolism 
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CHAPTER 13 

Deep Venous Thrombosis 

H. BOUNAMEAUX 

A. Introduction 
Thrombosis of the deep veins (DVT) impedes the blood return from the 
affected limb to the heart and destroys the venous valvular system. Standard 
treatment with heparin prevents thrombus extension and embolization to the 
lungs but does not significantly reduce the formed thrombus. It has been pro
posed that rapid and complete lysis of the thrombus would result in preser
vation or restoration of the anatomy and function of the deep veins. Because 
venous thromboembolism accounts for more than 300000 hospitalizations per 
year in the US (LANDEFELD and HANUS 1993) and because 400000-500000 
Americans suffer from chronic leg ulcers (COON 1977), many of them being 
secondary to previous DVT, effective and safe thrombolysis might have impor
tant public health implications. 

In 1980, a consensus report of the National Institutes of Health stated that 
"thrombolytic therapy represents a significant advance in the management of 
proximal acute deep-vein thrombosis, and ... with further developments 
aimed at improving its efficacy and reducing the bleeding risk, this form of 
therapy could become the initial treatment for all forms of acute deep-vein 
thrombosis" (NATIONAL INSTITUTE OF HEALTH CONSENSUS DEVELOPMENT CON
FERENCE 1980). Nonetheless, 20 years later, thrombolysis has not gained wide
spread acceptance in the treatment of acute DVT of the lower limbs. 
Moreover, therapeutic regimens are far from established in this indication in 
most countries and we still ignore whether the potential late benefit of obvi
ating the disastrous postthrombotic syndrome (PTS) compensates the imme
diate risk of severe hemorrhagic complications. 

This review summarizes the presently available data on immediate and 
late effects of thrombolytic treatment of DVT and tries to assess objectively 
its benefit-to-risk balance in this indication. 

B. Treatment Regimens 
Several treatment schemes have been used (DUCKERT 1984). In most trials, 
streptokinase (SK) has been given with an initial loading dose of 250000U 
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followed by an infusion of 100000 U/h for several days. In Germany, the so
called ultra-high SK (l.S-9MU over 4-6h daily for a few days) has also been 
used. In a few reports, urokinase (UK) has been administered with a loading 
dose of 2S0000U to 1 MU over 20 min followed by an infusion of 1-3MU per 
day for several days (GOLDHABER et al. 1994, 1996; MorA et al. 1994). Treat
ment schemes using tissue-type plasminogen activator (tPA) have not been 
established yet. A dose ranging study revealed that treatment with an initial 
dose of approximately O.Smg/kg of tPA administered over 2h, followed by a 
maintenance infusion of 0.06 mg/kg/h for an additional 4 h or 22 h was not very 
effective, whereas a maintenance infusion over 33 h resulted in significant lysis 
but also in unacceptable bleeding complications (MARDER et al. 1992). In the 
largest trial published so far a dose of O.OS mg/kg/h for 24 h has been used 
(GOLDHABER et al.1990) but alternative schemes have also been tested, includ
ing lower-dose infusions prolonged for 7 days (BOUNAMEAUX et al. 1992a) or 
repeated short infusions over 2 days (VERHAEGHE et al. 1989; TURPIE et al. 
1990). 

c. Immediate Effects of Thrombolytic Therapy of DVT: 
The Definite Risk 

Acute symptoms and signs of DVT include leg swelling and pain which are 
diminished by bed rest and elastic bandages, and pulmonary embolism which 
can be prevented by anticoagulants. Thrombolytic treatment does not signifi
cantly modify these symptoms and signs. On the other hand, there is no evi
dence that lysis of leg thrombi would result in more pulmonary emboli, as 
some clinicians fear. Thus, the immediate effect of thrombolysis is restricted 
to more rapid and more extensive dissolution of the thrombi in the leg veins, 
as demonstrated in several randomized trials, most of them comparing heparin 
with SK or, in more recent reports, with recombinant tissue-type plasminogen 
activator (tPA) (Table 1). In a pooled analysis, GOLD HABER et al. (1984) cal
culated that significant thrombolysis on venogram was achieved 3.7 times 
(9S% confidence intervaI2.S-S.7) more often among patients treated with SK 
than among patients treated with heparin. However, definition of significant 
venographic improvement is poorly standardized and does not necessarily cor
relate with clinical outcome. Moreover, substantial differences exist between 
venographic assessments when they are performed by the investigator or by 
a central review panel, local assessment being significantly more optimistic 
than central judgment (BOUNAMEAUX et al. 1992b). Thus, more recent studies 
with the novel thrombolytic agent tPA, which have been performed according 
to better defined methodological standards, are more likely to reflect the 
reality than studies performed up to the early 1980s in which evaluation of 
venograms was often not performed in a centralized, blinded fashion. 

In summary, despite their heterogeneity, regarding the dose regimen or 
the thrombolytic agent used (DUCKERT 1984), the vast majority of these trials 
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Table 1. Immediate results of thrombolysis in DVT: efficacy data" 

First Author and Year n Agent Duration Assessment Result 

ROBERTSON (1967) 20 SK 12h Venogram SK not better 
ROBERTSON (1968) 16 SK 24h Venogram SK better 
KAKKAR (1969) 20 SK >120h Venogram, clinical, SK better 

FUT 
ROBERTSON (1970) 16 SK 72h Venogram SK better 
TSAPOGAS (1973) 34 SK 48-72h Venogram, clinical SK better 
PORTER (1975) 49 SK 72h Venogram SK better 
BIEGER (1976) 10 SK 72h Venogram, venous SK better 

pressure 
SEAMAN (1976) 50 SK 72h Venogram SK better 
MARDER (1987) 24 SK 72h Venogram SK better 
ARNESEN (1978) 42 SK 4 days Venogram SK better 
ELLIOT (1979b) 51 SK 72h Venogram, clinical SK better 
VERHAEGHE (1989) 21 tPA 8h (2x) Venogram tPA not better 
GOLDHABER (1990) 67 tPA 24h Venogram tPA better 
TURPIE (1990) 83 tPA 8h (2x) Venogram tPA not better 
GOLDHABER (1996) 17 UK 30 min Venogram, MRI, UK not better 

(3x) Doppler 

SK streptokinase; tPA recombinant tissue-type plasminogen activator; UK urokinase; 
FUT fibrinogen uptake test; MRI magnetic resonance imaging. 
a Restricted to randomized, controlled studies comparing heparin with the thrombolytic 
agent (with or without concomitant heparin). 

suggests a superiority of the lytic agent over heparin with respect to diminu
tion of venographic thrombus size. 

This effect, however, is achieved at the cost of a serious risk of bleeding 
(Table 2). In his pooled analysis, GOLDHABER et a1. (1984) observed a statisti
cally significant 2.9-fold increase of the frequency of major bleeding (95 % con
fidence interval 1.1-8.1) among SK-treated patients compared with those 
treated with heparin. Since a five-day course of heparin is associated with a 
major bleeding risk of about 5%, serious hemorrhagic complications can be 
anticipated in about one fifth of patients receiving SK. In the largest case series 
published, JACOBSEN (1989) reported a fatality rate of 7/1200 DVT patients 
treated with SK (0.6%), which differs probably not much from the mortality 
of DVT itself. 

The hemorrhagic risk associated with the use of tPA does not seem to be 
clearly lower, with 8 individuals out of 25 tPA-treated patients experiencing 
major bleeding in the study of VERHAEGHE et a1. (1989), 2/43 in the trial of 
GOLD HABER et a1. (1990),2/41 in that of TURPIE et a1. (1990) and 5/32 in the 
European co-operative study that compared two tPA dose regimens, all 
hemorrhagic events occurring in the group allocated to the dose regimen of 
0.5mg/kg per 24h over 7 days (BOUNAMEAUX et a1. 1992a). 

Although the type of plasminogen activator, the duration of infusion, the 
doses administered, and the use of concomitant heparin may playa role in the 



352 H.BoUNAMEAUX 

Table2. Immediate results of thrombolysis in DVT: safety dataa 

First Author and Year n Agent Duration Major bleeding 

Thrombolysis Heparin 
n (%) n (%) 

ROBERTSON (1968) 16 SK 24h 3/8 (38) 1/8 (12) 
PORTER (1975) 49 SK 72h 4/24 (17) 1/26 (4) 
ARNESEN (1978) 42 SK 4 days 3/21 (14) 3/21 (14) 
ELLIOT (1979b) 51 SK 72h 2/25 (8) 0/25 (0) 
VERHAEGHE (1989) 21 tPA 8h (2x) 8/25 (32) 0/7 (0) 
GOLDHABER (1990) 67 tPA 24h 1/53 (2) 0112 (0) 
TURPIE (1990) 83 tPA 8h (2x) 3/41 (7) 1/42 (2) 
BOUNAMEAUX (1992a)b 32 tPA 7 days 5/17 (29) 0/15 (0) 
GOLDHABER (1996) 17 UK 30min (3x) 0/8 (0) 1/9 (11) 

a Restricted to randomized, controlled studies comparing heparin with the thrombolytic 
agent (with or without concomitant heparin). 
bIn that trial, very low doses of tPA were given in the comparative group. 

occurrence of severe bleeding under thrombolytic therapy in DVT patients, it 
is obvious that all treatment schemes are associated with a definite increase 
of major hemorrhages compared with heparin. Interestingly, LEVINE et al. 
(1995) noted that there is a higher rate of bleeding associated with throm
bolytic therapy in patients with DVT compared with myocardial infarction, 
probably due to the more prolonged treatment duration and presence of 
underlying diseases. 

D. Late Effects of Thrombolytic Therapy of DVT: 
The Potential Benefit 

Since immediate (and usually only partial) reduction of thrombus size cannot 
be a therapeutic goal in itself, long term follow-up studies are necessary to 
assess the efficacy of thrombolytic treatment on the occurrence of the late PTS 
and of its extreme manifestation, the chronic venous leg ulcer. Unfortunately, 
most of these studies lack a sufficient sample size or follow-up duration, lost 
a considerable proportion of patients, and rely often on venographic data 
rather than clinical evaluation (Table 3). In a comprehensive literature review, 
ROGERS and LUTCHER (1990) included results of non-randomized trials, which 
resulted in a more clear-cut advantage of thrombolytic treatment over heparin 
with respect to the presence of a normal venogram at follow-up (28/57 vs 2/56) 
and a normal valvular function (25/61 vs 8/53), but again without convincing 
clinical data. 

Thus, the few available randomized controlled studies and several uncon
trolled trials suggest that a normal venogram at follow-up is more likely to 
occur in thrombolysed patients than in heparin-treated patients. On the other 
hand, a normal venogram at long-term follow-up seems to correlate with the 
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Table3. Long-term follow-up, randomized studies following thrombolytic treatment of 
DVT 

First Author and n n FU Postthrombotic Normal 
Year (FU) syndrome venogram 

T H T H 

KAKKAR (1969) 20 15 6-12 months ND ND 417 117 
ROBERTSON (1970) 16 7 9-12 years 2/4 2/3 0/1 0/3 
BIEGER (1976) 10 10 3-4 months 2/5 3/5 5/5 1/5 
COMMON (1976)a 50 27 7 months ND ND 6/15 1112 
ELLIOT (1979b) 51 47 3 months 10/26 ND 11/20 ND 
JOHANSSON (1979)b 16 5 12-14 years 3/3 2/2 0/3 0/2 
ARNESEN (1982) 42 35 6.5 years 7/17 12/18 7117 0/18 

All studies are with SK. 
FU, follow-up; T, thrombolysis group; H, heparin group; ND, no data. 
a Follow-up of patients initially reported by SEAMAN et al. (1976). 
bLong-term follow-up of the patients initially reported by ROBERTSON et al. (1967). 

absence of clinically overt PTS but there are too few patients to achieve sta
tistical significance. 

Additional interesting data are available from a non-randomized series of 
223 patients with venographically proven DVT who were followed-up over 
13 years (EICHLISBERGER et al. 1994). Among these patients, 144 were treated 
with lytic agents. Immediate substantial venographic improvement was 
observed in 100 patients vs none among the 79 heparin-treated patients. Thir
teen years later, PTS and leg ulcers were present in 29% and 6% respectively 
of these patients. In those without initial venographic improvement, compris
ing 44 thrombolysed and 79 heparin-treated patients, the corresponding 
figures were 39% and 9.8% respectively (n.s.). 

In summary, clinical trials so far failed to provide convincing evidence that 
thrombolytic therapy significantly reduces the frequency of the PTS several 
years after an acute proximal DVT. 

E. The Benefit-to-Risk Balance 
Thrombolysis in DVT is associated with a definite, immediate bleeding risk 
and a potential, long-term benefit in terms of risk reduction of developing PTS. 
Using basically the data presented in the previous section of this review, 
O'MEARA et al. (1994) constructed a decision-analysis model that assumed a 
threefold increase of major bleeding risk and a 50% reduction of PTS, the 
latter clearly favoring thrombolytic therapy. This model predicted that in a 
cohort of 10000 patients treated for DVT, there would be 70 cerebral bleed
ings (39 being lethal) more in the SK-treated patients along with a reduction 
of 496 severe and 4226 mild PTSs. 
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Interestingly, these authors studied the patients' preferences regarding 
these outcomes. Although only 36 patients were interviewed, the results are 
far from equivocal: all patients were willing to accept only very small risks of 
immediate death or stroke to avoid late PTS and this was also true for the 16 
individuals who suffered from this condition, thereby resulting in an advan
tage of heparin alone vs heparin plus SK treatment in proximal DVT. As com
pared with SK, heparin provided 29 days of additional life expectancy over 
the predicted life expectancy of 20 years. Although the difference between 
the two treatments was thus small, all meaningful sensitivity analyses did not 
modify the fact that heparin alone remained the preferred treatment. This kind 
of analysis underscores the importance of considering patients' values and 
preferences in making decisions about treatment. This is particularly true 
in a situation where risks and benefits of therapeutic options are not well 
established. 

F. How to Reduce the Risk and Improve the Benefit? 
I. Reducing Hemorrhagic Risk 

The decision analysis model described above (O'MEARA et al. 1994) that 
included patients' preferences and concluded as to the superiority of heparin 
alone over heparin plus SK for treating proximal DVT has an important 
implication if one aims at improving the benefit-to-risk ratio of thrombolytic 
therapy in that particular indication. Since patients are unwilling to accept 
risky treatments, it is probably more important to develop safer thrombolytic 
regimens or to select more carefully patients at lower risk of bleeding than to 
look primarily for more efficient treatments. 

Usual contra-indications to thrombolytic therapy are listed in Table 4. 
They should all be considered absolute in the setting of DVT. It has been estab-

Table4. Usual contra-indications to the use of thrombolytic agents 

Recent major surgery (within 2 weeks) 
Cerebrovascular accident (especially within 2 months) 
Neurosurgical intervention (within 2 months) 
Impairment of hemostasis 
Oral anticoagulant treatment 
Thrombocytopenia <50000 x 109/1 
Malignant hypertension 
Traumatic reanimation 
Recent gastro-intestinal bleeding 
Pregnancy 
Diabetic retinopathy 
Age> 75 years 
Puncture of a non-compressible artery (within 2 weeks) 
Streptokinase allergy" 
Administration of streptokinase or anistreplase in the preceding year" 

aConcerns only streptokinase and anistreplase. 
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lished by multivariate analysis in a series of 150 patients who had intracere
bral hemorrhage under thrombolysis and 294 matched controls that, age over 
65 years, body weight below 70 kg, hypertension at hospital admission, and 
administration of tPA, were independent risk predictors of intracranial bleed
ing (SIMOONS et al. 1993). Since these data were derived from a population of 
patients who received the thrombolytic agent because of acute myocardial 
infarction, they cannot be directly transferred to the setting of DVT but they 
provide some useful clues for evaluating a potential candidate to thrombolytic 
therapy, whatever the indication is. 

II. Improving Thrombolytic Efficacy 

Several dose regimens have been proposed that claim to be superior to others, 
like "ultrahigh dose SK" (1.5-3 MU/h or even more over 6h every day for 
2-5 days) which is largely used in Germany (THEISS et al. 1987) but no ran
domized, controlled study has ever been published to substantiate the claimed 
superiority. Regional perfusion with tPA in a prospective randomized trial of 
137 patients did not turn out to be superior to systemic administration of tPA 
(SCHWIEDER et al. 1995). 

Local, "catheter-directed" thrombolysis has also been said to produce 
greater venographic dissolution of acute and even chronic DVT but the 
data are restricted to non-randomized series lacking a sufficient follow-up 
(COMEROTA et al. 1994; BJARNASON et al. 1997; VERHAEGHE et al. 1997; HORNE 
et al. 2000). SEMBA and DAKE (1994) reported a 72 % rate of complete lysis 
among 25 patients with iliofemoral DVT who were treated locally with uroki
nase and BJARNASON et al. (1997) stated that in their collective of 77 patients 
the primary patency rate (i.e., no further intervention needed), one year after 
catheter-directed thrombolysis, was 63% in femoral DVT and 40% in iliac 
DVT. A recent report of the National Multicenter Registry analyses the results 
obtained with catheter-directed urokinase infusions in 287 patients with prox
imal symptomatic lower limb DVT. After thrombolysis 99 iliac and five 
femoral vein lesions were treated with stents. Complete lysis was achieved in 
31 %, grade II lysis (50-99% clot dissolution) in 52% and <50 % lysis in 17% 
of cases. At 1 year primary patency rate was 60% (MEWISSEN et al. 1999). The 
use of Wallstents, followed by balloon angioplasty to relieve inferior vena cava 
obstruction in patients with femoral arterio-venous grafts, was reported to pre
serve patency of the afflicted vessels (CHANG et al. 1998). 

Certainly, thrombus age is an important determinant of its sensitivity to 
lysis by plasminogen activators. Although thrombus age cannot be estimated 
accurately, there is some indication that it correlates with the duration of 
symptoms and most authors suggest that symptoms lasting more than 7 days 
are associated with an unacceptably low efficacy of thrombolytic agents. 

Two independent groups recently suggested that initial venographic 
appearance would predict the short-term response to thrombolytic therapy in 
DVT. Thus, MEYEROVITZ et al. (1992) showed that significant lysis (more than 
50%) of DVT by tPA was significantly more frequent in venous segments 
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involved with nonobstructive thrombi than in those with obstructive thrombi 
(12 of 23 vs 5 of 51, p < 0.005). THERY et al. (1992) reached similar conclusions 
in a prospective study of 174 patients in which 27 of 45 (60%) of patients with 
non occlusive clots were completely free of clots at the control venogram vs 17 
of 116 (14%) with occlusive clots (p < 0.001). In addition, among nonocclu
sive thrombi, proximal (caval, iliac, or femoral) ones were more easily lysed 
than more distal (popliteal) clots. From these data, it appears that patients with 
occlusive DVT should not be submitted to the risk of thrombolytic therapy 
because the chance of reaching a complete dissolution of thrombi is only 
10%-15%. However, non occlusive thrombi represent the minority of clots in 
the deep veins of the leg and the risk of developing PTS in that particular sub
population is unknown. 

G. Miscellaneous Venous Indications 
I. Phlegmasia Caerulea Dolens 

This rare condition of extensive leg thrombosis is characterized by an impaired 
microcirculation with gangrene of the extremity and is associated with a 50% 
risk of amputation and a 25% lethality. It is often considered as a possible indi
cation for thrombolytic therapy on the basis of case reports with favorable 
outcomes (ELLIOT et al. 1979a). However, patients with phlegmasia caerulea 
dolens suffer frequently from terminal cancer disease and the indication for 
aggressive therapy may not always be justified. 

II. Superior or Inferior Vena Cava Syndrome 

In a retrospective review of the experience of the Cleveland clinic, GRAY et al. 
(1991) reported complete clot lysis and relief of symptoms in 9/16 patients with 
superior vena cava syndrome under thrombolytic therapy. Three factors 
predicting success were the use of UK compared with SK, the presence of a 
central venous catheter, and a duration of symptoms of less than five days. The 
exact place of thrombolysis in inferior vena cava syndrome is not established. 

III. Deep Venous Thrombosis of the Upper Limbs 

Because subclavian or axillary vein thrombosis is rarely followed by late symp
toms and the course of the disease appears to be usually benign, an aggressive 
therapy that provokes major hemorrhage in 20% of patients will hardly find 
justification in that indication (ELLIS et al. 2000). 

IV. Venous Thromboses of Unusual Localization 

Unusual thromboses like vena mesenterica, portal or hepatic vein thrombo
sis, or thromboses secondary to paroxysmal nocturnal hemoglobinuria have 
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been proposed as potential targets for thrombolytic therapy (SHOLAR and 
BELL 1985). Since controlled, randomized trials will probably never be per
formed in such rare conditions, the decision to treat patients with thrombolytic 
agents will depend upon the severity and potential consequences attributed 
to the particular thrombotic event. In the particular setting of central retinal 
vein thrombosis, 40 patients could be randomized to receive SK (followed by 
heparin) or placebo (KOHNER et al. 1976). At follow-up, the visual acuity was 
significantly better in the treated group than in the untreated group with, 
however, three vitreous hemorrhages and permanent loss of vision in three 
patients under SK. In a retrospective analysis of 58 patients with central retinal 
vein occlusion visual acuity of 2 or more lines on the logarithmic visual acuity 
chart was found in 44% of patients treated with tPA within 11 days of onset 
of symptoms. Only 14% of patients treated with hemodilution showed a 
similar improvement (HATIENBACH et al. 1999). Anecdotal reports of success
fullocal or systemic thrombolysis exist also in thrombosis of cerebral central 
or dural venous sinuses (FREY et al. 1999) but the superiority of this treatment 
over anticoagulant therapy is questionable. 

V. Thrombosis of Central Venous Catheters 

Thrombosis of central venous catheters can occur in up to 25% of cases. In 
order to re-open obstructed catheters, HAIRE et al. (1994) compared in a 
controlled randomized trial the administration of three successive boluses of 
5000-10000U of UK or one to two boluses of 2mg of tPA, the latter regimen 
being associated with a patency rate of 90%, which was significantly superior 
to that obtained with urokinase. 

H. Laboratory Monitoring 
Laboratory tests of blood coagulation and fibrinolytic processes have usually 
been considered as useless to adapt the dose of the plasminogen activa
tor during thrombolytic therapy, especially in myocardial infarction and 
pulmonary embolism patients where the treatment lasts only 60-120min 
(MARDER 1987). On the other hand, early studies suggested that a plasma fib
rinogen concentration above 0.8 gil under SK treatment for DVT was associ
ated with a very low chance of complete clearance of the thrombi (DUCKERf 
et al. 1975). Recently, it was proposed that a patient with bleeding time pro
longation during SK therapy for DVT was twice as likely to produce impor
tant clot lysis (HIRSCH et al. 1991). The series, however, consisted of only 16 
patients with DVT of various localizations and deserves to be confirmed in a 
larger patients population. 

In summary, at the present time there is no indication to monitor short
term thrombolysis or bleeding complications by laboratory controls unless a 
"lytic state" needs to be proven or its importance estimated, especially in pro-
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longed infusions or where a patient needs to be evaluated for a possible sur
gical intervention. However, monitoring of concomitant or subsequent heparin 
therapy remains necessary. 

I. Treatment of Bleeding 
Major bleeding under thrombolytic therapy is an emergency, especially if the 
central nervous system is involved. Bleedings at catheter insertion sites can 
usually be controlled by manual compression and by discontinuing throm
bolytic and adjuvant anticoagulant treatments. If necessary, heparin can be 
antagonized by protamine, and fibrinogen and coagulation factors infused by 
means of viro-inactivated plasma derivatives. In case of intracerebral event, 
CT or MRI imaging should be obtained without delay to assess the need and 
possibility of emergency neurosurgical intervention. 

J. Conclusions and Perspectives 
Over the past decade, thrombolytic therapy has become the most successful 
therapy in acute myocardial infarction and massive pulmonary embolism, 
two conditions that are associated with quite high lethality. DVT carries a 
definitely smaller risk. It is, therefore, questionable to apply a potentially 
dangerous treatment for that condition unless the long-term benefit would be 
undebatable and important (VERSTRAETE 1995). In fact, the effects of throm
bolytic treatment on the occurrence of late PTS is far from established, which 
leads us to consider this therapy experimental in DVT patients. This recom
mendation is further supported by the recent publication of a 12-year survey 
of 58DVT patients initially treated with heparin followed by oral anticoagu
lants. In this series, marked trophic changes were found in only 5% of patients, 
and venous ulcer was observed in only one patient (FRANZECK et al. 1996). If 
one were to consider treating a DVT patient with thrombolytic agents outside 
of a clinical trial, several measures should be considered which aim at maxi
mizing treatment efficacy and minimizing hemorrhagic risk (Table 5). The 
individual benefit-to-risk ratio should be carefully assessed before ordering a 
treatment that specialists are reluctant to use in that particular indication 

TableS. Possible indications for thrombolytic therapy in DVT 

Age under 50 (to minimize hemorrhagic risk and to maximize long-term benefit) 
Proximal DVT with duration of symptoms of less than 7 days (to maximize 

immediate thrombolytic effect) 
Nonocclusive character of the thrombi on venogram (to maximize immediate 

thrombolytic effect) 
No history of previous DVT in the same leg (to maximize long-term benefit) 
No contra-indication to thrombolytic therapy (to minimize hemorrhagic risk) 
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(SmoRov 1989; WEINMANN and SALZMAN 1994; VERSTRAETE 1995) in most coun
tries except Germany and Austria. It remains to be tested whether the trans
dermal application of ultrasound is able to enhance the thrombolytic efficacy 
in the treatment of DVT (without causing bleeding complications and local 
tissue damage), as was demonstrated in vitro (SUCHKOVA et al. 1998) and in 
animal models (BIRNBAUM et al. 1998). 

New thrombolytic agents are presently in development and/or in a clini
cal testing phase (staphylokinase, mutants of tPA, chimeric plasminogen 
activators; see Chaps. 16-19). They will probably, like the presently available 
agents, impair hemostatic mechanisms and be associated with a bleeding 
risk. Whether this risk will be diminished and outweighed by the therapeutic 
benefit or not should be studied in carefully designed trials before they can be 
recommended for the treatment of DVT. 

List of Abbreviations and Acronyms 

CT 
DVT 
FUT 
MRI 
MU 
PTS 
SK 
tPA 

computerized tomography 
Deep venous thrombosis 
fibrinogen uptake test 
Magnetic resonance imaging 
Mega (1 million) units 
postthrombotic syndrome 
Streptokinase 
tissue-type plasminogen activator (alteplase) 
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CHAPTER 14 

Peripheral Arterial Occlusions 

D.C. BERRIDGE 

A. Introduction 

The management of peripheral arterial occlusions has seen many changes over 
the last 15 years. Traditional management received a great boost with the intro
duction of the Fogarty thromboembolectomy balloon in 1963 (FOGARTY et al. 
1963). Until then management had largely been expectant using heparin, with 
surgical intervention in terms of reconstruction still in its comparative infancy. 
BLAISDELL et al. (1978) advocated a conservative approach using heparin. 
Whilst mortality was acceptably low (7%),28% required a major amputation. 
In response to that publication, PLECHA compared the results of the Cleve
land Vascular Registry in its annual report of 1977 (PLECHA et al. 1978). In this 
report the amputation rate was only 3%, but associated with a mortality of 
24%. To quote Dr Piech a "I think it is obvious that Dr Blaisdell's conserva
tive approach has traded lives for limbs - and I think that it is an excellent 
trade." 

Thomas Fogarty pioneered the concept of the careful use of balloon 
catheters capable of removing the thrombo-embolic material from a remote 
entry site. Published results confirmed that this indeed resulted in a signifi
cant improvement in limb salvage (FOGARTY et al. 1963; TAWES et al. 1985). 
However, the presentation of patients with acute or acute on chronic ischemia 
has been changing. The classical white leg associated with embolus, with or 
without propagated thrombus, is a relatively rare presentation today. We are 
far more likely to see a patient with a preceding history of intermittent clau
dication, one in whom previous reconstructions or interventions have been 
performed, and/or patients who are heavy smokers. Whilst they may have pre
viously been asymptomatic, most will undoubtedly have underlying arte
riosclerotic disease. Associated with these anatomical alterations are changes 
of the hemostatic system in the direction of a hypercoagulable state. In the 
ADMIT trial fibrinogen and plasminogen activator inhibitor type 1 (PAl-I) 
were increased in patients with peripheral arterial disease compared to con
trols (PHILIPP et al. 1997). Furthermore, as was shown in patients with acute 
myocardial infarction and stroke, elevated CRP levels predicted future risk of 
developing symptomatic peripheral vascular disease and thus provide support 
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for the hypothesis that chronic inflammation is a pathogenic factor of athero
genesis (RIDKER et al. 1998). Patients with emboli presenting later than 72h 
may have very adherent embolic and propagated thrombus material. Even 
careful use of an embolectomy catheter in these patients may result in intimal 
damage and in exacerbating the situation rather than assisting it. The advent 
of on-table arteriography including "digital subtraction" and "road-mapping" 
facilities have also allowed the initial "blind" embolectomy to proceed along 
more carefully controlled and monitored conditions. On-table angioplasty and 
thrombolysis add further to the arsenal of the vascular surgeon. 

Initial interest in peripheral arterial thrombolysis involved the use 
of streptokinase (SK) administered systemically (AMERY et al. 1970). Whilst 
encouraging initial reports were published it never became adopted routinely 
due to the anxieties over side effects, particularly the risk of cerebro-vascular 
accident and/or major hemorrhage. With the advent of advanced percutaneous 
methods, and the local administration technique popularized by DOTTER et al. 
(1974), more acceptable efficacy and safety profiles were established, marking 
the basis of today's approach (HESS et al. 1982; KATZEN et al. 1984). We now 
also have the benefit of comparatively large randomized studies comparing 
thrombolysis with surgery, which have allowed us to be more precise with 
regard to the indications for the initial management of acute limb ischemia. 
The initial management clearly needs to be tailored to the individual patient, 
thereby allowing the optimal use of both minimal interventional radiological 
and open surgical techniques. There is no role for pure thrombolysis or pure 
surgery, and each patient should be managed in a team environment with the 
clinical skills of both the interventional vascular radiologist and the vascular 
surgeon. 

Percutaneous aspiration techniques have allowed further modification 
of techniques especially for the more acutely ischemic leg, although distal 
embolization may occur in approximately 10% of cases (WAGNER and STARCK 
1992). It should be noted that 88 patients (86%) of this particular series of 102 
patients had cardiac disease as the apparent source of the embolus. 

B. Current Indications 
With the advent of percutaneous techniques, local administration using intra
thrombotic SK or urokinase (UK), and more recently recombinant tissue 
plasminogen activator (in the following abbreviated as tPA) has become estab
lished as a management option in the care of patients with recent peripheral 
arterial occlusions. The indications for its use have become better defined as 
experience has been gained. 

Intrathrombotic thrombolysis is indicated in four main groups of patients: 

1. Acute or acute on chronic ischemia of native vessels due to either in situ 
thrombosis or embolism, particularly if the latter is in distal, possibly inac
cessible vessels 

2. Graft thrombosis, both prosthetic and autogenous venous 
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3. Thrombosed popliteal aneurysms 
4. Post-procedural thrombosis 

There has been considerable debate as to the length of duration of the history 
of presentation. In the United Kingdom it has been traditional to limit this 
technique to lesions of less than 30 days, with some centers allowing up to 6 
weeks duration. On the other hand, in Europe and in the United States, lesions 
of up to 6 months duration have been considered for lytic treatment. Some 
authors advocate that if one can pass a guide wire through the thrombus which 
'feels soft' then that patient could be considered for lysis regardless of the 
apparent clinical duration of history. There is some evidence to substantiate 
this view. In a study of 103 patients with limb-threatening symptoms lasting 
::;14 days, wire traversal was accomplished in 84 (82%) of which 75 (89%) had 
successful lysis. On the other hand, of the remaining 19 patients (18%) in 
whom the guide wire could not be passed, lysis was achieved in just 3 (16%) 
(OURIEL et al. 1994a). This study failed to show any difference in relation 
to multiple or single end-hole catheters or between sheath and no-sheath 
systems. In an analysis of factors predicting the outcome of intra-arterial 
thrombolysis, good runoff and intrathrombotic infusion were the two princi
pal predictors of a favorable outcome (SANDBAEK et al. 1996). LAMMER et al. 
(1986) reported a success rate of 78% recanalization within 1-7h in lesions of 
up to 2 years duration (mean 4.5 months). However, published experience sug
gests that the longer the history, the more likely the lesion will be resistant to 
lysis. It will also require longer duration of infusions with higher doses of lytic 
agents and will be associated with a higher risk of hemorrhagic complications 
(VERSTRAETE et al. 1971). We do now have some information in the form of 
randomized studies that indicate that lysis may be the preferred option to 
surgery in the initial management of lesions of up to 7 days (OURIEL et al. 
1994b) and 14 days (THE STILE INVESTIGATORS 1994; OURIEL et al.1998), respec
tively. However, neither of these studies provided any hard information as to 
where the true cut-off between benefit and disadvantage lies. Is it really 14 
days or could it be as long as 30 days or even 6 weeks? We cannot gain this 
information from these studies due to their recruitment protocols (in the 
STILE trial lesions of up to 6 months, in Ouriel's 1994 trial only lesions of ::;7 
days and in Ouriel's 1998 trial duration of acute symptoms of ::;14 days were 
included). Caution should therefore be exercised before embarking on 
attempted lysis of lesions much in excess of these suggested time periods due 
to the lack of information regarding potential benefit. 

Occluded femoro-popliteal grafts are particularly suited to an initial trial 
of percutaneous arterial thrombolysis. In a non-randomized comparison of 
UK and SK in thrombosed femoro-popliteal grafts, UK was superior in terms 
of success (77% vs 41 %) and complications (23% vs 50%) (GARDINER et al. 
1986). Native artery (78%) or prosthetic grafts (80%) are more likely to 
achieve success than venous bypass grafts (54%) (OURIEL et al. 1994a). 

Thrombosed autogenous grafts are a separate entity. Many authors would 
suggest that a graft thrombosed for more than 24-48 h had probably caused 
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such damage to the endothelium that, even if lysis was successful, there would 
be inevitable rethrombosis due to the highly thrombogenic endothelium 
(BELKIN et aL 1990). Patients with (patent) vein grafts also exhibit upregula
tion of PAI-1 which may represent a risk factor for the development of 
(re )thrombosis (PELTONEN et aL 1996). In a series of 22 thrombosed vein grafts 
in 21 patients, with a mean duration of symptoms before thrombolysis of 14 
days, lysis only achieved a one-year patency rate in 37 ± 12% (BELKIN et aL 
1990). In another study of 44 patients, primary graft patency at 1 year was 25%. 
Multivariate analysis revealed poorer outcome in patients with diabetes and 
those whose vein graft had been in place for less than 12 months (NACKMAN 
et aL 1997). Also, early thrombosis of a graft probably represents an error of 
selection of the patient, the inflow outflow site, the type of graft, or indeed a 
technical error itself. The risks of thrombolysis are unwarranted in these cases. 
Surgical exploration, revision with or without intra-operative lysis appears a 
safer proposition. However very acceptable results with lesions of up to 11 
days duration (PATERSON et aL 1993) or even longer (SULLIVAN et aL 1991) have 
been reported. Clearly the best policy for the management of graft thrombo
sis is prevention. In this regard the concept of the "failing graft" picked up on 
graft surveillance will allow earlier intervention with improved salvage results 
(SANCHEZ et aL 1991). 

Thrombosed popliteal aneurysms are a special case and deserve dis
cussion in their own right. It is of paramount importance that the perfusion 
catheter is placed in the run-off vessel (i.e., distal popliteal) to attempt lysis 
and definition of the run-off vessels. It is unnecessary to attempt lysis of the 
aneurysm itself and to risk its associated much higher risk of distal emboliza
tion. Once definition of the run-off is established then a formal surgical 
proximal and distal ligation of the aneurysm and bypass can be performed. 
Thrombolysis of very distal occluded grafts is also possible and may yield 
favorable results (SPENCE et aL 1997). 

C. Contra-Indications 
For local administration, there are a few absolute contra-indications: 

- Cerebrovascular accident within the last 2 months 
- Bleeding diathesis (including serious recent gastrointestinal bleeding) 
- A limb that is unsalvageable with fixed necrosis or dead muscle 

In addition, relative but major contra-indications are: 

- Recent major trauma or operation (less than 10 days) 
- Pregnancy 
- Inaccessible Dacron grafts due to the risk of potentially uncontrollable 

hemorrhage through the interstices of the graft 
- Severe hypertension (>200mm Hg systolic and/or >110mm Hg diastolic) 
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Age over 75 years is not a contra-indication for thrombolysis but is associated 
with high complication rates. Surgical treatment appears to be superior for this 
group of patients (BRAITHWAITE et al. 1998). 

D. Drugs Available 
I. Streptokinase 

SK was originally obtained in quite impure form, hence there were marked 
allergic side effects. Severe anaphylactic reactions, while rare, can prove fatal 
(KAKKAR et al. 1969). These undesirable effects have largely, though not com
pletely, been eliminated with more modern production methods (COMEROTA 
1988). 

SK requires plasminogen as a cofactor, which then allows conversion of 
plasminogen to plasmin (see Chap. 2). Thus if thrombus reaccumulates in a 
patient receiving SK, there may be insufficient plasminogen within the throm
bus to allow full lysis to occur. 

It is known from studies related to coronary thrombolysis that, following 
the administration of 1.5MU of SK for coronary thrombolysis, significant anti
body levels can be detected for up to 4 years post treatment that would effec
tively neutralize about half of a further dose of the same magnitude (ELLIOTT 
et al. 1993). Whilst intra-thrombotic administration of SK may allow artificially 
high local levels of SK, a difference in outcome could be detected. Patients 
with high titers responded partially, with only 20% achieving lysis (VAN BREDA 
et al. 1987). It is suggested therefore that reuse of SK in a patient for periph
eral arterial thrombolysis either following earlier coronary or indeed periph
eral arterial thrombolysis may actually be condemning that patient to failure 
before one has even commenced the infusion. Despite these drawbacks very 
acceptable results have been reported with intra-arterial SK strictly adhering 
to a well defined protocol with appropriate radiological and/or surgical inter
vention (WALKER and GIDDINGS 1988). 

II. APSAC, Anistreplase 
(Acylated-Plasminogen-Streptokinase-Activator Complex) 

Although used quite extensively in the field of coronary thrombolysis, its use 
in peripheral arterial thrombolysis has been very restricted. In a comparative 
series reported by EARNSHAW et al. (1986), anistreplase was associated with 
poor lytic success and an unacceptably high hemorrhagic complication rate. 
Its theoretical advantage is the ability to administer it systemically because 
anistreplase binds to fibrin. There are no studies which have looked at its 
potential role delivered as an intra-thrombotic agent, although this is unlikely 
to show any major difference to results obtained with SK itself. 
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III. Urokinase and Pro-Urokinase 

This has been the favored agent in a large number of both European and Amer
ican series. UK has a number of theoretical advantages over SK. It does not 
excite an antibody response, and hence it can be reused. It has a higher lytic 
potency and incurs less hemorrhagic complications than the non-selective 
action of SK (VAN BREDA et al.1987). Pro-urokinase, the single-chain zymogen 
form of UK (Scu-PA) has some fibrin specificity (see Chaps 4 and 9). 

IV. Recombinant Tissue Plasminogen Activator (tPA) 

tPA is a relatively fibrin specific agent that, like UK, does not incur an anti
body response (see Chaps. 8 and 10) and hence is ideally suited to multiple 
reuse without alteration in treatment schedules. Early studies all used doses 
higher than those currently in use. Initial results appeared to suggest a higher 
lytic rate with higher doses, associated with increased limb salvage and with 
reduced hemorrhagic complications compared to historical control series 
using SK. A mutant of tPA, reteplase, has shown promise as an alternative to 
UK in a pilot study (DAVIDIAN et al. 2000). 

V. Staphylokinase 

Staphylokinase is still an investigative drug. It is produced using recombinant 
genetic techniques (see Chap. 16). Preliminary results in peripheral arterial 
occlusion have been published by VANDERSCHUEREN et al. (1995). In a recent 
report on 191 patients with native (n = 122) or bypass graft (n = 69) occlusions 
of <120 days duration staphylokinase was given as a 2mg bolus, followed by 
an infusion of 1 mg/h. Revascularization was complete in 83%, partial in 13% 
and absent in only 4%. One-month and one-year mortality were 3.1 % and 
6.9% respectively. Four patients (2.1 %), all over the age of 70 years developed 
fatal intracranial bleeding. Staphylokinase appears to be highly effective in 
peripheral arterial occlusion resulting in a low mortality and a high one-year 
amputation-free survival (84%) (HEYMANS et al. 2000). 

E. Techniques Used 
I. Systemic Administration 

Original reports concerned with peripheral arterial thrombolysis used sys
temic administration of SK along the lines of management associated with 
coronary administration. However, whilst coronary lysis is involved with the 
very rapid lysis of comparatively recent (i.e., hours as opposed to days or even 
weeks) thrombosis of small volume and presumably little in the way of estab
lished fibrin cross-linking, peripheral arterial lysis is usually involved with 
much longer, mature, well-established thrombi of considerable volume. Hence 
it is not too surprising that we cannot adopt the large dose, short duration sys
temic regimes that our cardiology colleagues have developed and used 
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so effectively [ISIS-3 (THIRD INTERNATIONAL STUDY OF INFARCT SURVIVAL) 
COLLABORATIVE GROUP 1992]. Nevertheless some reports demonstrated mod
erate benefit (EARNSHAW et al. 1990). Intravenous APSAC (5 mg) given 8-
hourly was also tried, but was associated with a high hemorrhagic complication 
rate and a lysis rate of less than 30% (EARNSHAW et al. 1986). In a collected 
series of 440 cases reported by EARNSHAW (1994) the overall success rate was 
only 39% (n = 170), with 19% of cases experiencing major hemorrhage, of 
which 4% were fatal. In addition, a further 2% of patients had non-fatal 
strokes. Clearly these results are not as favorable as those achieved using intra
arterial delivery of a more limited dose of the thrombolytic agent. 

The advent of tPA heralded a potential answer. We now had the oppor
tunity of using a relatively fibrin-specific agent that could be administered 
systemically but would not cause significant systemic activation. However, in 
a randomized trial comparing intra-arterial tPA, intra-arterial SK, and intra
venous tPA, the systemic use of tPA resulted in a significantly reduced lytic 
success rate (45%) and an increased hemorrhagic complication rate (15% 
major; 45% minor), compared to either of the two intra-arterial regimens 
(BERRIDGE et al. 1991). It therefore seems that, for the foreseeable future, 
systemic administration is not to be recommended for peripheral arterial 
thrombolysis. 

II. Local Low-dose Intra-thrombotic Administration 

Following Dotter's publication (DOTTER et a1. 1974), the percutaneous low
dose continuous infusion technique became the standard technique for periph
eral arterial thrombolysis. A catheter usually with a single end-hole is placed 
within the thrombus. A contra-lateral femoral puncture may be preferable to 
an ipsilateral ante-grade puncture that may prove more difficult to compress 
and ultimately to achieve hemostasis. A variety of different regimens with dif
ferent agents have been developed, The usual dose for SK is 5000-10000 IU/h 
intra-arterially, and for tPA 0.5-1 mg/h (low-dose), or 0.05 mg/kg per hour 
intra-arterially. UK has been used in both high-dose and low-dose formats, 
there being no obvious benefit when using the higher dose regime. 

III. High-Dose Bolus 

HESS et al. (1982) popularized the rapid advancement, multiple bolus technique 
using SK. SULLIVAN et al. (1989) showed a significantly reduced lysis time (1Oh 
vs 34 h; p < 0.001), and reduced total dose of UK in the high-dose bolus group. 
Complications were also less in the high-dose bolus group (9%) compared to 
the standard regime (23%). WHOLEY et a1. (1998) treated 235 patients in a mul
ticenter retrospective study with a bolus of 250000 U of UK, followed by 
120 000-250 000 U/h for 4h. Complete thrombolysis was achieved in 60 (86%) 
of the acute, 20 (77%) of the subacute and 105 (75%) of the chronic occlusions. 

JUHAN et a1. (1991) and later BUCKENHAM et a1. (1992) reported faster 
recanalization times using a higher bolus dose regimen with tPA. Overall lytic 
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times were reduced to less than half of those achieved with the local low-dose 
regimes. JUHAN et al. (1991) suggested 5 mg boluses of tPA repeated at 5-
10min intervals up to three times, then to continue with 0.05mg/kg per hour 
(3.5 mg/h in a 70 kg man). In ten patients the duration of lysis varied from 
5min to 4h 15min (mean 2h 30min). Only two minor hemorrhages occurred, 
both at the puncture sites. However, WARD et al. (1994) also using a high-dose 
bolus technique reported 70% angiographic lysis (n = 16), with clinical success 
in only 48% (n = 12), with a shorter lysis time (14 ± 8h), but with an appar
ent increased risk of hemorrhage (35%, n = 8). The dosage regime consisted 
of an initial bolus of 20mg tPA followed by an infusion of Img/h. Lesions of 
up to 90 days duration were included. However direct comparison with other 
studies is difficult as no data was given as to the median or range of duration 
of infusion or the length of lesion treated. Further we know from ODAVIC 
(1995) that there appears to be an increased risk of hemorrhage when more 
than 20mg of tPA is used. Hence we may be placing all of these patients in 
the high-risk group automatically. More recently a randomized trial (BRAITH
WAITE et al. 1997) of high-dose vs low-dose regimens has been reported. Time 
to lysis was achieved in less than 4 h in half of the patients with the high-dose 
regime and 80% of patients achieved lysis by a mean period of 20h. Further, 
there was a trend to an increased complication rate in the high-dose group 
which did not achieve statistical significance, possibly due to a type two error. 
Hence apart from the potential role of this technique in the more severely 
ischemic limb it does not appear to hold any other definite advantage over 
conventional low-dose regimes. Indeed the overall time within the radiology 
department was similar for both groups. The advantage of the low-dose group 
in this particular context is that it potentially allows a more efficient use of the 
Interventional Suite and does not occupy it for an indefinite time on each occa
sion lysis is attempted. 

IV. Pulse-Spray Administration 

Bookstein's group (VALJI et al. 1991; BOOKSTEIN et al. 1994a,b) has pioneered 
the use of this technique with its novel method of forced radial infusion of 
small aliquots of lytic agents through specially designed catheters with multi
ple side holes. The concern over the production of massive distal embolization 
was not fulfilled largely due to the utilization of a "distal plug" of thrombus 
which is retained until the later stages of lysis, hence acting as a safety net to 
allow further lysis before entry to run-off vessels is allowed. There has been 
considerable controversy in the literature as to the true benefits and mecha
nism of action (KANDARPA et al. 1993; BOOKSTEIN et al. 1994a,b). In the 1993 
series from Bookstein's group (VALJI et al. 1993) a 33% distal embolization 
rate was encountered in those patients in whom early angioplasty was per
formed due to "lytic stagnation." This is clearly in excess of the 2% reported 
by GALLAND et al. (1993) using low-dose continuous infusions. KANDARPA 
et al. (1993) pointed out that after the initial bolus, subsequent bolusing may 
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merely serve to achieve pericatheter flow of lytic agent rather than continued 
radial forced infusion. In part, efficiency of the pulse-spray (and of continuous 
perfusion) may depend on catheter design (Roy et al. 1998). Difference in 
duration of infusion may have been due, at least in part, to a difference in 
assessing the end-point. VALlI et al. (1993) refer to "lytic stagnation" as an end
point "avoiding prolonged unsuccessful treatment." However this has not been 
validated in a randomized controlled study. In randomized studies of forced 
periodic infusion vs conventional infusion, no difference was found in overall 
time to lysis (KANDARPA et al. 1993). In an open non-randomized comparison 
of pulse-spray with tPA to a historical series of conventional low-dose lysis 
with tPA, a significantly shorter time to lysis was achieved with the pulse-spray 
regime (YusUF et al. 1994). However the numbers involved were too small to 
make any valid judgment on any other parameter of efficacy, safety, or indeed 
long term outcome However there was no significant difference in overall 
success rate (pulse-spray 75% vs conventional lysis 60%). A follow-up of 100 
cases with pulse-spray and an additional low dose infusion of tPA and/or 
catheter-directed intervention revealed a cumulative limb salvage rate at 30 
months of 79% (ARMON et al. 1997). 

As with high-dose bolus administration, this technique does allow the 
application of thrombolysis to the more acutely ischemic limb (YUSUF et al. 
1994). Experimental studies in rabbits suggest that greater lysis can be 
achieved by increasing the frequency from the previously used 1 pulse/2min 
to 2 pulses/min, allowing concomitantly to decrease the dose of tPA adminis
tered (BOOKSTEIN and BOOKSTEIN 2000). Most acute or acute on chronic 
ischemic limbs presenting as emergency no longer fit the classical presenta
tion of a "white leg." Hence these allow considered management usually per
formed on the next available list, or emergency list the following day. It also 
still allows the application of the conventional low-dose regime in the major
ity of patients without prejudicing their affected limb. 

V. Enclosed Thrombolysis 

The first description of enclosed thrombolysis in six patients with peripheral 
arterial occlusion was reported by 10RGENSEN at al. (1989). The recanalized 
segment was isolated with a 7-French double-balloon catheter and a bolus 
of 5mg of tPA applied. At 10 days and 30 days all patients had evidence 
of recanalization. T0NNESEN et al. (1991) reported 55 patients with chronic 
femoro-popliteal occlusions treated by percutaneous transluminal angioplasty 
and enclosed thrombolysis. Of 33 patients (60%) with 1-3 vessel run-off, 
3-month patency was 100%, with 90% patency at 1 year. However of the 
20 patients in whom there was no infra-popliteal run-off, I-year patency, on 
an intention to treat basis, was only 62%. Hence, as the authors themselves 
comment, there is a need for a randomized trial of conventional angioplasty 
vs angioplasty plus enclosed thrombolysis to ascertain whether there is a true 
beneficial effect from the addition of enclosed thrombolysis. 
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VI. Intra-operative Lysis 

This is a very useful adjunct to any surgical procedure that may be associated 
with residual thrombus or distal inaccessible emboli (COHEN et al. 1986; 
COMEROTA et al. 1989; BEARD et al. 1993). Up to 30% of thromboembolec
tomies may have residual thromboembolic material on an intra-operative 
angiogram (MAVOR et al. 1972). A dose of 100000 IU of SK in 100ml of normal 
saline infused into a closed system over 30min followed by a repeat on-table 
angiogram has been proposed (BEARD et al. 1993). Other authors have used 
5 mg aliquots of tPA, repeated after 10-15 min up to a maximum of three doses. 
Whilst there have been no randomized studies of different lytic agents in 
intra-operative lysis, Comerota's group found that 5/14 (36%) receiving SK 
achieved lysis and limb salvage compared to 13/24 (54%) of those receiv
ing UK. There were five amputations in each group (SK 36%, UK 21 %) 
(COMEROTA et al. 1989). In a subsequent study COME ROTA et al. (1993) ran
domized 134 patients to receive one of three bolus doses of UK (125,000U, 
250000U, or 500000U) or placebo infused intra-arterially before lower 
extremity bypass for chromic limb ischemia. The average duration of graft 
occlusion was 34 days. Catheter placement failed in 39% of patients ran
domized to thrombolysis. These patients were reverted to surgical rev as
cularization. In those patients where catheter placement was successful, 
patency was restored in 84 % and 42 % had major reduction in their planned 
operation. In these patients, I-year results compared favorably with the 
best surgical procedure which was new graft placement. Acutely ischemic 
patients (::::14 days) randomized to thrombolysis showed a trend toward a 
lower amputation rate at 30 days (p = 0.07) and at 1 year (p = 0.026) compared 
with surgical patients. MEYEROVITZ et al. (1995) randomized 20 patients 
with claudication or limb-threatening ischemia of at least 3 weeks duration 
due to iliac or femoro-popliteal occlusions either to thrombolysis with tPA 
followed by angioplasty, or to angioplasty alone. Life-table analysis revealed 
a significant improvement in the cumulative primary patency rate for patients 
treated initially with thrombolysis followed by angioplasty (86% at six 
months, 51 % at 1 year) compared with angioplasty alone (11 % at 6 months 
and 1 year). 

Intra-operative lysis is particularly useful in the management of the 
thrombozed popliteal aneurysm. Here percutaneous thrombolysis is ideally 
performed of the run-off vessels only. If it is impossible to position the catheter 
in the run-off vessel, then lysis in any other position may cause an unac
ceptably high incidence of distal embolization of up to 12% (GALLAND 
et al. 1993). In these situations and also those where the limb is considered 
too ischemic to allow sufficient time to achieve patency with lysis, intra
operative lysis is the answer. The below knee popliteal artery is explored, a 
cannula inserted, and lysis commenced with one of the above regimes. During 
this period the operator can be employed dissecting out the above knee 
popliteal artery, harvesting the saphenous vein, and performing the proximal 
anastomosis. 
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F. Comparative Results 
I. Streptokinase vs Recombinant Tissue Plasminogen Activator 

Whilst there have been a number of series which show acceptable success and 
complication rates for each agent, there are relatively few trials that allow 
a direct randomized comparison of the safety and efficacy of the different 
thrombolytic agents and their regimens (Table 1). In a large retrospective 
review of over 400 patients, GRAOR et al. (1990) showed a large difference 
between the efficacy of UK or tPA with that seen following the use of SK. 
Similarly the safety profile of UK and tPA were superior to that seen with SK. 
There was a trend for a slight increase in patency with tPA compared to UK. 
Conversely there was a slight trend for more hemorrhagic complications 
with tPA compared to UK. Comparison of open or historical controls has the 
inevitable risk of bias including the influence of the learning curve for that 
particular institution. Nevertheless we can learn some useful information by 
their critical appraisal in the light of evidence from the randomized studies. In 
a randomized comparison of intra-arterial SK, intra-arterial tPA, and intra
venous tPA (BERRIDGE et al.1991), a significant advantage of intra-arterial tPA 
over intra-arterial SK was seen. Limb salvage at 30 days was 20% higher 
with tPA, with a significantly lower major hemorrhagic complication rate and 
amputation rate than with intra-arterial SK. Intravenous SK certainly worked 
but its overall success rate (45%) and safety profile were inferior to that 
of intra-arterial SK (80% radiological success; 15% major hemorrhage; 15% 
minor hemorrhage). 

Table 1. Dose regimes in peripheral arterial thrombolysis 

Drug 

Streptokinase 

tPA 

Urokinase 

Commonly used dosages 

5000U/h+250U heparin/h 

0.05mg/h 
0.5-1.0 mg/kg/h 
lOmg/5mg/3mg/h 
5 mg x 3, then 0.05 mg/kg 
0.2ml every 15s for 15 min, then 

0.2ml every 30s (0.33mg/ml) 

4000U/min 
250000 bolus, then 4000U/min 

for 4h, followed by 2000U/min 
for up to 36h 

4000U/min for 2h, followed by 
2000U/min, then 1000Ulmin 

250000U/h (4000 U/min) , then 
60000-120000 U Ih 

150000U over 20min in 0.2-ml 
increments (25000U/ml) 

250000U/h for 4h, then 
125000U/h or 50000Ulh 
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This order of magnitude was maintained during the three-month follow
up period included in the protocol. Hemorrhagic complications and the risk 
of amputation were all significantly less with tPA than with SK (BERRIDGE et 
al. 1991). In a follow-up study with more patients from the same institution, 
LONSDALE et al. (1992) reported that this advantage was clearly maintained in 
favor of tPA despite using rigorous criteria of success. In a large collective 
comparison, GRAOR et al. (1990) have shown that both tPA and UK have a 
clear advantage in terms of both efficacy and incidence of hemorrhagic 
complications. 

II. UK vs Recombinant Tissue Plasminogen Activator 

MEYEROVITZ et al. (1990) performed a randomized comparison of these two 
agents. Whilst tPA appeared to show earlier and more frequent lysis, there 
was no significant difference in any of the parameters measured at 30 days. 
However, due to the small numbers involved in this study, we may again be 
obscuring a real difference due to a type two effect. 

SCHWEIZER et al. (1996) randomized 120 patients with acute and subacute 
peripheral arterial occlusions in tPA and UK treatment arms. Initial recanal
ization was achieved in 85% and 73% of patients in the tPA and UK groups 
respectively. At six-month follow-up, tPA patients had lower rates of Fontaine 
stage III and IV disease, amputation rates, and reocclusions than did UK 
patients. Graor's comparative series, involving several hundred patients, did 
not show any significant difference between the two agents either in terms of 
efficacy or in terms of safety. There was a trend to slightly less hemorrhagic 
complications using UK, with a slight advantage in lysis with tPA (GRAOR 
et al. 1990; reviewed in SEMBA et al. 2000). 

III. Pro-UK vs. UK 

In the PURPOSE trial three doses of intra-arterial pro-UK (2mg, 4mg, or 
8mg/h for 8h, then O.5mg/h) were compared to UK (4000U/min for 4h, then 
2000U/min). Lysis was fastest with the 8mg/h dose of pro-UK but the rate of 
bleeding complications was also slightly higher (OURIEL et al. 1999). 

IV. Surgery vs Thrombolysis 

GRAOR et al. (1988) compared the outcome from surgery with that from 
peripheral arterial thrombolysis. Despite a relatively small series there did 
seem to be an advantage of lysis over surgery (median survival 195 days vs 30 
days) for the management of thrombosed peripheral arterial grafts (p = 0.01). 

The first randomized trial of surgery vs thrombolysis by NILSSON et al. 
(1992) involved lesions of less than 14 days duration, randomized to initial 
thrombolysis or to thromboembolectomy. The lytic regime used consisted of 
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30mg of tPA over a 3 h period. Thrombectomy achieved patency in 65% com
pared to 40% in the lysis group. However care should be used in interpreting 
these data as there were only 20 patients in the trial. 

A large randomized study in peripheral arterial thrombolysis is the STILE 
trial. Some 393 patients were randomized to either initial surgery or initial 
thrombolysis. In the latter group, patients either received tPA at 0.05 mg/kg per 
hour for up to 12h, or a bolus of 250000U of UK, followed by 4000U/min for 
up to 4h and by 2000 U/min for up to 36h. For lesions of less than 14 days dura
tion, initial lysis treatment was associated with significantly lower amputation 
rates, and over half (56% ) had a reduction in the magnitude of their surgical pro
cedure. These changes remained at 6 months (THE STILE INVESTIGATORS 1994). 
There was no significant difference in efficacy or safety between UK and tPA. 

In a substudy of the STILE trial, WEAVER et al. (1996) compared surgical 
revascularization vs thrombolysis in patients with native (non-embolic) lower
extremity occlusions. One hundred and fifty patients who had symptomatically 
deteriorated within the past 6 months were randomized to catheter-directed 
thrombolysis (S4 to tPA, 0.05-0.1 mg/kg per hour; and 66 to UK, bolus of 
250 000 U, followed by 4000U/min for 4h and then 2000U/min up to 36h). In 
7S% of patients randomized to thrombolysis the catheter could be positioned 
properly. This led to a reduction in the predetermined surgical procedure 
in 56% of the patients. Time to lysis was shorter with tPA (Sh) than with UK 
(24h; P < 0.05) but no difference was observed in efficacy or safety. At one
year follow-up the incidence of recurrent ischemia and major amputations was 
higher in patients randomized to thrombolysis (Table 2). However, in diabet
ics one year mortality of thrombolysed patients was only 7.7% compared with 
that of 26.3% in surgical patients (p < 0.05). On the other hand, more ampu-

Table 2. Clinical outcome in a randomized trial comparing thrombolysis with surgical 
revascularization 

Number of patients 
Overall death/Amputation (%) 

Death (%) 
Major Amputation (%) 

Duration of ischemia 
::;14 days, number of patients 

Death/Amputation (%) 
Death (%) 
Major Amputation (%) 

> 14 days, number of patients 
Death/Amputation (%) 
Death (%) 
Major amputation (%) 

Reproduced from WEAVER et al. (1996). 

Surgery 

87 
15 
15 
o 

16 
19 
19 
o 

69 
14.5 
14.5 
o 

Thrombolysis 

150 
18 
11 
10 

32 
12.5 
6 
6 

118 
23 
14 
13 

p 

0.0013 
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tations had to be performed in thrombolysed diabetics (15.4 %) than in surgi
cal patients (0%; p < 0.05). Although in this trial thrombolysis led to a reduc
tion in the surgical procedures for a majority of patients, long-term outcome 
was inferior, particularly in patients whose duration of ischemia had lasted for 
more than 14 days, or who had femoral-popliteal occlusions or critical ischemia 
(WEAVER et al. 1996). 

Another substudy of the STILE trial evaluated safety and outcome of 
catheter-directed thrombolysis vs surgical vascularisation in 124 patients with 
lower limb bypass graft occlusion. Results were similar to those described 
above. Patients with ischemia of :::::14 days randomized to thrombolysis had a 
lower amputation rate at 30 days (p = 0.07) and at I-year follow-up (p = 0.03) 
compared to surgical patients. In patients with >14 days ischemia, amputation 
rates were similar but thrombolysed patients had significantly more recurrent 
ischemia (p < 0.001) (COMEROTA et al. 1996). 

In another randomized prospective study by OURIEL et al. (1994b), 144 
patients with limb threatening ischemia of less than 7 days duration were ran
domized to either initial surgery or initial thrombolysis. Whilst there was no 
difference in limb salvage at 12 months (S2 %) between the two groups, there 
was a significantly higher survival rate in the thrombolysis group (S4% vs 5S% 
at 12 months, p < 0.01). This appeared to be primarily due to a difference of 
in-hospital cardiopulmonary complications in the operative treatment groups 
(49% vs 16%, p = 0.001). 

In the phase I TOPAS trial 213 patients with acute lower-extremity 
ischemia for :::::14 days were randomized into four groups. The first three groups 
received catheter-directed UK of either 2000, 4000, or 6000U/min for 4h, 
then all groups were continued with 2000U/min up to 4Sh. The fourth group 
underwent surgery. The 4000 U/min dosage produced the most favorable effi
cacy/bleeding risk ratio (OURIEL et al. 1996). In this group I-year mortality 
(14%) and amputation-free survival (75%) did not differ from the results 
achieved in the surgical group (16% and 65% respectively). In the subsequent 
phase II TOPAS trial, 544 patients with acute lower limb ischemia of :::::14 days 
duration from 113 North American and European institutions were random
ized to receive catheter-directed thrombolysis with UK (4000 U/min for 4 h, 
then 2000U/min up to 4Sh) or surgical vascular recanalization. Angiograms 
available for 246 of the 272 patients treated with UK revealed recanalization 
in SO% and complete dissolution of thrombus in 6S%. Amputation-free 
survival in the UK group was 72% at six months, 65% at one year, and 75% 
and 70% respectively in the 272 patients treated surgically (n.s.). At 6 months 
the surgery group had undergone 551 open operative procedures (excluding 
amputations) as compared with 315 in the thrombolysis group (Tables3, 4). 
Major hemorrhage occurred in 12.5% of the UK patients and in 5.5% of the 
surgical group. There were four episodes of intracranial hemorrhage in the UK 
group (1.6%), one of which was fatal. The authors conclude that, despite the 
higher frequency of hemorrhagic complications, thrombolysis with UK 
compares favorably with surgical procedures because it reduced the need for 
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Table 3. Operative interventions in the TOPAS phase II trial comparing thrombolysis 
with surgical revascularisation 

Operative Intervention 

Amputation 
Above the knee 
Below the knee 

Open surgical proceduresa 
Major 
Moderate 
Minor 

Percutaneous procedures 

No. of interventions 

UK group (n = 272) 

6 months 1 year 

48 58 
22 25 
26 33 

315 351 
102 116 
89 98 

124 137 
128 135 

Reproduced from OURIEL et al. (1998). 

Surgery group 
(n = 272) 

6 months 1 year 

41 51 
19 26 
22 25 

551 590 
177 193 
136 145 
238 252 

55 70 

a Major surgical procedures included the insertion of a new bypass graft, replacement 
of an existing graft, and excision or repair of aneurysm. Moderate procedures included 
graft revision, endarterectomy, profundaplasty, exploratory vascular surgery, and trans
metatarsal amputation. Minor procedures included thromboembolectomy, amputa
tions of digits, and fasciotomy. Endovascular procedures included percutaneous 
transluminal angioplasty, atherectomy, stent placement, suction thrombectomy, and 
thrombolytic therapy. 

Table 4. Clinical outcomes in the TOPAS phase II trial comparing thrombolysis with 
surgical revascularisation 

Worst outcome" As a percentage of patients (%) 

UK group (n = 272) Surgery group 
(n = 272) 

6 months 1 year 
6 months 1 year 

Death 16 20 12.3 17 
Amputation 12.2 15 ]2.9 13.1 

Above the knee 5.6 6.5 6.1 7.5 
Below the knee 6.6 8.5 6.8 5.6 

Open surgical procedures 40.3 39.3 69.0 65.4 
Major 23.6 24.3 39.3 39.3 
Moderate 10.3 8.7 16.3 13.4 
Minor 6.4 6.3 13.4 ]2.7 

Endovascular procedures 16.9 15.4 2.1 1.7 
Medical treatment alone ]4.6 10.3 3.7 2.8 

Reproduced from OURIEL et al. (1998). 
aThe most severe clinical outcome for each patients is reported on the basis of Kaplan
Meier analysis. 
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surgical interventions and achieved similar results with respect to survival 
and incidence of amputation (OURIEL et a1. 1998). 

A separate report used the Cox proportional hazards multifactor analysis 
to determine the parameters predictive of successful therapy. Of 28 variables 
analyzed, 8 were predictive of amputation-free survival: white race, younger 
age, history of central nervous disease, history of malignancy, congestive heart 
failure, low body weight, presence of skin color changes, and pain at rest. The 
length of occlusion predicted whether the patient would fare better with 
thrombolysis or surgery. Occlusion lengths >30cm fared better with throm
bolysis, whereas the results were reversed for occlusion lengths <30 cm 
(OURIEL and VEITH 1998). 

G. Long-Term Results 
Once initial lysis is achieved, and particularly if the underlying aetiologic 
factor is corrected, it is apparent that long-term patency can be expected. In 
the Guildford series after four years, limb salvage was seen in 68%. Overall 
amputation was 22% with the majority required in the first 30 days (12%), 
with a further 10% up to 4 years later. Similarly mortality over the 4-year 
period was 36%, 14% occurring in the first 30 days, with no death or amputa
tion apparently caused by the complications of treatment (GIDDINGS et a1. 
1993). HESS et a1. (1987) reported a success rate of 59% after five years dura
tion and LONSDALE et a1. (1993b), reporting the Nottingham series, found a 
two-year cumulative patency of 81 %. 

H. Adjuvant Treatment 
Concurrent heparin has been advocated as reducing the risk of pericatheter 
thrombosis, but there is no evidence to substantiate this. Adjuvant thrombox
ane receptor antagonists have also been tried but incurred a higher hemor
rhagic complication rate (LONSDALE et a1.1993a). In chronic arterial occlusions 
which have not responded to conventional angioplasty and/or short-term 
thrombolysis, recanalization was achieved by prolonged and alternating 
intra-arterial perfusion with tPA and prostaglandin E1 (KROGER et a1. 1998). 
Aspirin has been shown to be associated with an improved limb salvage and 
lower amputation and death rates than thrombolysis alone, without signifi
cantly affecting the risk of major hemorrhage or rethrombosis (BRAITHWAITE 
et a1. 1995). Promising results also have been obtained in a pilot study using 
the glycoprotein IIb/IIla receptor antagonist abciximab in conjunction with 
intra-arterial UK (TEPE et a1. 1999). It remains to be evaluated whether 
newer techniques such as ultrasound-enhanced thrombolysis (HAMM et a1. 
1997; Luo et a1. 1998; ROSEN SCHEIN et a1. 1999; reviewed in ATAR et a1. 1999) 
which have shown promising results in the treatment of myocardial infarction 
will further improve the treatment of peripheral arterial occlusions. Mechan-
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ical thrombolysis using the Amplatz thrombectomy clot macerator may also 
prove to be of value in this condition (GORICH et al. 1998). 

I. Complications 
I. Major Hemorrhage 

Major hemorrhage is defined as that causing hypotension, or requiring trans
fusion of blood or blood products, or causing a fall in hemoglobin in excess of 
40 gil. In this context the accepted risk of major hemorrhage was thought to 
be in the order of 5% (BERRIDGE et al. 1989). However, some later prospec
tively audited series have indicated that this risk may be closer to 10% 
(BRAITHWAITE et al. 1997). This may of course reflect the changing indications, 
experience, and increasing presence of graft rather than native vessel throm
bosis. It is invariably associated with an increased risk in those patients in 
whom previous arterial punctures have been performed. Minimizing unnec
essary patient movement may also contribute to a lesser incidence of hemor
rhage, particularly that emanating from the catheter entry site. Unfortunately 
there are no useful predictors of impending hemorrhage, although some 
authors advocate the use of cryoprecipitate if the fibrinogen level falls below 
1.5 gil. The risk of major hemorrhage increases with increasing age. Treatment, 
including that of hemorrhagic stroke, involves correction of any derangement 
of the coagulation screen with fresh frozen plasma, correction of fibrinogen 
level with cryoprecipitate, and ensuring that the patient's platelet level is 
within the normal range. The author does not advocate the use of anti
fibrinolytics such as £-amino caproic acid in view of the danger of causing a 
further complication as a result of thrombosis. It is well known that following 
cessation of thrombolytic treatment a rebound fibrinogenemia can result. 
Compounding this with an uncontrollable stimulus to favor coagulation does 
not appear logical. 

II. Minor Hemorrhage 

This is usually of little consequence and can be minimized by the strict avoid
ance of unnecessary intramuscular and subcutaneous administration of drugs. 
Invasive procedures should also be kept to an absolute minimum wherever 
possible. It is almost inevitable that a small hematoma will form at the site of 
catheter/sheath entry. With adequate fixation of this site, continued trauma to 
this area should be minimized and hence the risk of pericatheter hemorrhage 
reduced. 

III. Cerebrovascular Accident 

This is a devastating sequel to peripheral arterial thrombolysis. In an earlier 
review the risk was found to be approximately 1 % (BERRIDGE et al. 1989). In 
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a more recent presentation from the Thrombolysis Study group in the United 
Kingdom, this risk was reported as 2.2% (DAWSON et al. 1996). The manage
ment of this condition is usually restricted. Apart from stopping the lytic agent 
and checking for the degree of systemic anticoagulation incurred, there is little 
else than can be done to benefit the patient. The use of anti-fibrinolytics has 
been advocated but one may cause a thrombotic catastrophe whilst trying to 
stop a fibrinolytic disaster. A computed tomographic study is essential to 
determine whether the event is embolic (in which case there is anecdotal evi
dence that one may be able to proceed (NYAMEKYE et al. 1993)) or hemor
rhagic which obviously contra-indicates continuation of either thrombolysis or 
heparinization. 

IV. Distal Embolization 

Distal embolization occurs in approximately 2 % of lower limb arterial throm
bolysis cases. It is more likely to occur in cases of thrombosed popliteal 
aneurysms (12%) (GALLAND et al. 1993), particularly if the catheter is not sit
uated in the run-off vessels alone. Whilst many cases can be resolved by con
tinuation of the lytic regime, there is undoubtedly a risk of major morbidity. 

V. Peri catheter Thrombosis 

This is a variable entity that probably occurs more commonly than we appre
ciate. However, it usually resolves with continuation and/or repositioning of 
the catheter. Resistant cases of propagation of pericatheter thrombosis may 
be treated either by changing the lytic agent or abandoning lysis for a surgi
cal approach. There is no convincing evidence for the simultaneous use of 
heparin when using either UK or tPA to reduce the incidence of peri catheter 
thrombosis. However post-lysis heparinization is essential in order to reduce 
the risk of rethrombosis, particularly in the presence of a rebound hyperfib
rinogenemia. 

VI. Allergic Reactions 

As there is no evidence of antibody formation with either UK or with tPA, it 
is not surprising that allergic reactions are not recorded. The same cannot be 
said for SK. Despite modern manufacturing processes, it is inherently aller
genic and is known to excite an antibody response. The level of response can 
be marked and prolonged as discussed earlier. 

VII. Other Complications 

Other complications are relatively rare or rather less well recognized. They 
include catheter related problems including vessel or graft perforation and the 
reperfusion syndrome itself. 
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J. Summary 

In summary, peripheral arterial thrombolysis has recently seen many changes. 
We now have evidence from comparatively large randomized trials that initial 
thrombolytic therapy may allow significant improvement in survival of the 
affected limb but also of the patient. We have better information as to which 
patients are likely to benefit, which are likely to have an increased risk of com
plications, and the actual numeric risk of these sometimes devastating com
plications. The Working Party on Thrombolysis in the Management of Limb 
Ischemia in which this author had the privilege of participating came up with 
33 specific recommendations dealing with diverse clinical situations (WORKING 
PARTY ON THROMBOLYSIS IN THE MANAGEMENT OF LIMB ISCHEMIA 1998). Throm
bolytic therapy of the peripheral arteries should represent a team effort 
between vascular surgeons, interventional radiologists, and angiologists in 
order that the patient is afforded the best possible intervention, in the correct 
guise, at the correct time, and is not subjected to unnecessary risk of either 
thrombolysis, other radiological intervention, or surgery solely because the 
other options are not locally available. 
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CHAPTER 15 

Thrombotic Cerebrovascular Disease 

G.1. DEL ZOPPO 

A. Introduction 
The first report of the clinical use of a plasminogen activator in cerebrovas
cular thrombosis appeared in 1958, which has been more recently followed by 
a small number of level III phase IIII clinical recanalization efficacy trials of 
acute thrombotic/ischemic stroke (SACKETT 1983; DEL ZopPO et al. 1988, 1992; 
MORI et al. 1988; THERON et al. 1989; MATSUMOTO and SATOH 1991; ZEUMER et 
al. 1993; VON KUMMER and HACKE 1992) and level I phase III disability outcome 
trials of acute ischemic stroke (SACKETT 1983; MORI et al. 1992; YAMAGUCHI 
1993; DONNAN et al. 1995, 1996; MULTICENTRE ACUTE STROKE TRIAL-ITALY 
(MAST-I) GROUP 1995; HACKE et al. 1995, 1998b; THE NATIONAL INSTITUTE 
OF NEUROLOGICAL DISORDERS AND STROKE TPA STROKE STUDY GROUP 1995; 
MULTICENTER ACUTE STROKE TRIAL-EuROPE STUDY GROUP 1996; DEL ZopPO et 
al. 1998). Those studies, together with intervening anecdotal experience 
and experimental model work, have rested on the premise that restoration of 
flow in an occluded cerebral artery may facilitate the return of neurological 
function (WARDLAW and WARLOW 1992). Safety concerns, difficult to model 
adequately, are of central importance. With the exception of several small level 
I studies (MORl et al. 1992; YAMAGUCHI et al. 1993) and level III dose-finding 
(DEL ZopPO et al. 1992) trials, an excess of symptomatic intracerebral 
hemorrhages has accompanied the use of plasminogen activators in focal cere
bral ischemia (HACKE et al. 1995, 1998b; THE NATIONAL INSTITUTE OF 
NEUROLOGICAL DISORDERS AND STROKE TPA STROKE STUDY GROUP 1995; DEL 
Zoppo et al. 1998). However, a compilation of recent experience has suggested 
that functional outcome may be improved with adherence to strict guidelines. 
Meta-analyses, based upon less recent experiences, have suggested the value 
of thrombolytics to improve disability outcome and mortality following 
ischemic stroke, and a significant association with symptomatic hemorrhage 
(WARDLAW and WARLOW 1992; WARDLAW et al. 1997). The conditions for the 
clinical use of plasminogen activators in acute cerebral ischemia continue in 
evolution. 
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B. Focal Cerebral Ischemia 

I. Considerations for Tissue Salvage 

The use of plasminogen activators in acute ischemic stroke is based on the 
observation that 80%-90% of focal cerebral ischemic events within 8-24h of 
symptom onset are due to atherothrombotic or thromboembolic occlusions 
(SOLIS et al. 1977). Angiography-based studies of symptomatic carotid terri
tory arterial thrombosis have documented occlusion in 76% of patients at 6h 
(FIESCHI et al. 1989),81 % at 5.7 ± 1.4h (DEL Zoppo et al. 1992),59% at 24h 
(SOLIS et al. 1977),57% at 3 days (FIESCHI and BOZZAO 1969), and 44% at 7 
days (IRINO et aI.1977) after symptom onset. YAMAGUCHI et al. (1984) indicated 
that spontaneous recanalization is a relatively frequent occurrence following 
cerebral thromboembolism, and MORI et al. (1992) demonstrated that 17% of 
patients entered within 3.6 ± 1.1 h of symptom onset had undergone recanal
ization 2h later. Therefore, a 20% frequency of spontaneous recanalization 
would be expected within 6 h of symptom onset in patients with thrombotic 
stroke. Plasmin generation would be expected to augment this frequency. 

Elements important to outcomes in acute ischemic stroke include the 
integrity of collateral anastomoses, time from symptom onset to evaluation, 
occlusion location, cellular vulnerability, and local flow characteristics. 
Although limited, angiography-based studies of reperfusion using plasmino
gen activators have suggested that clinical outcome may be enhanced by the 
presence of patent collateral anastomoses (VON KUMMER and HACKE 1992). 
These include the circle of Willis, the retrograde ophthalmic circulation, and 
leptomeningeal anastomoses. Lenticulostriatal arterial branches of the middle 
cerebral artery (MeA), considered "end-arterioles," receive no apparent sig
nificant collateral protection from any source. ASTRUP et al. (1981) postulated 
a zone of neuronal tissue peripheral to an irreversibly ischemic core (infarct) 
that is metabolically injured and metastable, and functionally recoverable if 
sufficient blood flow could be restored within a short time. The existence of a 
"penumbra" has been implied by human PET studies (POWERS 1993) and 
experimental preparations (GARCIA et aI.1993). This concept is consistent with 
a finite interval after cessation of blood flow beyond which irreversible 
ischemic neuronal damage occurs (ASTRUP et al. 1977, 1981; SKYHOJ-OLSEN et 
al. 1983). Experimental preparations have suggested that certain regions of 
limited vascular flow and certain neurone popUlations are particularly sensi
tive to ischemia. For instance, blood cellular transit through the corpus stria
tum is substantially less than the cortex (FENSTERMACHER et al. 1991), and is 
differentially sensitive to ischemia. Such regional or cellular "selective vul
nerabilities" may place unknown, but strict limits on tissue recoverability. In 
addition, local flow conditions may contribute to variation in the distribution 
or delivery of nutrients or agents. These are likely to reflect the overall vas
cular anatomy, as well as the state of the microvasculature. It remains 
unproven, but seems likely, that retrograde delivery of a plasminogen activa-
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tor may take advantage of collateral vessels when the agents are delivered sys
temically. In an individual patient, these theoretical considerations may 
combine to define an unknown, but individual interval of tolerated ischemia 
manifested clinically as a limited interval for treatment (BARON et al. 1995). 

In the cerebral arterial tree occlusion location may be important to the 
facility with which recanalization occurs. Several prospective thrombolytic 
intervention trials suggest that proximal internal carotid artery (ICA) occlu
sions are less likely to undergo recanalization than MCA branch lesions fol
lowing either intravenous or regional infusion of a plasminogen activator 
(MORI 1991; DEL Zoppo et al. 1992; MORI et al. 1992; LEE et al. 1994; SASAKI et 
al. 1995; ENDO et al. 1998). Thrombus volume and location underlie the rela
tive resistance to dissolution by therapeutic thrombolysis, with proximal 
atheroma-based ICA thrombi being less responsive than distal embolic occlu
sions (DEL Zoppo et al. 1986, 1988; MORI et al. 1988; MORI 1991). Exposure of 
the proximal (downstream) surface of the thrombotic occlusion to an agent 
depends upon the proximity of the occlusion to the nearest bifurcation in the 
anterograde direction. Lower frequencies of arterial recanalization have 
accompanied systemic or regional delivery of plasminogen activators due to 
the lack of flow proximal to the fixed occlusion, while consistently higher 
recanalization frequencies have been associated with directed intra-arterial 
infusion. On this basis, angiography-based studies have excluded patients with 
proximal ICA occlusions. This distinction has not been made for symptom
based studies. 

II. Hemorrhagic Transformation 

All plasminogen activators carry the risk of intracranial hemorrhage (ALDRICH 
et al. 1985). The central safety issue is that exposure of the ischemic bed 
to altered hemostasis and platelet reactivity engendered by plasminogen acti
vators may increase the size or severity of naturally occurring hemorrhagic 
transformation. 

Hemorrhagic transformation includes the development of hemorrhagic 
infarction (HI) or of parenchymal hematoma (PH) in relationship to focal 
ischemic injury (PESSIN et al. 1990, 1991). HI refers to petechial or confluent 
petechial hemorrhage confined to the ischemic zone, while PH consists of a 
homogeneous, discrete mass of blood (coagulum) initiated in the ischemic 
zone that may extend to the ventricle or appear isolated. In either case, PH 
may contribute to local swelling and shift of midline structures. Clinical dete
rioration caused by intracranial hemorrhage is most often associated with PH, 
although several factors may contribute to deterioration in the presence of HI, 
particularly when it is associated with large infarcts. 

The radiographic distinction between severe HI and PH may be difficult. 
HI is more commonly associated with cardiogenic cerebral embolism than 
thrombosis in situ. YAMAGUCHI et al. (1984), in an angiographic study, reported 
HI in 37% of 120 cases of cardiogenic cerebral embolism, but in 2% of 105 
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cases of cerebral thrombosis in the carotid territory. HI was observed in 46% 
of 140 patients with carotid territory embolic stroke, while PH was observed 
in 16 (11 %) patients (OKADA et al. 1989). In a separate study, HI occurred in 
43% of 65 patients whereas PH occurred in 14% (HORNIG et al. 1986). Using 
CT scanning at admission and between day 5 and day 9 after stroke, TONI et 
al. (1996) arrived at similar results: 43% HI and 11 % PH respectively. PH, 
which is most often symptomatic (PESSIN et al. 1990), seems to accompany 
acute carotid territory embolism in the setting of anticoagulant treatment 
(MEYER et al. 1963; KOLLER 1982; FURLAN et al. 1982; DRAKE and SHIN 1983; 
BABIKIAN et al. 1989). 

The long-standing concept that hemorrhagic transformation may result 
from arterial reperfusion is not supported by angiographic studies (DEL Zoppo 
et al. 1988, 1992; MORI et al. 1988, 1992). The finding of hemorrhagic transfor
mation with persistent occlusion of the primary artery by Ogata and co
workers has suggested that hemorrhage may occur from other vascular 
sources (e.g., collateral channels) (OGATA et al. 1989; FISHER and ADAMS 1951, 
1987). From those studies, the incidence of symptomatic hemorrhagic trans
formation has not exceeded 10%. 

Several factors contribute to thrombolysis-related hemorrhage in acute 
ischemic stroke. One prospective study of recombinant tissue plasminogen 
activator (tPA, duteplase) in angiographically-defined cerebral arterial occlu
sion demonstrated that increased time from symptom onset to treatment was 
associated with a significant increase in all hemorrhage types (DEL Zoppo et 
al. 1992). A post-hoc analysis of two symptom-based studies with tPA 
(alteplase) suggested that symptomatic hemorrhage was dependent upon dias
tolic hypertension, low body mass, age, increased tPA dose, and signs of 
ischemic injury at baseline (LEVY et al. 1994; HACKE et al. 1995; LARRUE et al. 
1997). Those elements are also common contributors to the 0.95% overall fre
quency of intracerebral hemorrhage (ICH) observed in myocardial infarction 
patients treated with fibrinolytic agents (SOBEL 1994; SLOAN et al. 1995; LEVINE 
et al. 1995; GURWITZ et al. 1998) compared to untreated patients (0.02% ICH) 
(KASE et al.1992; DEL Zoppo and MORI 1992). UEDA et al. (1994) demonstrated 
that symptomatic intracerebral hemorrhage in patients with stroke treated 
with intra-arterial urokinase (UK) or tPA was significantly associated with low 
regional cerebral blood flow (rCBF). This is in keeping with the concept that 
prolonged rCBF reduction is associated with most severe tissue injury. The 
European Cooperative Acute Stroke Study (ECASS) indicated that sympto
matic hemorrhage following intravenous tPA (alteplase) infusion was signifi
cantly associated with evidence of ischemic injury on the initial CT scan 
(HACKE et al. 1995). 

III. Neurological Outcome 

Approaches to neurological outcome measurements also evolve. Mortality, an 
outcome appropriate for cardiovascular studies, has much less utility in acute 
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stroke trials because I-year mortality generally does not exceed 15 %, of which 
the majority are due to cardiovascular causes (SCANDINAVIAN STROKE STUDY 
GROUP 1985). To date, large-scale mortality outcome trials of stroke treat
ments, similar to the International Stroke Trial (1ST) (INTERNATIONAL STROKE 
TRIAL COLLABORATIVE GROUP 1997) have not been developed for thromboly
sis owing in part both to the need to assess neurologic status in a detailed way 
and to the contribution of hemorrhage to mortality in studies using throm
bolytic agents. 

It is accepted that stroke patients may display progressive improvement 
in the absence of treatment according to scoring instruments based upon 
the neurological examination [e.g., Scandinavian Stroke Scale (SCANDINAVIAN 
STROKE STUDY GROUP 1985)]. In the development of acute stroke interventions 
with plasminogen activators, the outcomes of recanalization frequency, 
regional blood flow, and measures of neurological function and disability 
have been employed. None of the neurological scoring instruments (includ
ing the NIH stroke scale (NIHSS) (BROTT et al. 1989, 1992; HALEY et al. 1992), 
the Hemispheric Stroke Scale (HSS) (MORI et al. 1992), or modifications of 
specific scales (YAMAGUCH! 1993)) used in acute ischemic stroke trials have 
been prospectively validated for long-term outcome (HANTSON et al. 1994), 
although inter-observer correlations for some scales have been published 
(LYDEN et al. 1994). Functional outcome as measured by such scoring instru
ments has been superseded by disability outcome measures, including the 
Rankin scale modified for mortality (RANKIN 1957), and the Barthel index 
(LOEWEN and ANDERSON 1988; MAHONEY and BARTHEL 1965). These disability 
indices have not yet been prospectively validated as outcome measures in 
acute stroke efficacy trials, but their use is broadening. Plasminogen acti
vator trials which have employed disability outcome measures were also 
intended to validate their utility and appropriateness for acute stroke outcome 
assessment, in addition to demonstrating efficacy of the plasminogen 
activator (HACKE et al. 1995, 1998b; THE NATIONAL INSTITUTE OF NEUROLOGI
CAL DISORDERS AND STROKE TPA STROKE STUDY GROUP 1995; DEL Zoppo et al. 
1998). 

In the absence of angiography, neurological status is a relatively poor cor
relate for cerebral arterial occlusion location (FlESCH! et al. 1989; SAITO et al. 
1987). In general, MCA trunk (Ml segment) occlusion is associated with a very 
poor outcome typified by persistent disabling defects in 35 of 40 (87%) 
untreated patients with angiographic or post-mortem confirmation of the arte
rial occlusion (FISHER 1976). Substantial neurologic improvements in patients 
with carotid territory infarction and baseline Canadian Neurological Scale 
scores 2':6.5 (normal = 10.0) were noted (FlESCH! et al. 1989; COTE et al. 1986). 
SAITO et al. (1987) suggested that clinical outcome is directly related to occlu
sion site in the MCA territory. Specifically, 5 of 16 patients (31 %) with distal 
Ml segment and M2 segment occlusions, and 5 of 17 patients (29%) with prox
imal Ml segment occlusions had fatal outcomes at 3 months, while the 3-month 
mortality among M3 segment (branch) occlusions was 14% (1 of 7 patients). 
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However, in a population of stroke patients not selected by vascular diagnos
tic techniques, those differences may not be apparent. 

The clinical outcome of brain stem infarction secondary to basilar artery 
occlusion follows one of two profiles (KUBIK and ADAMS 1946; BIEMOND 1951; 
CASTAIGNE et al. 1974; KARP and HURTIG 1974; FISHER 1977; ARCHER and 
HORENSTEIN 1977; CAPLAN 1983, 1986; ZEUMER et al. 1982, 1983; PESSIN and 
CAPLAN 1986). One profile of vertebrobasilar territory ischemia is character
ized by high mortality or severe disability (ARCHER and HORENSTEIN 1977). 
The majority of patients with basilar artery occlusion in one series succumbed 
within two days to five weeks (KUBIK and ADAMS 1946), while in another all 
nine patients with bilateral distal vertebral artery occlusion died (CAPLAN 
1983). Among 22 consecutive patients with vertebral/basilar occlusions treated 
with antiplatelet agents and/or anticoagulants, 86% succumbed (HACKE et al. 
1988). A separate, more benign course has been described in which patients 
present with only minor or transient brain stem symptoms (FIELDS et al. 1966; 
FISHER 1970; CAPLAN 1979; ASPLUND et al. 1980; BOGOUSSLAVSKY and REGLI 
1985; PESSIN and CAPLAN 1986; BIEDERT et al. 1987). They would not be con
sidered candidates for plasminogen activators. 

In general, therefore, patients with milder fixed deficits are more likely to 
fare better than those with severe deficits. Mortality or ultimate neurologic 
status is generally a poor indicator of the anatomic location of the occlusion. 
Although neurologic deficits reflect occlusion location, the clinical deficits do 
not invariably correlate. Disability outcomes are now considered "standards" 
for outcome measures, although thresholds for efficacy assessment have not 
been validated. 

C. Plasminogen Activators in Focal 
Cerebrovascular Ischemia 

Studies of the efficacy of plasminogen activators in focal cerebral ischemia 
have focused on the hypotheses that (1) fibrinolytic substances facilitate cere
bral arterial recanalization, which is necessary for neurological recovery, or (2) 
fibrinolytic substances may achieve neurological recovery. Two approaches 
have addressed these hypotheses: (1) angiography-based studies which define 
occlusion location and assess vascular outcome and related clinical benefits; 
and (2) symptom-based studies which assess clinical outcome only, without 
corroboration by vascular diagnosis or outcome. Among published experi
ments in acute cerebral ischemia, attention has focused on the use of strep
tokinase (SK), urinary-type plasminogen activator (uPA or urokinase = UK), 
tPA, and recombinant pro-urokinase (rpro-UK, sc-uPA) by local or regional 
intra-arterial infusion, which require angiography. Systemic infusion clinical 
outcome studies without angiographic confirmation have employed fibri
nolysin, thrombolysin, SK, or tPA, while more recent angiography-based sys
temic infusion studies have uniformly used tPA. 
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I. Completed Stroke 

There is no role for fibrinolytic agents in completed stroke or "stroke in evo
lution." Recanalization of patients with stable symptoms of completed stroke 
and angiographically documented intracranial ICA or MCA occlusions 
(SUSSMAN and FITCH 1958), or common carotid artery occlusion (CLARKE and 
CUFFTON 1960) with fibrinolysin has been described. Direct intra-arterial 
delivery (CLARKE and CUFFTON 1960) produced superior recanalization to 
intravenous delivery (SUSSMAN and FITCH 1958). HERNDON et a1. (1960) 
described clinical improvement in 8 of 13 (61 %) patients with presumed cere
bral arterial occlusion of the carotid or basilar artery system treated with fib
rinolysin. Single instances of successful recanalization of carotid territory 
occlusion with plasmin (ATKIN et a1. 1964) and thrombolysin (MEYER et a1. 
1961) early following symptom onset were reported. 

The possibility that intravenous infusion of thrombolysin might safely 
achieve recanalization was prospectively tested in a controlled study compar
ing 20 treated and 20 placebo subjects with symptoms of carotid territory 
occlusion (MEYER et a1. 1963). Only 16 of the 40 patients had angiographic evi
dence of arterial occlusion. Recanalization was clearly demonstrated in a few 
patients, but clinical outcome was equivocal. A prospective study of intra
venous SK (n = 37) vs placebo (n = 36) in patients presenting up to 72h after 
carotid territory stroke was undertaken by MEYER et a1. (1964). Angiographic 
control demonstrated occlusion of an intracranial artery in only 35 patients. 
Recanalization seemed more frequent in the SK group, as was clinical evi
dence of intracranial hemorrhage (11 %). 

The availability of UK a decade later spawned two studies which 
addressed recanalization and neurological outcome. ARAKI et a1. (1973) 
reported a low frequency of recanalization in patients with carotid territory 
occlusion treated with UK up to 30 days after symptom onset in a placebo
controlled study. No neurological benefit was observed by FLETCHER et a1. 
(1976) among 31 patients who received UK intravenously up to 36h after 
symptom onset. Intracerebral hemorrhage occurred in seven (32 %) patients, 
of whom four succumbed (HANAWAY et a1. 1976). Those studies and that of 
MEYER et a1. (1964) supported the view that the plasminogen activator use in 
(completed) stroke was unsafe and not clinically efficacious. A general con
traindication of the use of fibrinolytic agents in patients suffering stroke 
ensued (NIH. CONSENSUS CONFERENCE 1980). But, those studies suffered 
several weaknesses (DEL Zoppo et a1. 1986): 

1. The majority of patients were treated >6 h from symptom onset. 
2. Occlusion of a suspected symptom-producing artery was not documented 

in most studies. 
3. The study populations included patients with "stroke in evolution," lacunar 

infarction, and completed stroke. 
4. Intracerebral hemorrhage as the cause of stroke symptoms could not be 

definitely excluded because CT scanning techniques were not yet available. 
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5. The frequency of hemorrhagic transformation and the vascular "natural 
history" of each atherothrombotic embolic stroke was not known. 

6. The dose-rate/duration of UK and SK infusion was not standardized or uni-
formly controlled. 

Thus, the true relationship of vascular occlusion, plasminogen activator dose 
and infusion schedule, recanalization, and neurological outcome could not be 
evaluated. 

Subsequent non-angiographic systemic infusion studies of very low-dose 
UK and tPA (duteplase) in ischemic stroke were driven by safety concerns. 
Two placebo-controlled studies suggested clinical benefits following UK which 
did not reach statistical significance (ABE et al. 1981a,b; OTOMO et al. 1985), 
while subsequent comparisons gave no advantage to UK or tPA over placebo 
(OTOMO et al.1988; ABE et al.1989). The interval from symptom onset to treat
ment varied from 3 days to 10 days in those trials, and clinical outcomes were 
not linked to vascular reperfusion (ATARAsHI et al. 1985; OTOMO et al. 1985, 
1988; DEL Zoppo et al. 1991). The rather low dose systemic infusion protocols 
used in that group of prospective studies were intended to minimize hemor
rhagic risk (incidence: 0-1.1 %) (ABE et al. 1981a,b; ATARASHI et al. 1985; 
OTOMO et al. 1985). A similar but somewhat higher frequency of hemorrhagic 
transformation, exclusively HI, was observed in the UK/tPA comparisons 
(OTOMO et al. 1988; ABE et al. 1989). 

II. Acute Stroke 

The concept that arterial recanalization must occur within the early minutes 
to hours of focal cerebral ischemia for neurological recovery to be significant 
was introduced in the early 1980s (DEL Zoppo et al. 1986). The effects of intra
venous infusion and intra-arterial local delivery of fibrinolytic agents on arte
rial recanalization, hemorrhagic transformation, and neurological outcome 
have been addressed by phase I (level III) dose-rate finding, and larger phase 
III (level I) clinical trials in carotid territory and vertebrobasilar territory 
ischemia. 

1. Carotid Territory Ischemia 

a) Angiography-Controlled Trials 

a) Intra-Arterial Local Infusion 

Intra-arterial infusion studies have established the feasibility of cerebral arte
rial recanalization in acute stroke patients (ZEUMER 1985; ZEUMER et al. 1989). 
Reports of single cases or small case series (CLARKE and CUFFTON 1960; MEYER 
et al. 1961; ATKIN et al. 1964; NENCI et al. 1983; MIYAKAWA 1984; ZEUMER et al. 
1989) supported larger prospective open trials of regional or local infusion of 
UK or SK that documented recanalization of acute carotid artery territory 
and of vertebrobasilar artery territory occlusions following acute intervention 
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(DEL ZOPPO et al. 1988; MORI et al. 1988; HACKE et al. 1988; ThERON et al. 1989; 
ZEUMER et al. 1989, 1993; MATSUMOTO and SATOH 1991; MOBIUS et al. 1991). 

Arterial recanalization has been reported in 45-100% of patients with 
carotid territory focal ischemia treated acutely with thrombolytic agents. Table 
1 lists prospective trials comprising ten or more patients treated locally with 
SK, UK, tPA, or pro-UK, or a combination of UK or tPA together with Lys
plasminogen. Overall complete or partial recanalization following local or 
regional intra-arterial infusion among these 323 patients was 63%. In the 
majority of studies, patients were entered up to 6 h from symptom onset, 
although exceptionally one patient received the plasminogen activator 3 
weeks after the initial symptoms. DEL Zoppo et al. (1988) demonstrated the 
feasibility of recanalization in 18 of 20 patients treated within 6h of apparent 
symptom onset, the safety of angiographic techniques applied in the acute 
phase, and the benign outcome of HI which occurred within 24 h of symptom 
onset and thrombolysis. MORl et al. (1991) demonstrated that recanalization 
was associated with significant reduction in infarction volume by CT scan. 
Recanalization was less frequent among ICA occlusions than distal MCA 

Table 1. Recanalization outcome: carotid territory ischemia, intra-arterial delivery, 
angiography-based 

Reference Agent Patients ~(T-O) Recanalization 
n h 

n (%)a 

DEL ZopPO et al. (1988) SK/UK 20 1-24 18 90 
MORI et al. (1988) UK 22 0.8-7 10 45 
THERON et al. (1989) SK/UK 12 2-504 12 100 
MATSUMOTO and SATOH (1991) UK 40 1-24 24 60 
ZEUMER et al. (1993) tPA/UK 31 <4 29 94 
OVERGAARD et al. (1993) tPA 17 <6 12 71 
BARNWELL et al. (1994) UK 10 <10 7 70 
LEE et al. 1994 UK 20 <24? 9 45 
SASAKI et al. (1995) tPA/UK 35 <8 16 46 
FREITAG et al. (1996) tPA/UK 22 <6 14 64 

PA + lys-plg 14 <6 12 86 
Gi:iNNER et al. (1998) UK 33 <4 19 58 
ENDO et al. (1998) tPA/UK 21 <6 8 38 
DEL ZopPO et al. (1998) pro-UK 26 <6 15 58 

Placebo 14 <6 2 14 
JAHAN et al. (1999) UK 26 <7.5 11 42 
FURLAN et al. (1999) pro-UK + H 121 <6 80 66 

H only 59 <6 11 18 
LEWANDOWSKI et al. (1999) iv. + ia. tPA 17 <3 9 53 

plac. + ia. tPA 18 <3 5 28 

~(T-O), interval from onset to treatment; H, heparin; lys-plg, lys-plasminogen; PA, UK 
or tPA; plac, placebo; pro-UK, recombinant pro-urokinase; SK, streptokinase; tPA, 
recombinant tissue plasminogen activator; UK, urokinase plasminogen activator. 
a Percent of total number of patients with recanalization. 
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Table 2. Hemorrhagic transformation: carotid territory ischemia, intra-arterial delivery 

Reference Patients Hemorrhage With 
n deterioration 

HI PH 
(%)" (%)b 

DEL Zoppo et al. (1988) 20 4 0 20 0 
MORI et al. (1988) 22 1 3 18 14 
THERON et al. (1989) 12 1 2 25 17 
MATSUMOTO and SATOH (1991) 40 9 4 32 10 
ZEUMER et al. (1993) 31 6 0 19 0 
OVERGAARD et al. (1993) 17 2 0 12 0 
BARNWELL et al. (1994) 10 3 0 30 0 
LEE et al. (1994) 20 5 4 20 15 
SASAKI et al. (1995) 35 7 1 23 3 
GONNER et al. (1998) 33 5 2 21 6 
DEL ZopPO et al. (1998) 

Pro-UK 26 11' 42 15 
Placebo 14 l' 7 14 

JAHAN et al. (1999) 26 7 3 27 12 
FURLAN et al. (1999) 

pro-UK+H 108 27 11 25 10 
H only 54 6 1 11 2 

LEWANDOWSKI et al. (1999) 
iv.+ia. tPA 17 4 2 24 12 
plac.+ia. tPA 18 1 1 6 6 

See Table 1. 
HI, hemorrhagic infarction or asymptomatic hemorrhage (see text); PH, parenchyma-
tous symptomatic hemorrhage (see text). 
a Percent of total number of patients who demonstrated hemorrhagic transformation. 
bpercent with hemorrhagic transformation (most often PH) and deterioration. 
cHI + PH. 

obstructions (MORT 1991; MORI et al. 1988; LEE et al. 1994; SASAKI et al. 1995; 
ENDO et al. 1998). 

Hemorrhagic transformation occurred in 19%-32% of treated patients 
(Table 2). Overall, the incidence of PH (mostly symptomatic) in 266 patients 
was 15% and of HI 17%. 

The Pro lyse (rpro-UK) in Acute Cerebral Thromboembolism (PROACT 
I) trial was the first randomized, double-blind, multicenter trial comparing the 
safety, recanalization frequency, and clinical efficacy of direct intra-arterial 
infusion of recombinant pro-UK with placebo in patients with symptomatic 
MCA occlusion of less than 6h duration (DEL Zoppo et al. 1998). That phase 
II trial randomized 26 patients to intra-arterial infusion of 6mg of pro-UK and 
14 patients to placebo infusion. A high dose heparin (100 IU/kg bolus, followed 
by 1000IU/h infusion for 4h) administration to the first 16 patients (11 pro
UK and 5 placebo) resulted in a very high recanalization rate of 82 % in the 
pro-UK leg (vs 0% in the placebo group), but also produced a high incidence 
of intracranial hemorrhage (73 % vs 20% in the placebo group). Reduction of 



Thrombotic Cerebrovascular Disease 397 

the heparin dosage to a bolus of 2000IU, followed by a 500IU/h infusion in 
the 24 successive patients resulted in a lower 40% recanalization rate in the 
pro-UK patients (vs 22% in the placebo group) and also of the incidence of 
intracerebral hemorrhage (20% and 0% respectively). Overall 24h results in 
the high and the low heparin group yielded 58% and 14% recanalization (p = 
0.017),42% and 7% intracranial hemorrhage (p = 0.03), and a 15% and 7% 
(n.s.) frequency of intracranial hemorrhage with clinical deterioration, respec
tively, in the pro-UK and placebo groups. Mortality within 90 days was 27% 
in the pro-UK and 43% in the placebo group (n.s.). Clinical outcome at 90 
days, as measured by the Barthel index, the modified Rankin scale, and the 
NIHSS, was better in the pro-UK than in the placebo group. 

Based on PROACT I, a larger multicenter, randomized, open trial was 
performed in 180 patients with MCA occlusion of <6h duration. The total dose 
of recombinant pro-UK was increased from 6 to 9mg and the same low-dose 
heparin schedule used as in PROACT I in an attempt to improve recanaliza
tion while limiting symptomatic brain hemorrhage. The initial mean NIHSS 
score was 17 in the pro-UK (n = 121) as well as in the group receiving only 
heparin and no interventional procedure (n = 59), reflecting a higher baseline 
stroke severity than in any randomized acute stroke trial. The median time to 
initiation of pro-UK treatment was 5.3 h (FURLAN et al. 1999). The 2-hour TIMI 
grade 2 + 3 recanalization rates in the PROACT II study were 66% in the pro
UK group and 18% in control patients. Intracranial hemorrhage at 24h 
occurred in 35% of the pro-UK patients and 13% of controls; neurological 
deterioration in 10% and 2% respectively. For the primary efficacy analysis 
40% of pro-UK patients and 25% of the non-intervention group had a mod
ified Rankin score of ::;2 at 90 days (p = 0.04). No significant outcome differ
ence was observed for a modified Rankin score of 0 and l. 

In the EMS bridging trial the feasibility of early administation of intra
venous tPA followed by intraarterial tPA (higher reported recanalization 
rates). It was hoped that the combination of these approaches would further 
optimize the treatment of acute stroke. In this multicenter, double-blind, ran
domized, placebo-controlled study 17 patients were assigned to the i.v'/i.a. tPA 
group and 18 to the placebo/i.a. tPA group. On angiography thrombotic occlu
sion were only found in 22/35 patients. Recanalization was significantly better 
in the i.v'/i.a. group with TIMI grade 3 flow in 6/11 patients versus 1110 in the 
placebo/i.a. group (p = 0.05). Despite these excellent angiographic results 
clinical outcome as assessed by NIHSS score, Berthel index, modified 
Rankin Scale and Glasgow Oucome Scale was similar in the two 
groups (LEWANDOWSKI et al. 1999). 

f3) Intravenous (Systemic) Infusion 

Four prospective angiography-based trials designed to assess the effects of 
intravenous tPA on recanalization or neurological outcome have been 
reported (Table 3) (VON KUMMER et al. 1991; DEL Zappa et al. 1992; MaRl et al. 
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1992; VON KUMMER and HACKE 1992; YAMAGUCHI 1993,1995). The intravenous 
infusions lasted 60-90min and were initiated early (within 6h or 8h) after 
symptom onset. 

A prospective open dose-escalation study demonstrated no dose-rate 
dependence of recanalization following intravenous tPA (duteplase) (DEL 
ZopPO et a1. 1992). Recanalization at 60min post-tPA infusion was not signif
icantly different at any of nine dose-rates from 0.12MIU/kg to 0.75MIU/kg, 
and was 34 % overall. On retrospective analysis, recanalization of distal MCA 
occlusions was significantly more frequent than ICA occlusions (DEL Zoppo et 
a1. 1992), an impression which has been supported by other trials (YAMAGUCHI 
1991; MORI et a1. 1992; LEE et a1. 1994; SASAKI et a1. 1995; ENDO et a1. 1998). 
The presence of the hyperdense middle cerebral artery sign (HMCAS), con
sistent with thrombotic arterial occlusion of the M1 segment, was not associ
ated with recanalization following tPA (WOLPERT et a1. 1993). The lack of 
dose-rate response in addition to the 18% frequency of ICA occlusions sug
gests that that study might have been underpowered to demonstrate a recanal
ization effect, or that the dose-rates applied were below the optimum for 
recanalization of visible carotid territory occlusions. 

MORI et a1. (1992) compared 20MIU and 30MIU tPA (duteplase) with 
placebo in a three-arm, double-blind level I trial. Increased recanalization and 
significantly better 30-day clinical outcome according to the (inverted) HSS 
was observed in the 30MIU (-0.5MIU/kg per 60min) cohort compared to the 
placebo or 20MIU cohorts. No significant change in outcome at 24h to 48h 
was observed. YAMAGUCHI et a1. (1993) extended those observations in a mul
ticenter, placebo-controlled trial comparing 20MIU tPA (duteplase) with 
matched placebo in 95 patients treated within 6h of symptom onset. When 
reperfusion grades3 and 4 were combined, 10 of 47 (21 %) patients treated 
with tPA, and 2 of 48 (4 %) patients treated with placebo had successful reper
fusion (p < 0.05). The tPA group had a more favorable 30-day outcome 
(p = 0.04) according to a weighted percent reduction of the HSS (MORI et a1. 

Table 3. Recanalization outcome: carotid territory ischemia, intravenous delivery, 
angiography-based 

Reference Agent Patients ~(T-O) Recanalization 
n h 

n (%)a 

DEL Zoppo et al. (1992) tPA 93 (104) <8 32 34 
MORI et al. (1992) tPA 19 <6 9 47 

C 12 2 17 
VON KUMMER and HACKE (1992) tPA 22 <6 13 59 
YAMAGUCHI (1993) tPA 47 <6 10 21 

C 46 2 4 

~(T-O), interval from onset to treatment; tPA, recombinant tissue plasminogen activa
tor; C, control. 
a Percent of total number of patients who demonstrated recanalization. 
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1992). A subsequent prospective blinded comparison of 20 MIU vs 30 MIU per 
patient demonstrated equal neurological recovery (YAMAGUCHI 1995). 

Thus, a 21 %-53% early partial or complete recanalization frequency fol
lowing systemic thrombolysis was reported in these studies with similar entry 
criteria. In the two placebo-controlled trials, recanalization in the setting of 
the plasminogen activator surpassed that expected from spontaneous recanal
ization. Improvement in neurological score at 30 days was noted, but there 
was no assessment of long-term disability. Neurological outcome at 24h did 
not predict subsequent outcome at 30 days (MORI et al. 1992). The possibility 
that patent-established collaterals at treatment may be associated with favor
able neurological outcome was addressed by VON KUMMER and HACKE (1992) 
in their prospective angiography-based single-dose tPA (alteplase, 100mg) 
study. 

The incidence of hemorrhagic transformation among the intravenous 
trials was not different from that reported for intra-arterial infusion in the 
carotid territory (Table 4). In the dose-rate escalation study, HI occurred in 
21 % of treated patients and PH in 11 % (DEL Zoppo et al. 1992). Of note, 4 of 
21HI patients (19%) deteriorated clinically, while 5 of 11 PH patients (45%) 
improved or remained unchanged within the hospital observation period, indi
cating that some overlap of these entities is possible. Overall, however, PH was 
typically lobar, usually confined to the region of ischemia, and associated with 
clinical deterioration (DEL Zoppo et al. 1992; YAMAGUCHI et al. 1993). No rela
tionship between hemorrhagic transformation and 60-min recanalization, tPA 
dose-rate, pretreatment exposure to antiplatelet agents, or pretreatment blood 
pressure was apparent in retrospective analysis (DEL Zoppo et al. 1992). In the 
trial of MORI et al. (1992) neurological deterioration occurred only in the tPA 
group. YAMAGUCHI (1993) noted massive hemorrhage in 8% and 11% of 

Table 4. Hemorrhagic transformation: carotid territory ischemia; intravenous delivery, 
angiography-based 

Reference Agent Patients Hemorrhagic With 
n deterioration 

HI PH 
(%)" (%)h 

DEL ZopPO et al. (1992) tPA 93 (104) 21 11 31 11 
MORl et al. (1992) tPA 19 8 2 53 11 

C 12 4 1 42 0 
VON KUMMER and HACKE tPA 22 9 3 10 14 

(1992) 
YAMAGUCHI (1993) tPA 47 (51) 20 4 47 8 

C 46 (47) 17 5 47 11 

See Table 1. 
HI, hemorrhagic infarction (see text); PH, parenchymatous hemorrhage (see text). 
a Percent of total number of patients who demonstrated hemorrhagic transformation. 
bpercent with hemorrhagic transformation (most often PH) and deterioration. 
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patients treated with tPA and placebo, respectively. The frequency of hemor
rhagic transformation with neurological deterioration ranged from 9% to 11 % 
among the other three trials (DEL Zoppo et al. 1992; VON KUMMER and HACKE 
1992; MORI et al. 1992). The frequency of PH ranged from 7% to 11 %, which 
was not substantially different from literature sources. 

y) Single Photon-Emission Computed Tomography (SPECT) 

14C-HMPAO-SPECT provides a convenient non-invasive measure of regional 
cerebral blood flow (MASDEU and BRASS 1995; ALEXANDROV et al. 1997). 
Several prospective clinical trials of thrombolysis in acute stroke have 
employed SPECT to assess relative regional CBF changes. OVERGAARD et al. 
(1993) (The Danish Pilot Study) suggested that rCBF improvement by SPECT 
correlated well with patency by angiography (p = 0.015) following intravenous 
delivery of tPA (aJteplase). In contrast, BAIRD et al. (1994) found no correla
tion between evidence of reperfusion by SPECT and that provided by digital 
subtraction angiography (DSA). However, patients without SPECT evidence 
of reperfusion had significantly higher mortality, less improvement in neuro
logical score, and more functional disability than those with normal perfusion. 
GROTTA and ALEXANDROV (1998) found a correlation between improvement 
by SPECT and the NIHSS following treatment with tPA. As noted above, 
UEDA et al. (1994) found a significant correlation of reduced rCBF by SPECT 
with hemorrhagic transformation following intra-arterial infusion UK in acute 
thrombotic stroke. 

b) Symptom-Based (Clinical Outcome) Trials 

Symptom-based, intravenous (systemic) delivery acute stroke intervention 
trials have selected patients according to CT scan and clinical criteria, and 
evaluated therapeutic efficacy by clinical symptoms (neurological score) or 
disability outcome. Disability status as a sensitive and accurate marker of 
outcome in this setting has been tested only in the context of ongoing throm
bolysis trials. 

Five prospective studies examined the impact of low dose UK in several 
configurations on general clinical outcome after stroke when applied up to five 
days after stroke onset (Table 5). No benefit was demonstrated in any trial. 

The experience of three symptom-based, randomized, placebo-controlled 
trials of SK in acute ischemic stroke is relevant to concerns about intra
cerebral hemorrhage (Table 4). Each study used a single intravenous infusion 
of 1.5 MIU SK as the active arm. HOMMEL et al. (1995) described early termi
nation of the Multicenter Acute Stroke Trial - Europe (MAST-E) when 10-
day (p < 0.001) and 6-month (p < 0.01) mortality in the SK group significantly 
exceeded that of the placebo group. MAST-E compared intravenous SK with 
placebo given within 6 h of the onset of MCA territory symptoms (THE MUL
TICENTER ACUTE STROKE TRIAL-EUROPE STUDY GROUP 1996). The significantly 
higher incidence of symptomatic intracranial hemorrhage observed in the SK 
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group [33 of 156 (21 %) vs 4 of 154 (3%); p < 0.001] was probably due to the 
severity of stroke patients entered into this trial. This was suggested by the 
high short-term mortality in the placebo group (18%), consistent with severe 
tissue injury. The Australia Streptokinase (ASK) trial was a symptom-based, 
randomized, placebo-controlled trial of SK administered within 4h of acute 
ischemic stroke (DONNAN et al. 1995, 1996). Interim analysis of adverse 
outcome after 300 patients were entered prompted the safety monitoring com
mittee to advise termination of the >3h (to 4h) arm because of significant 
increased mortality or mortality and Barthel index (modified) <120 among 
patients in that arm. No apparent safety concern was observed for patients 
treated in the 0-3 h window. Unfavorable outcome in those patients were 14/41 
(34%) in the SK arm and 15/29 (52%) in the placebo group (DONNAN et al. 
1996). Those findings underscore the relevance of the time from symptom 
onset to treatment, and the importance of discrete and ongoing risk/benefit 
assessment. They are also reminiscent of the earlier findings of MEYER et al. 
(1964) regarding the safety of SK in stroke. In a substudy of the ASK trial 
INFELD et al. (1996) performed HMPAO-SPECT analysis in 15SK- and in 9 
placebo-treated patients. SK was associated with a greater amount of nonnu
tritional reperfusion than was placebo (p = 0.04). This luxury perfusion was 
associated with poor functional outcome (p = 0.02). In another substudy, using 
HMPAO-SPECT and/or trans cranial Doppler analysis, a larger number of 
patients demonstrating the combined endpoint of reperfusion or recanaliza
tion was seen in the SK (13/14; 93%) than in the placebo group (7/14; 50%, 
p = 0.01) but this effect did not influence overall clinical outcome (YASAKA 
et al. 1998). 

The Multicentre Acute Stroke Trial - Italy (MAST-I) group also termi
nated their trial of acute intravenous SK ± aspirin (ASA) within 6h of 
symptom onset after only 622 patients were entered (MULTICENTRE ACUTE 
STROKE TRIAL-ITALY (MAST-I) GROUP 1995; TOGNONI and RONCAGLIONI 1995; 
CICCONE et al. 1998). An excess 10-day case fatality was associated with SK ± 
ASA (p < 0.00001), most particularly when SK was given with ASA (p < 
0.00001), but, no differences in six-month outcomes were seen. These experi
ences overall have limited the study of SK in acute ischemic stroke. It must be 
noted that a proper dose-finding study to arrive at a safe SK dose was not per
formed, and the dose used in all trials was that adapted from recommended 
doses for acute MI [GRUPPO ITALIANO PER Lo STUDIO DELLA STREPTOCHINASI 
NELL'INFARTO MIOCARDICO (GISSI) 1986,1990]' 

The European Cooperative Acute Stroke Study (ECASS), a prospective 
phase III randomized, symptom-based, placebo-controlled study, compared 
clinical outcomes following intravenous infusion tPA (1.1 mg/kg, maximum 
100mg) with placebo (HACKE et al. 1995). From 75 European centers, 620 
patients were randomized to tPA or placebo within 6 h of symptom onset. The 
primary outcome events were disability outcome by Barthel index and modi
fied Rankin scale at day90 post-treatment. Prospectively applied rules sought 
to exclude patients by neuroradiographic criteria with evidence of large 
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regions of hemispheric injury. A post hoc re-evaluation of baseline CT scans 
in all patients defined a population with hemispheric injury not apparent on 
admission. Re-evaluation of outcomes with consideration for those patients 
and others who should have been excluded yielded a "target population." For 
the target analyses 109 patients were excluded, of which 66 (61 %) were to 
have been excluded by CT scan criteria, mostly because of the presence of 
major early infarct signs not appreciated on the initial scan. SCHRIGER et al. 
(1998) have analyzed the accuracy of CT scan readings by a sample of 103 
physicians involved in the screening of stroke patients. The 54 test scans 
demonstrated intracerebral hemorrhage, acute infarction, intracerebral calci
fications, old cerebral infarction, and normal findings. The average correct 
readings by 38 emergency physicians were 67%, by 29 neurologists 83%, and 
by 36 general radiologists also 83%. Initial results with CT angiography, 
involving spiral CT scanning with an intravenous injection of non-ionic con
trast medium, may help to further refine the indication for thrombolytic 
therapy in stroke patients by identifying, among others, those in whom spon
taneous lysis of the occluding thrombus has taken place and in whom 
the administration of thrombolytic agents might do more harm than good 
(WILDERMUTH et al. 1998). 

Intention-to-treat analysis demonstrated no apparent difference between 
the tPA and placebo-treated groups with regard to Barthel index and modi
fied Rankin scale. Analysis of the "target population" suggested a significant 
difference in median Barthel index and modified Rankin scale score favoring 
the tPA-treated group. In the latter analysis an 11 %-12% absolute improve
ment in best outcome (modified Rankin scales scores of 0 and 1) resulted. 
Cumulative mortality ("intention-to-treat") at 90 days was 23% in the tPA 
group and 16% in the placebo group, which was not different. The "intention
to-treat" model demonstrated a significantly higher proportion of patients 
with intracerebral hemorrhage causing neurological deterioration or death 
(PH2) with tPA (19 of 313) compared to placebo (7 of 307). An excess of PH2 
(7%) was associated with tPA in "target" analyses as well. Early neurological 
recovery (i.e., Scandinavian Stroke Scale), functional outcome in the combined 
Barthel index/Rankin Scale, and duration of in-hospital stay were favorably 
influenced by tPA exposure in both. There was no benefit in neurological status 
at 24h. Median neurological and disability outcomes at 30 and at 90 days were 
better in the tPA-treated "target" patients only. A singular interpretation of 
these data is that the lack of benefit in functional outcome and neurological 
recovery was "driven" by a subgroup of patients with clinically significant cere
bral injury at increased risk for hemorrhage or further deterioration after 
intravenous thrombolysis. The overall analysis suggested that when a subgroup 
of patients at high risk ("early infarct signs") were excluded, 90-day disability 
outcome would be significantly affected. Defining the subgroup or subgroups 
represented by the excluded patients is of major importance to the applica
tion of this approach within 6 h from symptom onset. The ECASS experience 
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underscored the need to define subtle alterations on initial CT scan consistent 
with "major early infarct signs" so as to exclude patients at high risk for poor 
outcome. 

Two post-hoc analyses of the ECASS trial examined whether clinical 
outcome were better if only patients within 3 h of stroke onset had been 
enrolled (STEINER et al. 1998) and whether using three of the four 
dichotomized end points evaluated in the NINDS trial would modify the orig
inal analysis of the ECASS trial (HACKE et al. 1998a). In ECASS 87 patients 
had been randomized within 3 h of symptoms. Differences in favor of tPA 
treatment were found in all primary and secondary outcome measures, except 
for mortality at day30 (STEINER et al. 1998). Using the statistical methodology 
of NINDS for the three end points of modified Rankin score, Barthel index, 
and the NIHSS, outcome was more favorable in the tPA-treated group com
pared to placebo. A modified Rankin score of 0 or 1 was found in 36% of 
patients in the tPA group vs 28% in the placebo group (p = 0.044), Barthel 
indexes of 95 or 100 were determined in 44% and 38% (p = 0.1), and NIHSS 
of 0-1 in 36% and 22% (p = 0.001) of patients respectively. Thus, when apply
ing the statistical approach of the NINDS study to the ECASS intention to 
treat data set, the outcome of tPA-treated patients was significantly improved 
(HACKE et al. 1998a). The limitations of such analyses are that they were per
formed post-hoc, i.e., did not use predefined criteria. 

Following a series of pilot studies to assess the relative safety of tPA 
(alteplase), a two-part, four-armed placebo-controlled clinical outcome study 
of tPA with entry at 0-90min or 91-180min from symptom onset was com
pleted by the NINDS (THE NATIONAL INSTITUTE OF NEUROLOGICAL DISORDERS 
AND STROKE TPA STROKE STUDY GROUP 1995). Earlier reports from that group 
suggested a low incidence of symptomatic intracerebral hematomas in 3 of 74 
(4%) patients treated with tPA (alteplase), although the frequency of hemor
rhagic transformation in one open dose-escalation study was 30% (6 of 20) 
(HALEY et al. 1992, 1993). 

In Part 1, among 291 patients randomized to tPA (0.9mg/kg) or placebo 
within the two treatment time intervals, a slight improvement of the neuro
logical status according to the NIHSS at 24h was observed in the tPA group 
(n = 144) compared to the placebo (n = 147) group (n.s.; Table 5) (THE 
NATIONAL INSTITUTE OF NEUROLOGICAL DISORDERS AND STROKE TPA STROKE 
STUDY GROUP 1995). In Part 2, a significant 11 %-13% absolute improvement 
in Barthel index, modified Rankin scale score, Glasgow outcome scale score, 
and NIHSS with minimal or no disability (deficit) was observed at three 
months in the tPA (n = 168) over placebo (n = 165) recipients. No difference 
in mortality was observed. However, in the combined experience of both parts, 
the frequency of symptomatic hemorrhage was significantly greater among 
those patients treated with tPA (6.4%, 2p < 0.001) than those who received 
placebo (0.6%). Overall, there was no difference in outcomes between patients 
treated within 90min and those treated within 180min. It was concluded that 
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substantial benefit in best outcome (no or minimal disability) could be 
achieved among patients treated within 3 h of symptom onset with this plas
minogen activator. At one-year follow-up patients treated with tPA were 
more likely to have minimal or no disability than the patients given placebo 
(KWIATKOWSKI et al. 1999) 

Symptomatic hemorrhagic transformation contributed significantly to 
mortality within the tPA group at three months. Of interest is the observation 
that the frequency of symptomatic hemorrhage in the placebo group (0.6%) 
was substantially less than that reported in the literature from previous 
prospective fibrinolysis studies (DEL Zoppo et al. 1992; MORI et al. 1992; 
YAMAGUCHI et al. 1993). While the reasons for the lower frequency are not 
clear, it cannot be attributed to earlier arrival to the hospital setting or CT 
evaluation, or to less severe initial neurological status. In angiography-based 
studies contrast extravasation or anticoagulant use may have contributed to 
CT findings at 24h (DEL Zoppo et al. 1992; MORI et al. 1992; VON KUMMER and 
HACKE 1992; YAMAGUCHI 1993), but this cannot be the case for CT scan-based 
studies (HORNIG et al. 1986; HACKE et al. 1995). The entry of proximal MCA 
lesions (which are compatible with large hemispheric injury) in those studies 
(DEL Zoppo et al. 1992; MORI et al. 1992) may have selected for a higher fre
quency of severe hemorrhage, whereas the lack of vascular diagnosis in other 
studies may have allowed selection of a larger proportion of less severe 
ischemic lesions or lesions of another source. 

A cost-effectiveness analysis, based on the NINDS trial data set, arrived 
at the conclusion that thrombolytic therapy with tPA for acute ischemic stroke 
is likely to result in a net cost savings to the health care system (FAGAN et al. 
1998). Interestingly, tPA-treated patients, who were hypertensive after ran
domization and received antihypertensive therapy were less likely to have a 
favorable outcome at three months (p < 0.01) than those who were hyperten
sive and did not receive antihypertensive drugs (BROTT et al. 1998). The favor
able results with tPA in the NINDS trial led to rapid approval, by the FDA, 
of this drug for the treatment of acute ischemic stroke and the establishment 
of Guidelines for Thrombolytic Therapy for Acute Stroke by the American 
Heart Association Science Advisory and Coordinating Committee on June 20, 
1996 (ADAMS et al. 1996). This was soon followed by the application of 
tPA thrombolysis for acute stroke in university and community hospitals 
(TROUILLAS et al. 1996; GRaND et al. 1998b; CHIU et al. 1998; TANNE et al. 1998; 
KATZAN et al. 2000; ALBERS et al. 2000). 

ECASS-II was a non-angiographic, randomized, double-blind trial of 
800 patients in Europe, Australia, and New Zealand (HACKE et al. 1998b). CT 
scans were used to exclude patients with signs of major infarction. tPA (n = 
409) or placebo (n = 391) were randomly assigned with stratification for time 
from symptom onset (0-3h or 3-6h). The dose of tPA (0.9mg/kg; maximum 
90mg, given as a bolus of 10% of the total dose, followed by a 60 min infusion 
of the remaining dose) was chosen to match that of the NINDS trial. The 
primary end point was the modified Rankin scale (mRS) at 90 days. A favor-
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able outcome (mRS 0 or 1) was seen in 40.3% of the patients in the tPA 
and 36.6% in the placebo group (p = 0.28). In a post-hoc analysis, in which 
outcome was classified in terms of independence (mRS 0-2),54.3% of the 
patients in the tPA and 46.0% in the placebo group were independent (p = 
0.024). There were no differences between the cohorts treated 0-3h or 3-6h 
after the onset of stroke symptoms, and in the 30-day and 90-day mortality 
rates between the two treatment groups. Severe intracranial hemorrhage was 
significantly more common in the tPA (11.7%) than in the placebo group 
(3.1 %). Although the overall results were not statistically significant, the find
ings of the ECASS-II trial are consistent with the positive trend and benefits 
seen in previous trials and are supported by the significant absolute difference 
of 8.3% in favor of tPA when the mRS was dichotomized for dependency 
(HACKE et al. 1998b). 

ATLANTIS was originally designed to assess the efficacy and safety of 
intravenous tPA in patients with acute stroke of <6h duration. Enrollment was 
halted because of safety concerns in patients treated 5 to 6 h after onset of 
symptoms. Results of this initial ATLANTIS Part A trial were reported sepa
rately (CLARK et al. 2000) and Part II initiated, restricting the time window 
after onset of symptoms to 3-5 h. In Part A no significant benefit on any of the 
planned efficacy end points at 30 and 90 days was seen. The risk of sympto
matic intracerebral hemorrhage was increased with tPA treatment, particu
larly in those patients treated 5-6 h after onset of symptoms (CLARK et al. 
2000). In the target population of Part B, 272 patients were randomized to tPA 
and 275 to placebo. In about 20% of patients treatment was started 3-4h and 
in 80% 4-5 h after onset of symptoms. Primary endpoint was an excellent neu
rological recovery at day 90 (NIHSS score ::;;1), secondary endpoints included 
excellent recovery on functional outcome measures (Barthel index, modified 
Rankin scale and Glasgow Outcome Scale) at days 30 and 90. In none of these 
assessment was there any significant difference between the tPA and the 
placebo group. In the first 10 days asymptomatic and symptomatic intracra
nial hemorrhage was significantly increased in the tPA group (CLARK et al. 
1999). The authors concluded that their results do not support the use of intra
venous tPA for stroke treatment beyond 3 hours. 

Taken together, the ECASS and NINDS studies indicate the enormous 
importance of patient selection to avoid risk attendant to plasminogen acti
vators (HACKE et al. 1995, 1998b; THE NATIONAL INSTITUTE OF NEUROLOGICAL 
DISORDERS AND STROKE TPA STROKE STUDY GROUP 1995). The interval from 
symptom onset to treatment to achieve clinical improvement varies individu
ally (BARON et al. 1995). All three studies suggest that CT scans and neuro
logic scores at study entry do not completely identify those at risk for 
hemorrhage, although proper attention to the presence and extent of ischemic 
injury on initial CT scan is likely to address hemorrhagic risk. It is currently 
not possible to separate benefit from hemorrhagic risk in a given patient based 
upon simple clinical criteria. However, the three studies and their forbears 
indicate that outcome improvement is feasible within a longer interval prior 
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to treatment. The experience of MAST-E and studies with other imaging 
methods suggest that poor neurological status at outset and reduced rCBF 
may reflect cerebral tissue injury which will produce significant hemorrhage 
with deterioration upon exposure to plasminogen activators. Criteria for 
patient treatment (in the experimental setting) require a short interval from 
symptom onset to treatment and the absence of apparent tissue injury on 
initial CT scan. 

2. Vertebrobasilar Territory Ischemia 

a) Angiography-Controlled Trials 

a) Intra-Arterial (Local) Infusion 

The potentially severe and fatal outcome following vertebral and/or basilar 
artery occlusion has prompted an aggressive approach to this disorder (Table 
6). NENCI et al. (1983) reported that local directed infusion of either SK or UK 
within 6-96 h of symptom onset in four patients with vertebrobasilar ischemia 
resulted in complete recanalization without hemorrhage. A retrospective com
parison of general outcome and recanalization efficacy in 43 patients who 
received either SK or UK with 22 patients who received conventional 
antiplatelet/anticoagulant therapy for vertebrobasilar ischemia suggested 
benefit with recanalization (HACKE et al. 1988). Of the 43 patients with tech
nically successful interventional procedures, 14 of 19 who achieved complete 
recanalization survived, whereas only 4 of the 23 patients who received anti-

Table 6. Recanalization outcome and hemorrhagic transformation: vertebrobasilar 
territory intra-arterial delivery, angiography-based ischemia 

Reference Agent Patients Recanalization Hemorrhage 
n 

n (%)a HI PH (%)b 

HACKE et al. (1988) SK/UK 43 19 44 2 2 9 
ZEUMER et al. (1989) UK 7 7 100 1 0 14 
MOBIUS et al. (1991) SK/UK 18 14 78 0 0 0 
MATSUMOTO and UK 10 4 40 0 1 10 

SATOH (1991) 
ZEUMER et al. (1993) tPA/UK 28 28 100 2 0 0 
BRANDT et al. (1996) UK 44 23 52 3? 3 7? 
BECKER et al. (1996) UK 12 10 83 2 17 
WIJDICKS et al. (1997) UK 9 7 78 1 11 
CROSS et al. (1997) UK 20 13 65 3 15 
LEVY et al. (1999) UK 10 6 60 

HI, hemorrhagic infarction (see text); PH, parenchymatous hemorrhage (see text); SK, 
streptokinase; tPA, recombinant tissue plasminogen activator; UK, urokinase plas
minogen activator. 
a Percent of total number of patients who demonstrated recanalization. 
b Percent of total number of patients who demonstrated hemorrhagic transformation. 
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coagulants survived. Recanalization was significantly associated with survival 
(p = 0.000007) and with improved outcome (p = 0.00005). 

ZEUMER et al. (1989, 1993) reported recanalization in 100% of patients. 
MOBIUS et al. (1991) realized recanalization in 78% of patients who received 
UK or SK by direct infusion. In contrast, MATSUMOTO and SATOH (1991) 
reported only 40% recanalization in patients who received UK by regional 
infusion. Of 18 patients described by MOBIUS et al. (1991) who received either 
UK or SK, 10 of 14 patients who displayed recanalization within the 2h ther
apeutic period had at worst moderate residual deficits, whereas all four 
patients who did not display recanalization died. Similarly, three of four 
patients with basilar artery occlusion treated by MATSUMOTO and SATOH (1991) 
who displayed recanalization had fair or good clinical outcome. Those with 
progressive symptoms at outset seemed to fare worse than those with sudden 
symptom onset. The report of BRANDT et al. (1996) comprises a total of 51 
patients of whom 44 were treated with intra-arterial UK. Recanalization was 
achieved in 52%. Mortality was 46% in the recanalization group and 92% in 
the group without recanalization (p = 0.0004). BECKER et al. (1996) reported 
recanalization in 10 of 12 (83%) patients with direct infusion of UK by a 
microcatheter embedded into the face of the arterial thrombus. An initial 1-
to 2-h infusion was followed by a prolonged low-dose infusion, intended to 
prevent rethrombosis. Of the patients who exhibited recanalization, six suc
cumbed of whom three had rethrombosis. Coma and quadriparesis on pre
sentation seemed to increase the risk; all three patients with these conditions 
died. 

[3) Intravenous (Systemic) Infusion 

There is meager information about recanalization efficacy following intra
venous delivery of fibrinolytic agents in vertebrobasilar territory ischemia 
(HERDERSCHEE et al. 1991; VON KUMMER et al. 1991; YAMAGUCHI 1991; GROND 
et al. 1998a). 

III. Other Conditions 

1. Retinal Vascular Occlusion 

The potential use of fibrinolytic agents in retinal artery or retinal vein occlu
sion has been examined by KWAAN (1988). Potential benefit with visual recov
ery was suggested when retinal vein occlusion was treated with (intravenous) 
SK within two weeks of symptom onset. HATTENBACH et al. (1999) studied 58 
patients with central retinal vein occlusion. Results were poor in patients 
admitted> 11 days after onset of symptoms. In 45 patients with a duration of 
symptoms of <11 days,23 were treated with 50mg tPA i.v. and heparin and 22 
with hemodilution. An advancement of 2 or more lines on the logarithmic 
visual acuity chart was found in 44% of patients in the tPA group but only in 
14% of patients in the hemodilution group. FREITAG et al. (1993) have noted 
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that partial recovery of form vision was possible in some patients with acute 
retinal artery occlusion up to 33 h after symptom onset. This confirmed a 
similar previous experience with micro catheter delivery of UK (SCHMIDT et a1. 
1992). WEBER et a1. (1998) administered UK (100000-900000IU) through a 
microcatheter into the ophthalmic artery over 10-90 min in 17 patients with 
acute central retinal artery occlusion. Three patients recovered completely and 
regained visual acuity. Two additional patients showed a marked and six a 
slight improvement of visual acuity. In six patients thrombolytic therapy had 
no effect. Compared with a historical control series of 15 patients, UK-treated 
patients fared better (p = 0.01). RICHARD et a1. (1999) treated 53 patients with 
central artery occlusion (n-46) or branch arterial occlusion (n = 7) with 10 to 
20mg of tPA delivered through a micro catheter inserted in the ophthalmic 
artery. At 3 months visual acuity had improved in 66% of patients. No prospec
tive, placebo-controlled trials have been performed in acute retinal vascular 
occlusion. 

2. Dural Sinus Thrombosis 

Dural sinus thrombosis is associated variably with headache, altered mental 
status, focal neurologic deficits, seizures, and death. Management has varied 
from observation to aggressive treatment. Despite anecdotal reports (TSAI et 
a1. 1992; HIGASHIDA et a1. 1994; SMITH et a1. 1994; HOROWITZ et a1. 1995), the 
delivery of plasminogen activators for severe symptomatic cerebral vein 
thrombosis has not been studied prospectively. HOROWITZ et a1. (1995) treated 
13 patients with UK by selective catheterization via the jugular vein, which 
was accessed via the femoral vein. Patency of the sinus was achieved in 12/13 
patients (92 %) all of whom had good or excellent clinical outcome. TSAl et a1. 
(1992) infused lower doses of UK directly into the occluded sinus of five 
patients, all of whom recovered completely without any residual deficits. 
Similar results were achieved in 6 patients reported by PHILIPS et a1. (1999). 
SMITH et a1. (1994) treated seven patients with symptoms for one week to six 
months; UK infusions ranging from 88 h to 244 h were required, but all patients 
improved. FREY et a1. (1999) treated 12 patients with tPA delivered into the 
thrombus by microcatheter. Flow could be restored in 9 patients. 

D. Ongoing Stroke Trials with Thrombolytic Agents 
In pilot sudies it was shown that transcranial Doppler ultrasound can accel
erate tPA-mediated thrombolysis (BEHRENS et a1. 1999; ALEXANDROV et a1. 
2000). Further studies on this promising approach are ongoing. 

The AUST was designed to test the hypothesis that intra-arterial UK 
plus anticoagulants in acute basilar artery occlusion will reduce morbidity and 
mortality at six months compared with the administration of anticoagulants 
alone. Two hundred patients from eight centers in Australia were to be 
enrolled. 
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E. Conclusion 
Experience with fibrinolysis as a treatment for acute cerebrovascular ischemia 
indicates that recanalization of carotid and vertebrobasilar territory occlusion 
is technically feasible within 3-6h of symptom onset. A composite of prospec
tive studies suggests that intra-arterial direct infusion of a plasminogen acti
vator can produce a substantially greater recanalization frequency than 
systemic intravenous delivery. Complete occlusions of the cervical ICA by in 
situ thrombosis appear more resistant than occlusions of the stem and major 
branches of the MCA to thrombolysis. The optimal plasminogen activator, its 
dose-rate, and delivery system have yet to be defined in either territory. Three 
phase III trials (ECASS, ECASS-II, and NINDS) indicate the range of out
comes achievable and central risks to the use of plasminogen activators in the 
setting of acute focal cerebral ischemia. Any potential benefit with tPA in a 
stroke popUlation was nullified by the treatment of patients with subtle signs 
of ischemic injury on CT scan (ECASS). Treatment of acute ischemic stroke 
patients within 3 h of symptom onset was associated with improvement in 
outcome (NINDS). Phase III trials of intravenous SK in carotid territory 
stroke have suggested increased mortality in some patients possibly related to 
stroke severity and excessive SK dosage. Hemorrhagic transformation invari
ably accompanies the use of fibrinolytic agents and is significantly increased 
by delayed intervention, diastolic hypertension, dose, and presence of sub
stantial ischemia on initial CT scan. Future efforts will be directed to the 
reduction of these risk factors. 
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CHAPTER 16 

Staphylokinase 

H.R. LIJNEN and D. COLLEN 

A. Introduction 

Thrombolytic therapy, consisting of the intravenous administration of plas
minogen activators, has become an important therapeutic approach in patients 
with thromboembolic disease. Thrombolytic agents that are approved for clin
ical use or are under clinical investigation may be classified as "fibrin-specific" 
or "n6n-fibrin-specific" (COLLEN and LUNEN 1991). Non-fibrin-specific 
plasminogen activators such as streptokinase (SK), anisoylated plasminogen 
streptokinase activator complex (APSAC), and two-chain urokinase-type 
plasminogen activator (tc-uPA, urokinase) activate both circulating and fibrin
bound plasminogen, inducing extensive systemic activation of the fibrinolytic 
system. Extensive systemic activation of plasminogen (plasma concentration 
1.S-2.umol/l) to plasmin, will result in depletion of the physiological plasmin 
inhibitor, arantiplasmin (plasma concentration 1.umolll). Excess plasmin may 
degrade several plasma proteins including fibrinogen, factor V, and factor VIII, 
and induce the so-called "lytic state" (see Chap. 7). In contrast, fibrin-specific 
plasminogen activators such as the physiological molecules tissue-type plas
minogen activator (tPA) (see Chap. 8), single-chain urokinase-type plasmino
gen activator (sc-uPA) (see Chap. 9), the bacterial plasminogen activator 
staphylokinase (SAK), as well as the Vampire bat plasminogen activator 
(see Chap. 17), preferentially activate plasminogen at the fibrin surface. 
Once formed, plasmin associated with the fibrin clot is protected from rapid 
inhibition by arantiplasmin and may thus efficiently degrade the fibrin of a 
thrombus. These molecular interactions are schematically represented in 
Fig. 1. 

The fibrin-specific mechanism of action of the physiological plasminogen 
activators has triggered great interest in their use for thrombolytic therapy, 
based on the premise that fibrin-specific activators would have a higher effi
cacy for coronary patency translating into a higher reduction of mortality as 
compared with non-fibrin-specific plasminogen activators. This "open artery 
hypothesis" was conclusively confirmed by the Global Utilization of SK and 
tPA for Occluded Coronary Arteries (GUSTO) trial and its angiographic sub
study in patients with acute myocardial infarction, showing that early and per-
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Fig. I. Molecular interactions involved in the fibrin-specificity of plasminogen activa
tion. Non-fibrin-specific plasminogen activators convert plasminogen to plasmin mainly 
in the circulation, resulting in depletion of arantiplasmin and degradation of several 
plasma proteins. Fibrin-specific plasminogen activators mainly activate fibrin-bound 
plasminogen into fibrin-bound plasmin, which is protected from rapid inhibition by ar 
antiplasmin, and efficiently degrades fibrin 

sistent coronary artery recanalization is the primary determinant of clinical 
benefit (BRAUNWALD 1993). 

At present, the thrombolytic potential of SAK, a highly fibrin-specific bac
terial plasminogen activator, is under investigation (COLLEN and LIJNEN 1994; 
COLLEN 1998b, 1999). In this chapter we will discuss the mechanisms involved 
in the fibrin-specificity of SAK, and its thrombolytic properties as evaluated 
in animal models of thrombosis and in (pilot) studies in patients with throm
boembolic disease. 

B. Gene and Protein Structure of Staphylokinase 
I. Production of Staphylokinase 

Staphylokinase, produced by certain strains of Staphylococcus aureus was 
shown to have profibrinolytic properties more than four decades ago (LACK 

1948; LEWIS and FERGUSON 1951). Natural SAK has been purified from Staphy
lococcus aureus strains which were transformed with bacteriophages contain
ing the SAK gene, or which had undergone lysogenic conversion to SAK 
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production (WINKLER et al. 1965). More recently, natural SAK was purified 
from Tryptone Soy broth, conditioned by a selected Staphylococcus aureus 
strain, by batch adsorption to SP-Sephadex and chromatography on insolubi
lized active-site blocked plasmin (COLLEN et al. 1992a). However, the purifi
cation of SAK from lysogenic Staphylococcus aureus strains for detailed 
physical and biochemical studies as well as for the evaluation of its in vivo 
thrombolytic potential appeared to be elusive, mainly because of low expres
sion levels and concomitant secretion of potent exotoxins. 

The SAK gene has been cloned from the serotype B bacteriophage sakl/JC 
(SAKO et al. 1983), from the serotype F bacteriophage sak42D (BEHNKE and 
GERLACH 1987), from the ATCC 29213 strain (KIM et al. 1997), as well as from 
the genomic DNA (sakSTAR) of a lysogenic Staphylococcus aureus strain 
(COLLEN et al. 1992a). It has been expressed under the control of the ApR pro
moter and its own translation signals in Escherichia coli (SAKO 1985) and also 
under'the control of its natural promoter and translation signals in Bacillus 
subtilis (BEHNKE and GERLACH 1987, GERLACH et al. 1988) or E. coli (COLLEN 
et al. 1992a), resulting in accumulation of the gene product in the periplasmic 
space or in the culture medium, respectively. This mode of expression was, 
however, found to be sUboptimal for the high yield production of mature SAK 
(COLLEN et al. 1993a). 

Subsequently, recombinant plasmids were constructed with the signal 
sequence of the sak42D and the sakSTAR genes replaced by an ATG start 
codon, which express SAK under the control of a tac promoter and two Shine
Dalgarno sequences in tandem (SCHLOTT et al. 1994a). Induction of transfected 
E. coli TG 1 cells in a bacterial fermenter produced intracellular SAK (sak42D 
or sakSTAR) representing 10%-15% of total cell protein. Highly purified 
recombinant SAK was purified from cytosol fractions by chromatography on 
SP-Sepharose and on phenyl-Sepharose, with yields of 50%-70% (approxi
mately 200mg/1 fermentation broth) (SCHLOTT et al. 1994a). High level secre
tion of recombinant SAK from Bacillus subtilis using a P43 or P-sacB 
promoter (YE et al. 1999) or from E. coli using a tac promoter and an omp A 
signal sequence (LEE et al. 1998) has been reported. Large-scale preparation 
of the MO form has been achieved by treating purified SAK with human plas
minogen and purifying the truncated form by metal affinity and hydrophobic 
interaction chromatography (CHATTOPADHYAY et al. 1998). 

II. Gene Structure of Staphylokinase 

The SAK gene encodes a protein of 163 amino acids, with amino acid 28 cor
responding to the NHrterminal residue of the full length mature protein. This 
coding sequence is preceded upstream by canonical Shine-Dalgarno, and-lO 
and -35 prokaryotic promoter sequences. Six nucleotide differences were 
found in the coding regions of the saktjf2, sak42D, sakSTAR, and ATCC29213 
genes, one of which constitutes a silent mutation. These affect the co dons for 
amino acids 38,60,61,63, and 70 (amino acids 11,33,34,36, and 43 of the 
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TCA AGT TCA TTC GAC AAA GGA AAA TAT AAA AAA GGC GAT GAC42 

Ser Ser Ser Phe Asp Lys Gly Lys Tyr Lys Lys Gly Asp Asp" 

GCG AGT TAT TTT GAA CCA ACA GGC CCG TAT TTG ATG GTA AAT34 

Ala Ser Tyr Phe Glu Pro Thr Gly Pro Tyr Leu Met Val Asn28 

GTG ACT GGA GTT GAT AGT AAA GGA AAT GAA TTG CTA TCC CCT'26 
Val Thr Gly Val Asp Ser Lys Gly Asn Glu Leu Leu Ser Pro42 

CAT TAT GTC GAG TTT CCT ATT AAA CCT GGG ACT ACA CTT ACN 68 
His Tyr Val Glu Phe Pro lie Lys Pro Gly Thr Thr Leu Thr'6 

AAA GAA AAA ATT GAA TAC TAT GTC GAA TGG GCA TTA GAT GCG210 

Lys Glu Lys lie Glu Tyr Tyr Val Glu Trp Ala Leu Asp Ala70 

ACA GCA TAT AAA GAG TTT AGA GTA GTT GAA TTA GAT CCA AGC252 

Thr Ala Tyr Lys Glu Phe Arg Val Val Glu Leu Asp Pro Ser4 

GCA AAG ATC GAA GTC ACT TAT TAT GAT AAG AAT AAG AAA AAN94 
Ala Lys lie Glu Val Thr Tyr Tyr Asp Lys Asn Lys Lys Lys98 

GAA GAA ACG AAG TCT TTC CCT ATA ACA GAA AAA GGT TTT GTT336 
Glu Glu Thr Lys Ser Phe Pro lie Thr Glu Lys Gly Phe Val112 

GTC CCA GAT TTA TCA GAG CAT ATT AAA AAC CCT GGA TTC AAC378 

Val Pro Asp Leu Ser Glu His lie Lys Asn Pro Gly Phe Asn '26 

TTA ATT ACA AAG GTT GTT ATA GAA AAG AAA408 
Leu lie Thr Lys Val Val lie Glu Lys Lys'36 

Fig.2. DNA sequence and deduced amino acid sequence of mature full-length staphy
lokinase (SakSTAR variant) (COLLEN et al. 1992b) 

mature protein). Amino acid 38 is Lys in all four SAK moieties; amino acid 60 
is Glu in variant ATCC29213 but Asp in the other three variants; amino acid 
61 is Ser in SakSTAR but Gly in the three other strains; amino acid 63 is Gly 
in SakSTAR and in Sakq.>C, but Arg in Sak42D and Glu in ATCC29213. Finally, 
amino acid 70 is Arg in Sak42D but His in the three other variants (SAKO and 
TSUCHIDA 1983; BEHNKE and GERLACH 1987; COLLEN et al. 1992b; KIM et al. 
1997). The DNA sequence encoding the SakSTAR variant and the deduced 
amino acid sequence are shown in Fig. 2. 

III. Protein Structure of Staphylokinase 

Mature SAK consists of 136 amino acids in a single polypeptide chain without 
disulfide bridges (SAKO and TSUCHIDA 1983; BEHNKE and GERLACH 1987; 
COLLEN et al. 1992b). The structure of SAK has been analyzed by X-ray 
scattering, dynamic light scattering, ultracentrifugation, ultraviolet circular 
dichroism spectroscopy, and by crystallography (DAMASCHUN et al. 1993; 
OHLENSCHLAGER et al. 1997, 1998). Crystallographic analysis revealed that 



Staphylokinase 429 

SAK folds into a compact ellipsoid structure with axial ratios of 1:0.55:0.49. 
The longest axis of this ellipsoid has a length of 56 A. The core of the protein 
is composed exclusively of hydrophobic amino acids. SAK is folded into a 
mixed five-stranded, slightly twisted f3-sheet which wraps around a central a
helix and has two additional short two-stranded f3-sheets opposing the central 
sheet (RABlJNS et al. 1997a,b). Upon interaction with microplasmin the convex 
surface of SAK formed by the side chains of strands /13, 135, f31, and fJ2 nestles 
against the 174(718) multiple-turn structure of the B-chain of microplasmin 
(chymotrypsinogen numbering; plasminogen numbering in parenthesis). 
Residues Lys224(769)Plg_GluI9SAK_ArgI75(719)Plg_Glu46SAK participate in an extended 
network of salt bridges and charged hydrogen bonds, which is almost fully 
shielded from the bulk solvent through hydrophobic SAK residues. The strong 
buried salt bridge interactions of Arg175(719)Plg explain its importance in SAK 
binding as inferred from mutagenesis studies (JESPERS et al. 1998, 1999a,b). 
SAK amino acids Mee6, Tyr24, and Tyr44 form an elongated hydrophobic patch 
that shields the network against water and contributes to the surface comple
mentarity that SAK shows with microplasmin. This provides an explanation 
for the deleterious effect of replacing Met26 with residues of smaller side chains 
(LIJNEN et al. 1994). 

Several molecular forms of SAK have been purified with slightly differ
ent Mr (16500-18000 on SDS-PAGE) and iso-electric points (SAKO 1985; 
GERLACH et al. 1988; COLLEN et al. 1992a; CHATTOPADHYAY et al. 1998). Lower 
Mr derivatives of mature SAK were obtained lacking the 6 (~6) or the 10 (MO) 
NHz-terminal amino acids. Upon interaction with plasmin( ogen) in a buffer 
milieu, mature SAK (NHz-terminal Ser-Ser-Ser-) is rapidly and quantitatively 
converted to the MO variant (NH2-terminal Lys-Gly-Asp-). Purified SAK has 
a fairly high temperature stability (GASE et al. 1994). It was stable in liquid 
formulation after storage for more than 1.5 years at 4°C (SINNAEVE et al.1998). 

c. Plasminogen Activation by Staphylokinase 
I. Interaction with Plasmin(ogen) 

SAK forms a 1: 1 stoichiometric complex with plasminogen (KOWALSKA-LoTH 
and ZAKRZEWSKI 1975; LUNEN et al. 1993a). Binding of SAK to plasminogen, 
as monitored by biospecific interaction analysis, occurs with an affinity con
stant of 1-2 x 108 M-1, corresponding to a dissociation constant for the complex 
of 5-10nmolll. The binding data furthermore indicate that kringles 1-4 in the 
plasmin( ogen) A-chain do not contribute significantly to binding and that the 
active site in the plasmin molecule is not required for the high-affinity inter
action (LIJNEN et al. 1994). Site-directed mutagenesis of nine solvent-exposed 
residues in microplasminogen led to the identification of one amino acid, 
Arg719 of which substitution by Ala strongly reduced the binding affinity and 
plasminogen activation potential of the SAKmicroplasminogen complex 
(JESPERS et al. 1998). 
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A recombinant plasminogen mutant with the active site Ser741 mutage
nized to Ala (rPlg-Ala741 ) was not converted to a two-chain plasmin-like mol
ecule by addition of SAK. In contrast, a preformed plasmin·SAK complex 
quantitatively converted rPlg-Ala741 to its inactive two-chain derivative 
(LUNEN et al.1991a). Two other recombinant plasminogen mutants,Arg561Ala, 
and Asp646Glu also did not result in the generation of plasmin activity after 
addition of SAK. The former mutant is a non-cleavable plasminogen (see 
Chap. 2), whereas in the latter mutant replacement of ASp646, which is as Ser741 

part of the catalytic triad of amino acids of serine proteases, results in a non
activatable zymogen (GRELLA and CASTELLINO 1997). 

In equimolar mixtures of plasminogen and SAK, the active site titrant p
nitrophenyl-p'-guanidinobenzoate (NPGB) completely prevented active site 
exposure, whereas it reacted stoichiometrically with mixtures pre incubated in 
its absence. Active site exposure was accompanied by quantitative conversion 
of plasminogen to plasmin (COLLEN et al. 1993b). 

Taken together, these data indicate that SAK is not an enzyme, and that 
generation of an active site in its equimolar complex with plasminogen 
requires conversion of plasminogen to plasmin. Thus the plasmin·SAK 
complex is the active enzyme. This is in contrast with SK which produces a 
complex with plasminogen which exposes the active site in the plasminogen 
moiety without proteolytic cleavage (REDDY and MARKUS 1972). 

Structure-function studies with recombinant SAK mutants, constructed 
according to a "clustered charge-to-alanine" scan revealed that replacement 
of clusters of charged amino acids in the regions comprising amino acids 11-14, 
46-50, and 65-69 resulted in a 10-20-fold reduced binding to plasminogen 
(SILENCE et al. 1995; LTJNEN et al. 1996). As a result, active site exposure in 
equimolar mixtures of these mutants with plasminogen, as monitored by titra
tion with NPGB, was drastically impaired. The side chain of the amino acid at 
position 26 of SAK also appeared to be important for the initial binding to 
plasmin( ogen). Substitution of the unique Met residue in position 26 with Leu 
or Cys had little effect on the plasminogen activating potential of SAK. 
However, substitution with either Arg or Val resulted in a 10-20-fold reduced 
affinity for binding to plasminogen (LTJNEN et al. 1994), and was associated 
with a total loss of activity (SCHLOTT et al. 1994b). 

JESPERS et al. (1999a,b) have deduced a coherent docking model of the 
crystal structure of SAK on a homology-based model of microplasmin. SAK 
binding on microplasmin is primarily mediated by two surface-exposed loops, 
loops 174 and 215, at the rim of the active-site cleft, while the binding epitope 
of SAK on microplasmin involves several residues located in the flexible NHr 
terminal arm and in the five-stranded mixed f3-sheet. Several SAK residues 
located within the unique a-helix and the f32 strand do not contribute to the 
binding epitope but are essential to induce plasminogen activating potential 
in the SAKmicroplasmin complex. These residues form a topologically 
distinct activation epitope, which, upon binding of SAK to the catalytic 
domain of microplasmin, protrudes into a broad groove near the catalytic 
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triad of microplasmin, thereby generating a competent binding pocket for 
microplasminogen. 

This model was largely confirmed by crystallographic studies of the 
SAK-microplasmin complex suggesting that the NHz-terminal tail of SAK may 
act as a flexible arm probing the environment for potential binding sites. This 
flexible arm could just reach into the active site of microplasmin, with LyslO 
and Lysll binding to the Sj and S\ subsites of plasmin (PARRY et al. 1998). 
Indeed, deletion of Lysll in Li10SAK resulted in a completely inactive mole
cule (GASE et al. 1996; SCHLOTT et al. 1998). Modeling studies suggested that 
Lysll of MOSAK could interact with the lysine binding site of kringle 5 of 
miniplasminogen (PARRY et al. 1998). Deletion of the COOH-terminal Lys136 

also resulted in a molecule with strongly reduced plasminogen activation 
capacity (GASE et al. 1996). 

II. Kinetics of Plasminogen Activation 

Kinetic analysis revealed that the initial rate of plasmin generation in mixtures 
of plasminogen with catalytic amounts of SAK was not linear. The observed 
lag phase most likely corresponds to the time required for generation of active 
plasmin·SAK complex. Indeed, the initial activation rate was linear when cat
alytic amounts of preformed plasmin·SAK complex were used (LIJNEN et al. 
1993a). 

Activation of plasminogen by the preformed complex obeyed Michaelis
Menten kinetics, with Km of 6.7 .umol/l and kcat of 1.8 S-I, corresponding to a 
catalytic efficiency (kcatfKm) of 0.27 .uM-1 S-I. Similar catalytic efficiencies were 
observed for the activation of native plasminogen or of a plasminogen deriv
ative lacking kringles 1-4 containing the lysine-binding sites (LIJNEN et al. 
1993a). An independent kinetic analysis of the activation of plasminogen by 
the plasmin·SAK complex reported a comparable Km value (5.umolll), but a 
much lower kcat value (0.03 S-I) which would result in a 45-fold lower catalytic 
efficiency (SHIBATA et al. 1994). 

In the "clustered charge-to-alanine" scan, three mutants were identified, 
with substitutions in the regions of amino acids 11-13 (SakSTAR13), 46-50 
(SakSTAR48), and 65-69 (SakSTAR67) which virtually did not activate plas
minogen. SakSTAR13 had a normal affinity for binding to plasminogen, but 
the plasmin·SakSTAR13 complex had a 14-fold reduced catalytic efficiency. 
SakSTAR48 and SakSTAR67 had a 10- to 20-fold reduced affinity for plas
minogen and their complexes with plasmin had over a 20-fold reduced cat
alytic efficiency (SILENCE et al. 1995). 

III. Mechanism of Plasminogen Activation 

The kinetic data discussed above suggest the mechanism for plasminogen acti
vation in a buffer milieu seen in Scheme 1. Plasminogen (PIg) and SAK 
produce an inactive 1:1 stoichometric complex (Plg·SAK), which does not acti-
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vate plasminogen. The activation reaction appears to be initiated by trace 
amounts of plasmin (p) which generates active plasmin·SAK complex 
(p·SAK). This is supported by the finding that plasminogen activation by cat
alytic amounts of SAK is enhanced by addition of traces of plasmin. Further
more, it was shown that contamination of plasminogen with 30ppm of plasmin 
is sufficient to explain the observed activation kinetics in equimolar mixtures 
of plasminogen and SAK (COLLEN et al. 1993b). In mixtures with excess plas
minogen over SAK, generated p·SAK converts excess plasminogen to 
plasmin. In addition, kinetic analysis has revealed that generated p·SAK con
verts Plg·SAK to p·SAK at a rate which is several times higher than that of 
conversion of PIg to p, thus representing an efficient positive feed-back mech
anism (SILENCE et al. 1995). 

SAKHAROV et al. (1996) have shown that SAK has a much higher affinity 
for plasmin than for native plasminogen, indicating that the main pathway for 
plasmin generation in the above scheme is via activation of PIg by p·SAK 
formed by binding of SAK to p. 

Interestingly, mono- and divalent ions modulate the activation of plas
minogen by SAK. Cl- showed the most striking inhibitory effect (64 % inhibi
tion at 10 mmolll, but attenuated to 38% in the presence of a fibrin surface). 
Plasminogen activation was enhanced in the presence of Ca++ and fibrin 
(YARZABAL et al. 1999). 

D. Fibrin-Specificity of Staphylokinase 
I. Inhibition of Plasmin·SAK Complex by ~-Antiplasmin 

In purified systems, arantiplasmin rapidly inhibits the plasmin·SAK complex 
(second-order inhibition rate constant of approximately 2 x 106 M- I S-1 (SAKAI 
et al. 1989; LIJNEN et al. 1991a). Addition of 6-aminohexanoic acid or of fibrin
like substances induces a more than 100-fold reduction of the inhibition rate 
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of the plasmin·SAK complex by arantiplasmin. Rapid inhibition by ar 
antiplasmin indeed requires the availability of the lysine-binding sites in the 
plasmin moiety of the complex (LIJNEN et al. 1992a). Fibrin, but not fibrino
gen, reduces the inhibition rate of plasmin and the plasmin·SAK complex by 
lX.2-antiplasmin by competing for interaction with the lysine-binding site(s). 

Further analysis of the molecular interactions between plasmin·SAK and 
lX.2-antiplasmin revealed that the activation rate of plasminogen by a mixture 
of plasmin·SAK and arantiplasmin, which has no residual enzymatic activity, 
was indistinguishable from that by SAK alone. Furthermore, upon gel filtra
tion of the mixture of plasmin·SAK and arantiplasmin, SAK eluted with its 
own apparent M" whereas without addition of arantiplasmin it eluted as a 
complex with plasmin (SILENCE et al. 1993a). These data indicate that neu
tralization of the plasmin·SAK complex by arantiplasmin results in formation 
of an inactive plasmin-az-antiplasmin complex, and dissociation of function
ally active SAK from the complex. SAK, which is converted to its ~10 deriv
ative upon interaction with plasmin, is then recycled to other plasminogen 
molecules (SILENCE et al. 1993a). 

II. Effect of Fibrin on Plasminogen Activation by Staphylokinase 

SAK does not bind specifically to fibrin, and the initial rate of plasminogen 
activation by SAK is enhanced only two- to threefold by addition of fibrin 
(LUNEN et al. 1991a). Cyanogen bromide-digested fibrinogen fragments FCB-
2 and FCB-5 and plasmin-degraded crosslinked fibrin fragments DDE, DD, 
and E increased the kca/Km ratio 10-fold, 5-fold, 30-fold, 38-fold and 8-fold, 
respectively (OKADA et al. 1996b). Experiments with purified fibrin clots 
revealed that SAK binds to plasminogen bound to partially degraded fibrin, 
but not to plasminogen bound to intact fibrin (SAKHAROV et al. 1996). 

In equimolar mixtures of purified plasminogen and az-antiplasmin, no 
plasminogen activation is induced by catalytic amounts of SAK. However, 
addition of fibrin triggers activation of native plasminogen, but not of low M r-

plasminogen lacking the lysine-binding sites. These findings thus suggest that 
fibrin, by delaying inhibition of plasmin or plasmin·SAK by a2-antiplasmin, 
facilitates generation of plasmin·SAK complex via a mechanism involving the 
lysine-binding sites of the plasmin moiety. 

III. Molecular Mechanism of Fibrin-specificity in Plasma 

The fibrin-specificity of SAK in human plasma has been explained by rapid 
inhibition of generated plasmin·SAK complex by az-antiplasmin (SAKAI et al. 
1989; MATSUO et al. 1990; LIJNEN et al. 1991a), and by a more than 100-fold 
reduced inhibition rate at the fibrin surface (LIJNEN et al. 1992a), which may 
allow preferential plasminogen activation at the fibrin clot. However, SAK 
also dissociates in active form from the plasmin·SAK complex following neu
tralisation by arantiplasmin, and is recycled to other plasminogen molecules 
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(SILENCE et al. 1993a). Thus, extensive systemic plasminogen activation with 
SAK would be expected in plasma, which is clearly in contradiction with its 
well established fibrin-specificity. 

To elucidate this apparent paradox, the rate and extent of generation of 
plasmin·SAK complex in human plasma was monitored, both in the absence 
and the presence of fibrin (SILENCE et al. 1993b). In the absence of fibrin, no 
significant amounts of plasmin·SAK are generated because traces of plasmin 
are inhibited by az-antiplasmin; without plasmin·SAK complex, no significant 
plasminogen activation occurs. Traces of plasmin·SAK that may be formed will 
be rapidly inhibited by az-antiplasmin, whereby SAK dissociates from the 
complex (Fig. 3A). In the presence of fibrin, generation of the plasmin'SAK 
complex is facilitated because traces of fibrin-bound plasmin are protected 
from az-antiplasmin and, furthermore, inhibition of plasmin·SAK by az-
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Fig.3A,B. Molecular mechanism of fibrin-specificity of staphylokinase. A Plasmino
gen (Pig) and staphylokinase (SAK) produce an inactive stoichiometric complex 
(Plg·SAK). In the absence of az-antiplasmin (A) the activation reaction is initiated by 
traces of plasmin (P), which generate active plasmin·SAK complex (p·SAK). In a 
plasma milieu in the absence of fibrin, A inhibits formation of p·SAK by formation of 
inactive plasmin-az-antiplasmin complex (PA). B In a plasma milieu in the presence 
of fibrin, inhibition of traces of p by A is markedly delayed, thus allowing generation 
of active p·SAK complex. Inhibition of generated p·SAK at the fibrin surface by A is 
strongly delayed and thus conversion of Plg·SAK to p·SAK and activation of excess 
Pig to p can occur. Slow inhibition of p·SAK by A in the presence of fibrin results in 
generation of pA, whereby SAK dissociates from p·SAK and can be recycled to other 
Pig molecules generating Plg·SAK, or to fibrin-bound p 
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antiplasmin at the clot surface is delayed more than 100-fold. Thus, gener
ated p·SAK may efficiently convert Plg·SAK to p·SAK and excess PIg to p. 
Recycling of SAK to fibrin-bound plasminogen, after slow neutralization 
of the plasmin·SAK complex, will result in more efficient generation of 
plasmin(ogen)-SAK complex (Fig. 3B). This mechanism is mediated via the 
lysine-binding sites of plasminogen and results in a significantly enhanced 
plasminogen activation at the fibrin surface. 

E. Fibrinolytic Properties of Staphylokinase 
in Plasma In Vitro 

I. Fibrinolytic Potency and Fibrin-specificity 

The in'vitro fibrinolytic properties of SAK were evaluated to some extent in 
the 1950s and 1960s (SWEET et al. 1965; LEWIS et al. 1964). Using a clot lysis 
assay, SWEET et al. (1965) reported that SAK was a rapid and potent activa
tor, but that a wide range of SAK-neutralizing activity was present in plasma. 

Recombinant SAK (SakSTAR) induced dose-dependent lysis of 12sI-fibrin 
labeled human plasma clots submerged in citrated human plasma; 50% lysis 
in 2h of a 0.12-ml clot in 0.5ml plasma was obtained with 17nmolll SAK, and 
was associated with only 5% plasma fibrinogen degradation. Corresponding 
values for SK were 68 nmolll and more than 90% fibrinogen degradation. In 
the absence of a fibrin clot, 50% fibrinogen degradation in human plasma in 
2h required 790nmol/1 SAK, but only 4.4nmolll SK (LIJNEN et aI.1991a). The 
fibrinolytic potency and fibrin-specificity of the preformed plasmin·SAK 
complex was very similar to that of SAK when added free (LIJNEN et a1. 
1993b). This may be explained by inhibition of the preformed complex by ar 
antiplasmin, followed by recycling of SAK to other plasmin( ogen) molecules. 
The different Mr forms of SAK (mature SAK, ,16, and ,110 derivatives) have 
the same fibrinolytic and fibrinogenolytic potential in human plasma in vitro 
(LIJNEN et aJ. 1992b). These results confirm and extend previous findings that 
in a human plasma milieu in vitro, SAK is more fibrinogen-sparing than SK 
(SAKAI et al. 1989; MATSUO et a1. 1990). 

Ongoing clot lysis in human plasma induced by SAK could be more effi
ciently arrested by addition of antifibrinolytic amino acid, such as tranexamic 
acid than clot lysis with SK. The higher antifibrinolytic potency of tranexamic 
acid (which prevents binding of plasminogen to fibrin) towards SAK is most 
likely related to the requirement of fibrin-bound plasminogen for efficient lysis 
with SAK. These data suggest that tranexamic acid may be useful as an anti
dote to thrombolysis with SAK (LIJNEN et a1. 1995a). 

The fibrinolytic activity of SAK towards platelet-rich (PRP; 400 x 109 

platelets/I) and platelet-poor (PPP; <5 x 109 plateletsll) plasma clots was com
pared in a human plasma milieu in vitro, which consisted of a 0.06mI12sI-fibrin 
labeled plasma clot submerged in 0.5 ml plasma. A 50% clot lysis in 2 h, Cso, 
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was obtained with 40 or 23 nmolll SAK for PRP or PPP, respectively. With SK, 
no significant lysis of PRP clots was obtained with 440nmol/l, whereas the Cso 

for PPP clots was 47 nmolll (LIJNEN et a1. 1992b). Similar results were reported 
using retracted or mechanically compressed plasma clots in vitro (HAUPTMANN 
and GLUSA 1995). This differential sensitivity to SAK and SK might result from 
alteration of the arantiplasmin to plasminogen ratio in the clot during retrac
tion. Indeed, in a plasma milieu in vitro, retracted blood clots are more sensi
tive to lysis with the fibrin-specific plasminogen activators tPA and sc-uPA 
than with the non-fibrin-specific agents SK and urokinase (SABOVIC et a1. 1989). 
This phenomenon was explained by an enhanced systemic plasminogen acti
vation with the non-fibrin-specific agents, which precluded recruitment of plas
minogen from the surrounding plasma and thereby resulted in reduced clot 
lysis. Extrusion of non-fibrin-bound plasminogen from the clot, as a result of 
platelet-mediated retraction, also results in a reduced concentration of plas
minogen, whereby the ratio of arantiplasmin to plasminogen associated with 
the clot increases. Furthermore, during retraction additional arantiplasmin is 
crosslinked to the C-terminal region of the a-chain of fibrin by Factor XnIa 
(reviewed by AOKI and HARPEL 1984). Subsequent studies also revealed that 
PRP clots without normal clot retraction (Glanzmann thrombasthenia) were 
more resistant to lysis with SK than with SAK (LIJNEN et a1. 1995b). 

SAK did not have any effect on human platelets in vitro, as indicated by 
the absence of a significant effect of platelets on the rate of plasminogen acti
vation by SAK, the lack of binding of SAK to platelets, and the absence of 
effects on platelet aggregation or disaggregation (ABDELOUAHED et a1. 1997). 
In addition, therapeutic concentrations of SAK in plasma of patients with 
acute myocardial infarction treated with SAK did not affect platelet function, 
as revealed by unaltered platelet count, ADP- or collagen-induced platelet 
aggregation and ATP secretion (LIJNEN et a1. 1995b). In another study, a very 
mild effect of SAK (at concentrations above 100)1g/ml) on collagen-induced 
platelet aggregation was reported (SUEHIRO et a1. 1993). 

In 24 patients with acute myocardial infarction, who were randomly 
assigned to receive either a double bolus of 15 mg of SAK 30 min apart or the 
classical scheme of accelerated tPA (maximum of 100mg over 90min, 10% 
administered as a bolus), baseline and 25 min and 90 min blood samples 
were drawn for the determination of the following markers of coagulation 
activation: fibrinopeptide A (FPA) , prothrombin fragment 1 + 2 (F1 + 2), and 
of thrombin-antithrombin III complexes (TAT). In patients given SAK, FPA, 
F1 + 2, and TAT did not markedly increase during treatment (p = 0.06, p = 0.4 
and p = 0.03 respectively). In contrast, during the administration of tPA 
the levels of FPA, F1 + 2, and TAT increased significantly over baseline 
(p = 0.003, p < 0.0001, and p = 0.001 respectively). These results demonstrate 
that SAK, in addition to being a fibrin-specific thrombolytic agent, also pro
duces much less activation of the coagulation system than tPA (OKADA et a1. 
1996a). 
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II. Species-specificity 

The comparative fibrinolytic and fibrinogenolytic properties of SAK were 
studied in human, baboon, rabbit, hamster, rat, and dog plasma in vitro. The 
plasma fibrinolytic systems of baboons, rabbits, and hamsters reacted com
parably to the human system to SAK, the rat system appeared to be very resis
tant, whereas in the dog system SAK was very potent, but not fibrin-specific 
(LIJNEN et al. 1992c). The molecular basis of the marked interspecies variabil
ity in the response of plasma fibrinolytic systems to activation by SAK was 
studied using purified plasminogens and arantiplasmins from different 
mammalian species (COLLEN et al. 1993c). The results indicate that this vari
ability is determined mainly by the extent of complex formation of SAK 
with plasminogen, by the catalytic efficiencies of the complexes for the acti
vation of autologous plasminogen, and by the rate of inhibition of these 
complexes by arantiplasmin. The comparably high reactivity of SAK with 
both human and canine plasminogen may explain its high potency for clot 
lysis in these species, whereas the tenfold lower reactivity of the canine 
plasmin·SAK complex with arantiplasmin may explain its markedly lower 
fibrin-specificity in the dog. Thus, the choice of the canine species for the initial 
in vivo evaluation of SAK (LEWIS et al. 1964; LEWIS and SHlRAKAWA 1964; 
KANAE 1986) may have produced misleading conclusions due to the unusually 
high sensitivity of the canine plasma fibrinolytic system to activation with 
SAK. 

F. Thrombolytic Properties of Staphylokinase 
in Animal Models 

I. Hamsters with Pulmonary Embolism 

The thrombolytic properties of SAK (Sakt{JC) were compared with those of 
SK in hamsters with a pulmonary embolus produced from human or from 
hamster plasma. Continuous intravenous infusion of both agents over 1 h 
induced dose-dependent progressive clot lysis in the absence of significant sys
temic fibrinolytic activation. Both SAK and SK induced 50% clot lysis with a 
dose of less than 0.25 mg/kg. On a molar basis, however, SAK was less potent 
than SK (LIJNEN et al. 1991b). 

The comparative thrombolytic properties of natural and recombinant 
SAK (SakSTAR) and of SK were also studied in hamsters with a pulmonary 
embolus consisting of a platelet-poor, a platelet-rich (300 x 109 platelets/l), 
or a platelet-enriched (1500 x 109 platelets/l) human plasma clot. The 
relative thrombolytic potencies, on a weight basis, of the SAK preparations 
vs SK were comparable in the platelet-poor and in the platelet-rich clot 
model, but five times higher in the platelet-enriched clot model (COLLEN et al. 
1992c). 
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II. Rabbits with Jugular Vein Thrombosis 

Continuous intravenous infusion over 4 h of SAK (Sak¢C) or SK in rabbits 
with an autologous jugular vein clot produced dose-dependent clot lysis 
without significant systemic activation of the fibrinolytic system (LUNEN et al. 
1991b). On a weight basis, SAK was about three times more potent than 
SK, but on a molar basis the thrombolytic potency of both agents was 
comparable. 

III. Rabbits with Arterial Thrombosis 

HELFT and colleagues (1998) compared the effect of tPA and SAK in a rabbit 
model of femoral artery thrombosis. The main finding was that the infusion of 
SAK following a single bolus administration gave significantly higher blood 
flow values than the infusion of the same dose of tPA following a single bolus 
administration (p < 0.05). SAK was fibrin-specific and plasminogen-saving at 
doses below 0.5 mg/kg. However, at higher doses (1 and 1.5 mg/kg), which are 
above therapeutic doses, SAK significantly reduced fibrinogen levels in a dose
and time-dependent manner. 

IV. Rabbit Embolic Stroke Model 

In the NINDS trial, the administration of 90mg of tPA to patients with acute 
ischemic stroke of less than 3 h duration resulted in improved clinical outcome 
at three months compared to controls (THE NATIONAL INSTITUTE OF 
NEUROLOGICAL DISORDERS AND STROKE RT-PA STROKE STUDY GROUP 1995). 
VANDERSCHUEREN et al. (1997) therefore compared the efficacy of SAK and of 
tPA in an experimental model of rabbit embolic stroke. Rabbits were admin
istered a standardized 125I_fibrin labeled autologous plasma clot into the inter
nal carotid artery. After 15 min, groups of 5-12 rabbits were given one of six 
thrombolytic regimens or a saline infusion: 1 or 2 mg SAK/kg infused over 30 
min, or 2mg SAK/kg given as a bolus, or 3 or 6mg/kg of tPA infused over 30 
min, or 6 mg/kg given as a bolus. Mean clot lysis after 60 min was 4% in the 
saline group, 27-44% after SAK, and 15-34% after tPA. At the highest doses 
used, fibrinogen depletion was marginal with SAK but total with tPA. Marked 
prolongation of ear puncture and cuticle bleeding was only observed after 
bolus administration of tPA (VANDERSCHUEREN et al. 1997a). 

V. Baboons with Venous and Arterial Thrombosis 

Intravenous infusion of SK or SAK (SakSTAR) over 1 h in doses up to 1 mg/kg 
in baboons induced dose-dependent lysis of a 125I-fibrin-labeled autologous 
jugular vein blood clot without systemic fibrinogen depletion (50% lysis 
requiring 0.14mg/kg SK and 0.058mg/kg SakSTAR, which are comparable 
amounts on a molar basis). In a baboon femoral arterial eversion graft model 
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(a platelet-rich model), arterial recanalization was obtained more frequently 
and more persistently with SAK than with SK. Intravenous infusion of 1 mg/kg 
SK or 0.25 mg/kg SakSTAR in baboons given intravenous heparin (200 U 
bolus and 50U per kg per hour) and aspirin (lOmg/kg) did not produce a sig
nificant prolongation of the median template bleeding time (COLLEN et al. 
1993d). 

G. Thrombolytic Properties of Staphylokinase in Patients 
The preclinical animal experiments with SAK discussed above have yielded 
promising results in terms of a high thrombolytic potency towards venous and 
towards platelet-rich and retracted thrombi, a rapid onset of action, and a very 
high fibrin-specificity. These studies have thus formed the basis for the evalu
ation of the thrombolytic potential of SAK in patients. 

I. Acute Myocardial Infarction (AMI) 

Three dose-finding pilot studies used either a small bolus of 1 mg of SAK, fol
lowed by an infusion of 9mg over 30min (COLLEN and VAN DE WERF 1993; 
SCHLOTT et al. 1994a) or a double bolus of 20mg SAK, 15min apart, or an 
initial bolus of 20mg, followed by a second bolus of 10mg if the coronarog
raphy at 60 min revealed incomplete recanalization (V ANDERSCHUEREN et al. 
1996). TIMI grade 3 flow rates were similar to those obtained with accelerated 
tPA. 

In the first randomized, multicenter trial SAK was administered IV in 48 
patients and compared to accelerated weight-adjusted tPA (alteplase) given 
to 52 patients. All patients received 160mg aspirin at entry (followed by 160 
to 325 mg daily) and heparin (5000 U bolus in the first 25 patients, later on 
10000 U bolus; followed by 1000 U/h and adjusted to APTT values of at least 
1.5 times control). In the SAK group, the first 25 patients were given lOmg of 
SAK infused over 30min. TIMI grade 3 flow in this group was 50% at 90min. 
In the subsequent 23 patients in the SAK group the dose was increased to 
20mg IV, given over 30 min. In this latter group TIMI grade 3 flow rates at 
90min of 77% compared favorably with those obtained in the accelerated tPA 
group (58%) (V ANDERSCHUEREN et al. 1995a). 

The second randomized, multicenter trial in patients with AMI treated 
within 6h of onset of symptoms compared the administration of accelerated, 
weight-adjusted tPA (alteplase; 52 patients) with two bolus injections of 15 mg 
SAK, 30min apart, in 50 patients. All patients received aspirin and heparin. 
TIMI grade 3 flow rates were achieved in 68% of patients treated with SAK 
versus 57% in patients treated with tPA. Double-bolus SAK was significantly 
more fibrin-specific than accelerated tPA with residual fibrinogen at 90min of 
105% ± 4.1 % versus 68% ± 7.5% respectively (p < 0.0001). Thirteen patients 
in each group underwent PTCA of the culprit artery within the first 24h 
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because of suboptimal recanalization. TIMI grade 3 flow rates at 24h in the 
remaining patients was 100% in the SAK group, but only 79% in the acceler
ated tPA group. The administration of SAK did not induce allergic reactions, 
but resulted in the development of significant SAK-neutralizing antibodies 
(>5.ug/ml) and specific anti-SAK IgG developed in 73% of patients after 
2 weeks (V ANDERSCHUEREN et al. 1997b). 

These finding were confirmed in a further, sequential, angiographic dose
finding study with the SAK42D variant. Eighty-two patients with AMI of <6 
duration entered the CAPTORS trial. All patients received SAK42D as a 
30-min infusion with 20% of the dose given over 1 min as a bolus. All patients 
received oral aspirin 160 to 325 mg and 325 mg daily thereafter. Heparin was 
given as an i.v. bolus followed by the infusion of 1000U/h for patients ;:::80kg 
and 800U/h for patients <80 kg. Coronary angiography was performed at 
90min. TIMI grade 3 (and TIMI grade 2 + 3) flow were 62% (76%) with the 
15mg dose, 65% (84%) with 30mg and 63% (83%) with the 45mg dose. Major 
bleeding occurred in 4 and moderate bleeding in 9 patients. The majority of 
these were related to vascular instrumentation and there was no clear relation 
between the extent of bleeding and the dose of SAK. Dose-related small to 
moderate decreases of fibrinogen, plasminogen and <X2-antiplasmin were 
observed (ARMSTRONG et al. 2000). Thus, doses of approximately 30mg of SAK 
produce TIMI grade 3 flow in patients with AMI that are equal or superior to 
accelerated tPA with a similar incidence of bleeding complications. 

II. Peripheral Arterial Occlusion 

Thirty patients with angiographically confirmed peripheral arterial occlusion 
were treated with intra-arterial SAK (SakSTAR), given as a I-mg bolus fol
lowed by infusion of 0.5 mg per hour in 20 patients or as a 2-mg bolus followed 
by an infusion of 1 mg per hour in another 10 patients, all receiving heparin 
(VANDERSCHUEREN et al. 1995b). After 7.0 ± 0.7mg SakSTAR infused over 
8.7 ± 1.0h, recanalization was complete in 25 patients (83%), partial in 2 and 
absent in 3 patients. Most of the patients underwent percutaneous translumi
nal angioplasty after SakSTAR-infusion. Major amputations were limited to 
two patients, both after failed thrombolysis, whereas three patients developed 
reocclusion within one month. Two major hemorrhagic complications 
occurred, including one fatal hemorrhagic stroke. However, intra-arterial 
SakSTAR did not induce a systemic fibrinolytic activation, and template 
bleeding times were not prolonged. 

A recent, non-randomized study of 191 patients <80 years of age with 
peripheral arterial occlusion of <120 days duration reports on the effect of a 
2mg intra-arterial bolus injection of SAK or of SAK-mutants, followed by an 
infusion of 1 mg/h or 0.5 mg/h overnight. Ninety-nine patients presented with 
acute or subacute ischemia, 57 with severe claudication, 33 with chronic rest 
pain and 2 with gangrene. Occlusion occurred in 122 native arteries and in 69 
grafts. Revascularization was complete in 83%, partial in 13% and absent in 
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4% after the administration of 12 ± 0.5mg (mean ± SEM) SAK over 14 ± 
0.8 h. Complete restoration of patency was higher in proximal native arteries 
(95%) and grafts (89%) than in popliteal or more distal arteries (60%). Addi
tional endovascular procedures were performed in 47% and subsequent elec
tive bypass surgery in 23% of patients. Major bleeding occurred in 12%, 
one-month mortality was 3.1% and one-year mortality was 6.9%. Four 
patients had intracerebral hemorrhage (1.7%), one in a 85 year old woman (a 
protocol violation) and the other three in patients :2:74 years old. Amputations 
were performed within the first year in 8.6% of patients (HEYMANS et al. 
2000). 

SAK thus induced rapid and efficient restoration of vessel patency in the 
majority of patients with peripheral arterial occlusion and a high one-year 
amputation-free survival (84 %), with an acceptable incidence of major bleed
ings, but with occasional fatal intracranial hemorrhages. These results compare 
favorably with data reported for other thrombolytic agents (see Chap. 14). 

H. Pharmacokinetic Properties of Staphylokinase 
I. In Animal Models 

In hamsters and rabbits, 12sI-labeled SAK (Sak<t>c), was cleared from the cir
culation in a biphasic manner with an initial tI/2 of 1.8 min and a plasma clear
ance of 1.4 mllmin in hamsters, and corresponding values of 1.7 min and 
14mllmin in rabbits. The organ distribution of SAK documented a rapid 
uptake in muscle and kidney, but not in liver (LIJNEN et al. 1991b). The phar
macokinetics of SAK (SakSTAR) in hamsters were confirmed by antigen 
assays in plasma, and by measurement of SAK activity using a bio-immunoas
say. The similar disappearance rate from plasma of SAK antigen and activity 
indicated that it is cleared from the circulation in an active form (LIJNEN et al. 
1993c). 

Following continuous intravenous infusion over 1 h in baboons, the plasma 
clearance of SakSTAR activity, determined from the infusion rate and the 
steady-state plasma level of SakSTAR activity, ranged between 45 and 
62 mllmin for doses between 0.063 and 0.25 mg/kg (LIJNEN et al. 1993c). 

II. In Patients 

In five patients with AMI treated with an intravenous infusion of 10mg SAK 
(SakSTAR) over 30min, the concentration of SAK-related antigen in blood 
at the end of the infusion increased to between 0.9 and 1.7,ug/ml. The post
infusion disappearance of SAK-related antigen from plasma occurred in a 
biphasic manner with a t1l2a of 6.3 min and a t1I2f3 of 37 min, corresponding 
to a plasma clearance of 270mllmin (COLLEN and VAN DE WERF 1993). 

In the STAR trial of patients with acute myocardial infarction, SakSTAR 
antigen levels in 25 patients receiving lOmg i.v. over 30min were 0.56 ± 
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0.06,ug/ml at 25 min and 0.16 ± 0.04,ug/ml at 90 min, with corresponding levels 
of 1.9 ± 0.22,ug/ml and 0042 ± 0.06,ug/ml in 23 patients receiving 20 mg 
SakSTAR over 30min (VANDERSCHUEREN et al. 1995a). 

Cysteine-linked polyethylene glycol derivatives of SAK have been con
structed and exhibited half-clearance rates that were up to 10-fold slower than 
the parent molecule. Such PEGylated derivatives might thus yield suitable 
candidates for bolus treatment in patients with AMI (V ANWETSWINKEL et al. 
2000). 

I. Immunogenicity of Staphylokinase 
I. In Animal Models 

The immunogenicity of SAK (SakSTAR) as compared to SK was studied in 
rabbits, dogs, and baboons (COLLEN et al. 1992c, 1993d; VANDERSCHUEREN et 
al.1994). Neutralizing activities were serially measured in plasma by an in vitro 
human plasma-based clot lysis time assay and were found to be IgG-related. 

SAK appeared to be less immunogenic than SK in dogs, as evidenced by 
less rapid induction of antibody formation and resistance to clot lysis upon 
repeated administration (COLLEN et al. 1992c). 

In four baboons with a 125I_fibrin labeled clot in an extracorporeal arterio
venous loop, i.v. administration of 63,ug/kg SAK over 1 h, repeated at weekly 
intervals, induced a progressive increase of SAK-neutralizing activity (from 
0.05 ± O.l,ug/ml at baseline to 4.8 ± 1.5,ug/ml at week 6), which was paralleled 
by a reduction of in vivo clot lysis (from 60 ± 7 % to 8 ± 3 %). After temporary 
discontinuation of SAK administration, neutralizing activity reverted to base
line within seven weeks, whereafter the sensitivity of in vivo clot lysis to SAK 
was restored (VANDERSCHUEREN et al. 1994). 

II. In Patients 

Enzyme-linked immunosorbent assays, calibrated with affinospecific human 
antibodies, revealed 2.1-65,ug/ml (median ll,ug/ml) anti-SAK antibodies and 
0.9-370,ug/ml (median 18,ug/ml) anti-SK antibodies in plasma from 100 blood 
donors. Corresponding values were 0.6-100,ug/ml (median 7.1,ug/ml) anti-SK 
antibodies and OA-120,ug/ml (median 7.3,ug/ml) anti-SAK antibodies in 104 
patients with angina pectoris (DECLERCK et al. 1994). 

In the first five patients with acute myocardial infarction given an 
intravenous infusion of 10mg SAK over 30min, neutralizing antibody titers 
against SAK (SakSTAR) were low at baseline and up to six days after infu
sion, but high titers (SAK-neutralizing titers of 12-42,ug/ml plasma) of anti
bodies, which did not cross-react with SK, were consistently demonstrable in 
plasma at 14-35 days (COLLEN and VAN DE WERF 1993). These observations 
were fully confirmed in the second pilot trial in five patients (SCHLOTT et al. 
1994a). 
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In the STAR trial, in 48 patients with acute myocardial infarction, SAK
neutralizing activity levels were low at baseline (0.07 ± 0.01.ug/ml) and during 
the first week after SAK administration (1.5 ± 0.39.ug/ml), but increased sub
stantially from the second week on (32 ± 7.1.ug/ml) (VANDERSCHUEREN et al. 
1995a). Also in patients with peripheral arterial occlusion, intra-arterial admin
istration of SAK elicited high levels of SAK-neutralizing antibodies, which 
remained high for several months (VANDERSCHUEREN et al. 1994, 1995b). 

III. Attempts to Reduce Immunogenicity 

Considerable efforts have been undertaken to identify immunodominant epi
topes in the SAK molecule (COLLEN et al. 1996a) to produce mutants by sub
stitution of clusters of charged amino acids with alanine, and to analyze the 
SAK mutants for thrombolytic potency and immunogenicity (COLLEN et al. 
1996b; reviewed in COLLEN 1998a,b). It soon became apparent that there exists 
a rather large species variability in the antibody response to SAK which 
implies that further studies in this field will require human or humanized 
systems (COLLEN et al.1997a). Replacement of Lys74 with Ala or of Lys74, Glu75, 
and Arg77 with Ala produced variants with intact thrombolytic potencies which 
induced significantly less antibody formation in patients (COLLEN et al.1997b). 
An elegant approach of mapping the most relevant epitopes of SAK that are 
antigenic for humans was undertaken by JENNE et al. (1998) who produced a 
phage-displayed library of SAK variants. These were selected for mutants that 
escaped binding to an affinity matrix derivatized with patient-specific poly
clonal anti-SAK antibodies. Fifty-six escape variants were identified. Such 
studies may be valuable to guide efforts to reduce the immunogenicity of SAK 
using protein engineering techniques. 

J. Conclusions 
SAK is a profibrinolytic agent that forms a 1: 1 stoichiometric complex 
with plasmin(ogen) which, following conversion to plasmin, activates other 
plasminogen molecules to plasmin. The plasmin·SAK complex, unlike the 
plasmin·SK complex, is rapidly inhibited by lXz-antiplasmin. In a plasma milieu, 
SAK is able to dissolve fibrin clots without associated fibrinogen degradation. 
This fibrin-specificity of SAK is the result of a higher affinity for fibrin-bound 
plasminogen, a reduced inhibition by lXz-antiplasmin of plasmin or plasmin· 
SAK complex bound to fibrin, and recycling of SAK from the plasmin·SAK 
complex following inhibition by lXz-antiplasmin. In several experimental 
animal models, SAK appeared to be equipotent to streptokinase for the dis
solution of whole blood or plasma clots, and significantly more potent for the 
dissolution of platelet-rich or retracted thrombi. 

The feasibility of fibrin-specific thrombolysis with recombinant SAK was 
demonstrated in patients with AMI and with peripheral arterial occlusion. 
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However, neutralizing antibodies against SAK were demonstrable from the 
third week on in most patients. Definition of the therapeutic benefit of recom
binant SAK or of less immunogenic variants will require more larger scale 
randomized efficacy studies against other thrombolytic agents. 

List of Abbreviations and Acronyms 

APSAC 
AMI 
CAPTORS 

i16,MO SAK 

Fl + 2 
FPA 
GUSTO 

NINDS 
NPGB 
uPA 

SAK 
sc-uPA 
SK 
STAR 
TAT 
tc-uPA 
tPA 
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CHAPTER 17 

Desmodus rotundus (Common Vampire Bat) 
Salivary Plasminogen Activator 

W.-D. SCHLEUNING and P. DONNER 

A. Introduction 

Already in the 1950s first attempts were made to treat acute myocardial infarc
tion (AMI) by thrombolytic therapy (FLETCHER et al. 1958, 1959). The accep
tance of this therapeutic concept into general clinical practice, however, took 
more than a quarter of a century (LAFFEL and BRAUNWALD 1984; ALTSCHULE 
1985). Reasons for this unusually slow development are the various risks and 
side effects associated with the use of thrombolytic agents. Streptokinase (SK) 
- the primordial fibrinolytic agent - exhibits antigenicity, a most obvious short
coming which is compounded by the presence of antibodies to SK due to pre
vious streptococcal infections in most patients. Furthermore SK does not 
discriminate between clot-bound and circulating plasminogen, thereby pro
moting systemic plasminogen activation with the consequences of plasmino
gen, arantiplasmin, and fibrinogen consumption and the degradation of 
clotting factors (COLLEN 1980). Urokinase (UK), the second "first generation" 
thrombolytic is not antigenic but likewise not specific for clot-bound 
plasminogen. 

With the advent of the era of recombinant DNA-technology it became 
possible to produce the naturally occurring mammalian tissue-type plasmino
gen activator (tPA) (the second generation thrombolytic) in quantities suffi
cient for large-scale clinical trials and eventually for registration as one of the 
first drugs produced by recombinant DNA technology. tPA had previously 
been shown to exhibit the property of "fibrin specificity", i.e., its activity was 
strongly stimulated by fibrin (CAMIOLO et al. 1971; HOYLAERTS et al. 1982), 
giving rise to the expectation that the negative effects of systemic plasmino
gen activation could be avoided. tPA fulfilled some but not all hopes of clini
cians. Whereas it clearly exhibited fibrin specificity in vitro, there were good 
reasons to question whether this effect translated into a better tolerance of 
the drug in vivo. The results of the GUSTO (Global Utilization of Streptoki
nase and tPA for Occluded Coronary Arteries) trial (THE GUSTO INVESTI
GATORS 1993) eventually demonstrated clear advantages of an accelerated tPA 
regimen over SK. A significantly lower total mortality was associated with the 
accelerated tPA regimen. To elucidate a significant difference between the two 
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agents, however, the enrollment of large numbers of patients was required, 
and, even using the accelerated, front-loading tPA regimen, TIM I (Throm
bolysis in Myocardial Infarction) grade 3 patency rates at 90min were 
observed in only 53% of the patients. GUSTO also showed that early recanal
ization was essential to the survival benefit seen with tPA, and, that in general, 
the earlier the thrombolytic treatment was initiated, the better the results (THE 
GUSTO ANGIOGRAPHIC INVESTIGATORS 1993). 

GUSTO nevertheless suggested that an aggressive bolus administration 
of an even more fibrin-dependent thrombolytic agent might further improve 
early and complete recanalization with a possible further increase in total sur
vival after AMI. However, tPA, because of its short half-life and its limited 
fibrin specificity, cannot be considered the ideal candidate for this purpose. 
The administration of high doses of tPA to overcome its short half life is asso
ciated with the induction of severe plasminemia, coagulopathy, intracerebral 
hemorrhage, and stroke. Depletion of circulating ( extrinsic) plasminogen with 
high plasma levels of tPA, a consequence of limited fibrin specificity, would 
also lower the efficacy of tPA on the clot surface through an effect known 
as "plasminogen steal." For these reasons there is an intensive search for 
thrombolytic agents that lack the evident disadvantages of first and second 
generation products. 

In this context the vast cornucopia of opportunities offered by recom
binant DNA technology has been exploited to its fullest possible extent. 
Numerous recombinant proteins such as staphylokinase (SAK), tPA deletion 
mutants, uPAItPA hybrids, molecular chimeras between uPA and antifibrin 
monoclonal antibodies, hybrids between plasminogen and uPA and tPA 
respectively were produced and characterized in vitro and in some cases in 
vivo (VERSTRAETE and BACHMANN 1997; see also Chaps. 16, 18 and 19). So far 
none of these products have been proven clearly superior to tPA even though 
clinical trials with the finger-EGF deletion mutant reteplase [SEIFRIED et a1. 
1992; WILCOX, FOR THE INTERNATIONAL JOINT EFFICACY COMPARISON OF THROM
BOLYTICS 1995; TOPOL, FOR THE GLOBAL USE OF STRATEGIES TO OPEN OCCLUDED 
CORONARY ARTERIES (GUSTO III) INVESTIGATORS 1997; BODE et a1. 1996], with 
SAK (COLLEN 1998; VANDERSCHUEREN et a1.1997; ARMSTRONG et a1. 2000), and 
with the so-called TNK-mutant of tPA (KEYT et a1. 1994; CANNON et a1. 1997; 
GIBSON et a1. 1999) demonstrated at least equivalency. 

We and others (GARDELL and FRIEDMAN 1993) have chosen a different 
path to generate a third generation fibrinolytic agent, initially starting from 
considerations derived from field- and evolutionary biology. Natural com
pounds used in medicine were selected by evolution for purposes obviously 
different from their therapeutic application. Many plant secondary metabo
lites that served as lead structures for modern drugs protect their hosts against 
foraging animals, or fungal, bacterial, or viral pathogens. An equally promis
ing area for the search of pharmacologically active compounds are animal 
venoms. As the toxins contained in the venoms are usually proteins or 
peptides, only molecular cloning and heterologous expression can open this 
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resource for exploitation. A bonanza of factors that interfere with the clotting 
system is provided by the digestive fluids of hematophageous animals such as 
leeches, ticks, hookworms, mosquitoes, and the only exclusively hematopha
geous mammals - the vampire bats. Building on observations from the 1930s 
(BIER 1932), HAWKEY (1966) discovered in the 1960s a highly potent plas
minogen activator in the saliva of the common vampire Desmodus rotundus, 
which was later partially purified and characterized by CARTWRIGHT (1974). 
This enzyme was optimized by evolution to support the feeding habit of the 
animal, a functional target radically different from the physiological functions 
of other plasminogen activators, with their predominant role in wound healing. 
Already Cartwright had noticed the superior ability of the partially purified 
protein (which he named Desmokinase) to bring about lysis of preformed 
clots, and suggested its use in medicine. However, at the time it was difficult 
to imagine a method that would allow the generation of sufficient material for 
clinical -testing. With this pioneering work in mind we decided to obtain 
vampire bat salivary plasminogen activators by cDNA cloning and heterolo
gous gene expression. 

B. Natural History of Vampire Bats 
An excellent monograph on this subject has been published by GREENHALL 
and SCHMIDT (1988). Although vampire bats have been known by the inhabi
tants of the Americas for thousands of years, only during the last 150years 
have they become the object of scientific studies. These were mainly directed 
to the control of the common vampire Desmodus rotundus which, as a carrier 
of rabies virus, had become the target of a veterinary health program in 
Panama and Trinidad. Much less is known about the white-winged vampire 
bat Diaemus youngi and the hairy-legged vampire bat Diphylla ecaudata 
because they have played no major role in transmission of disease. Vampire 
bats are not only unique among bats because of their diet but also because 
they exhibit a variety of interesting morphological, physiological, and 
behavioral adaptations related to their feeding habits. Using their razor blade 
sharp incisors they inflict a tiny superficial and apparently painless wound and 
subsequently lick the blood oozing from it. Returning to their caves they 
exhibit an unusual altruistic behavioral trait: they regurgitate blood in order 
to feed their kin that return from less successful foraging trips. 

c. Biochemistry 
I. Purification 

The vampire bats used for our studies were collected from their nocturnal 
resting places in natural caves in the Guererro state of Mexico and maintained 
in captivity for several months. Saliva was collected by stimulating salivation 
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by placing a small droplet of 1 % pilocarpine nitrate in the buccal mucosa using 
a Pasteur pipette extended by a piece of silicone rubber tUbing. Saliva was 
collected using the same device and placed in polystyrol tubes immersed in 
melting ice. The saliva was subsequently frozen, lyophilized, and shipped 
in dry ice for further processing. Saliva was fractionated by matrix-bound 
Erythrina latissima protease inhibitor (ETI) (HEUSSEN et al. 1984). Three 
isoenzymes with molecular weights of 52kd (DSPAa), 46kd (DSPAf3), and 
42kd (DSPAy) were identified (GARDELL et al. 1989; SCHLEUNING et al. 1992). 
All of these differed in their N-terminal amino acid sequences. The three forms 
which we named DSPA (D. rotundus Salivary Plasminogen Activator) could 
be further separated by hydrophobic interaction chromatography (SCHLEUN
ING et al.1992; PETRI et al. 1992). We did not follow the nomenclature "BatPA" 
proposed by GARDELL et al. (1989) for the following reasons: 

1. There are several hundred species of bats but only three species of vampire 
bats. We believe that the name of the enzyme should contain a scientifically 
sound reference to its origin in addition to an unequivocal description of 
its function. 

2. DSPA represents an evolutionary adaptation to a specific feeding habit and 
is as such clearly distinct from other plasminogen activators such as uPA 
and tPA, which have so far been found in all mammals investigated and are 
likely to occur also in bats. The designation BatPA does not take account 
of this distinctive characteristic and invites for a confusion with bat-tPA or 
uPA. 

II. Cloning and Expression 

RNA was isolated from D. rotundus salivary glands using the guanidinium 
isothiocyanate method and used as a template for cDNA synthesis and cloned 
into Agt 10 and AZAP vector according to standard procedures (MANIATIS 
et al. 1989). Candidate clones were isolated after screening the cDNA 
library using human tPA cDNA as a probe. Hybridizing clones were partially 
sequenced and found to correspond to four distinct forms (aj, a2, 13, and y). 
The cDNA sequences of the two largest forms (a1 and a2) were closely related 
(80 differences for a total of 2245 nucleotides). DSPAaz cDNA exhibited six 
nucleotide differences with a sequence published previously (GARDELL et al. 
1989). DSPAj3cDNA was shortened by an internal 138 nucleotide deletion 
but displayed otherwise only one nucleotide difference when compared to 
DSPAa2 cDNA. DSPAycDNA exhibited a 249 nucleotide long deletion and 
differed from DSPAa1 and j3-cDNA in 54 and 23 positions respectively. When 
the sequences of DSPAs were aligned with tPA it became clear that they 
exhibited a modular structure characteristic of tPA and uPA. DSPAal and 
DSPAa2 consist of an array of known structural motifs: finger (F), epidermal 
growth factor (E), kringle (K), and protease (P). The formulas for DSPAj3 and 
DSPAyare EKP and KP respectively (Fig. 1). Remarkably, the K motif resem-
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DSPA a ~,C~~-~--
F E K p 

DSPA II ~c, ~~_~ __ 
E K P 

DSPA r -®CI ~~_~ __ 
K P 

Fig.1. Putative domain structures of tissue-type plasminogen activator (t-PA) , DSPAa, 
f3 and y. The arrow indicates a plasmin sensitive cleavage site. F, finger domain; E, 
epidermal growth factor domain; K , kringle domain; P, protease domain. (From PETRI 
et al. 1992, with permission) 

bled more closely kringle 1 than kringle2 of tPA. DSPA/3 is closely related to 
DSPAa2 whereas DSPAyhas diverged somewhat more, but still resembles C0. 
more than al. All DSPA forms exhibit a potential N-glycosylation site in the 
protease domain. A further N-glycosylation site was also found at residue 
Asnl1 7 in the kringle of DSPAal at the same position as in tPA (GOHLKE et al. 
1997), whereas in C0. and /3 it was located at a different position in the kringle. 
At residue Thr61 a postranslational fucosylation site was identified (GOHLKE 
et al. 1996), similar to that of tPA (HARRIS et al. 1991) and uPA (BUKO et al. 
1991). N-Glycosylation is not a prerequisite for the fibrinolytic activity of 
DSPA isoforms. No DSPAa2 was identified in saliva. The structural features 
as well as the results of Southern blot experiments clearly indicated that the 
four forms of DSPA are products of different genes and not generated by dif
ferential mRNA splicing as suggested by other authors (GARDELL et al. 1989). 

III. DSPA Gene Expression in Heterologous Host Cells 

For a preliminary characterization, expression plasmids coding for DSPAa], 
a2, /3, and ywere transiently transfected into COS-1 cells. Supernatants of the 
transfected cells were analyzed by radial lysis in plasminogen containing 
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casein- and fibrin-agar plates (details are described below). It was shown that 
all four forms of DSPA exhibited a ratio of fibrinolytic vs. caseinolytic activ
ity which was significantly higher than tPA, as was already observed with 
material purified from saliva. As DSPAaj exhibited the most favorable profile 
in these preliminary assays it was decided to focus on this isoenzyme for 
further pharmacological and clinical studies. To this end a stable recombinant 
Chinese hamster ovarian (CHO)-cell line was established. The expression 
plasmid pSVPA 11 was transfected into dhfr- CHO cells (PETRI et al. 1995) 
using the calcium phosphate method and dhfr+ positive cells were selected in 
a MEM without nucleosides, supplemented with 2.5% dialyzed fetal calf 
serum. DSPAal was isolated from the cell culture supernatants by affinity 
chromatography using ETI immobilized to Sepharose (PETRI et al. 1995). 

IV. Three-dimensional Structure of the Protease Domain 

The catalytic domain of DSPAal has been crystallized in a covalent complex 
with Glu-Gly-Arg-chloromethylketone and its structure solved at 2.9 A reso
lution (RENATUS et al. 1997). The protease domain of DSPAal is a roughly 
spherical molecule with a radius of 25 A. It is folded into two six-stranded f3-
barrels held together by three trans-domain straps, one short "intermediate" 
and one long C-terminal helix, and several surface loops. It is very similar to 
other serine proteases, in particular to human two-chain tPA (RENATUS et al. 
1997). In the course of activation of a serine protease, the peptide bond 
between Arg l5 (or Lysl5) and Ile l6 (or VallO) (chymotrypsin numbering) is 
cleaved giving rise to a new N-terminal Ile/VaI16-X-X-Gly19. This segment 
inserts into the body of the proteinase, allowing formation of a salt bridge 
between the free N-terminus and the carboxylate group of ASp194, causing a 
conformational change and creating the functional substrate binding site. 
DSPA is unusual in that is does not contain a cleavable activation peptide. The 
activation pocket which normally receives the N-terminal nel6 is occupied 
by the side chain of Lys156, whose distal ammonium group creates an internal 
salt bridge with ASpl94 upon binding to fibrin and stabilizes DSPA in an 
enzymatically active form. This salt bridge does not exist in the enzymatically 
inactive form, leading to a disordered activation domain. In the absence of 
fibrin, the equilibrium between these two forms is thought to lean toward the 
enzymatically inactive form (RENATUS et al. 1997). 

V. Enzymology 

"Fibrin specificity" is generally understood as a property of plasminogen acti
vators that exhibit a higher catalytic efficiency in the presence of fibrin than 
in its absence. Indeed, whereas the catalytic efficiency of SK or UK is un
affected by fibrin, tPA catalyzed generation of plasmin is considerably stimu
lated in its presence and to a lesser extent also by fibrinogen, fibrin degradation 
products, f3-amyloid, and other less well defined cofactors (HOYLAERTS et al. 
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1982; SUENSON et al. 1990; WEITZ et al. 1991; KINGSTON et al. 1995). The under
lying mechanism of this "cofactor dependence" has been intuitively attributed 
to "fibrin binding" by most authors but, as we will see later, there are more 
complex protein-protein interactions that contribute to this phenomenon. 

The fibrin dependence of DSPA and tPA activity was compared using a 
modification of Astrup's radial fibrinolysis assay (ASTRUP and MULLERTZ 
1954). Agar plates were prepared containing plasminogen and casein instead 
of fibrin. Wells of equal size were punched and filled with equimolar amounts 
of DSPA and tPA. As is clearly seen from Fig. 2, the caseinolytic activity of 
DSPAaj was 500 times lower than of that of tPA. Using agar plates contain
ing plasminogen and fibrin, however, DSPA and tPA in equimolar concentra
tion produced similar Lysis zones (data not shown). 

In order to investigate the molecular basis of this striking fibrin depen
dence, the fibrin binding properties of all four forms of DSPA and a series of 
muteins' were studied and subjected to a detailed enzymological analysis 
(BRINGMANN et al. 1995a) using an assay in which plasminogen activation is 
measured by the determination of the generated plasmin in real time. Briefly 
the results are as follows: 

1. Fibrin binding of DSPAs is exclusively dependent on the presence of a 
finger region, consequently DSPAaj and a2 but not DSPA,B and ybind to 
fibrin. 

2. None of the DSPAs contain a lysine binding site. 
3. All DSPAs are single chain molecules displaying substantial amidolytic 

activity but are almost inactive in a plasminogen activation assay in the 
absence of fibrin. 

4. Upon addition of fibrin the catalytic efficiency (kca/km ) of plasminogen 
activation by DSPAa[ increases 105000-fold whereas the corresponding 
value for tPA is only 550. 

lpmolj 0.5 0,25 0,1 0,05 0,025 0,01 0,005 

t-PA 

rDSPA al • • 
[pmolJ 50 25 10 5 2,5 

Fig. 2. Fibrin dependency of DSPAlXl in comparison to human tissue-type plasmino
gen activator (tPA). 500-fold higher molar amounts (as indicated) of DSPAlXl 
are required to achieve the same degree of fibrin independent lysis as tPA. (From 
SCHLEUNING et al. 1992, with permission) 
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5. The kca/km of DSPAa1 and tPA in the presence of fibrin is almost equal but 
decreases dramatically with the loss of the finger and the kringle domain. 

6. The ratio of the bimolecular rate constants of plasminogen activation in the 
presence of fibrin vs. fibrinogen (fibrin selectivity) of DSPAa], a2, [3, and y 
was found to be 13 000, 6500, 250, and 90 respectively. The corresponding 
value for tPA is only 72. 

BERGUM and GARDELL (1992) have performed similar investigations with 
equivalent results and demonstrated in addition that tPA in contrast to 
DSPAa2 (BatPA) is stimulated by the fragment X polymer, a fibrin degrada
tion product which is generated during fibrinolysis. 

These results establish a new paradigm for the molecular basis of "fibrin 
specificity." This term is unfortunately ambiguous because it is mostly under
stood without reference to other cofactors. Ideally the most "fibrin-specific" 
plasminogen activator would activate clot-bound plasminogen without affect
ing circulating plasminogen levels. It has to be taken into account however 
that circulating fibrinogen is a relatively potent cofactor of tPA-mediated plas
minogen activation. A more meaningful quantitative parameter than "fibrin 
specificity" is therefore "fibrin selectivity," the quotient of the stimulatory 
effect of fibrin vs. fibrinogen, which ascribes to a plasminogen activator more 
accurately the preference for clot bound vs. circulating plasminogen. As men
tioned above this factor is 13000 for DSPA whereas it is only 72 for tPA. What 
is the molecular basis of this striking difference? A plausible explanation was 
recently put forward by STEWART et al. (1998). Using light scattering spec
troscopy these authors characterized two fibrin binding sites on tPA, one high 
affinity site associated with the finger and a low affinity site associated with 
kringle 2. The kringle 2 binding site is also able to react with fibrinogen and 
fibrin fragments. As this site is missing in DSPA, it cannot react with fibrino
gen or fibrin fragments, hence the striking superiority of DSPA in fibrin selec
tivity. Another distinguishing structural feature of DSPA is the absence of a 
plasmin sensitive cleavage site in the peptide connecting the kringle and the 
protease domain: if such a site is introduced, fibrin selectivity decreases by a 
factor of ten. Likewise the fibrin selectivity of tPA increases by a similar factor 
if this site is eliminated. DSPA[3 and ywhich have no finger domain and there
fore do not bind to fibrin still exhibit fibrin selectivity. Therefore fibrin binding 
is only one of several protein-protein interactions that determine fibrin selec
tivity. Others are associated with the absence of a fibrinogen binding site on 
the DSPA-kringle and the state of folding of the single chain molecule and 
other structural elements of the protease domain (BRINGMANN et al. 1995b). 
TOSCH! et al. (1998) have recently demonstrated that the protease domain of 
DSPAa1 by itself exhibits fibrin selectivity, i.e., it is stimulated 32-fold by fibrin 
but only loS-fold by fibrinogen. The corresponding figures for the protease 
portion of tPA are 6 and 3 respectively. 

DSPAaz (BatPA) is also slightly less susceptible than tPA to inactivation 
by plasminogen activator inhibitor 1 (PAl-I). The kass values for the interac-
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tion between PAI-1 and DSPAaz and two chain-tPA (in the presence of 
fibrinogen) are 4.4 x 106 and 13.1 x 106 M-1 sec-I, respectively (GARDELL et al. 
1990). In a similar assay system, but in the presence of fibrin, GRUBER (1995) 
compared DSPAal (kass = 0.7 x 106M-l sec-I) and two-chain-tPA (kass = 2.5 x 
106M-l sec-I). 

D. Pharmacology 
I. In Vitro Clot Lysis 

Whole blot clot lysis (BEER et al. 1994) is employed to determine the activity 
of a fibrinolytic agent in a "semi-natural" environment, i.e., in the presence of 
all the cofactors, inhibitors known or unknown that are also likely to be 
present in vivo. Whole human blood clots were generated in vitro, aged for 
1 h and' placed in autologous plasma in the presence of varying concentrations 
of either tPA or DSPAal. The thrombolytic potential of both PAs, expressed 
as percent change in clot wet weight and the plasma fibrinogen content was 
determined after 6 h of incubation. tPA and DSPAal exhibited a similar throm
bolytic profile (Fig. 3). In contrast to tPA, however, only minimal fibrinogen 
degradation was observed in the DSPA-containing sample (SCHLEUNING 
et al. 1992). 

We have also compared the fibrin selectivity of tPA and its mutein TNK
tPA with that of DSPAal. Kinetic analysis of plasminogen activation revealed 
that TNK-tPA is about eight times more fibrin selective than wild type tPA. 
However, the fibrin selectivity of DSPAal is still 12 times higher than that of 
TNK-tPA. 

At low concentrations (1-5nmolll) DSPAal clearly exhibits a higher effi
cacy than TNK-tPA and tPA. At 5-25 nmolll tPA's efficacy is very similar to 
that of DSPAal. The induction of clot lysis by 50nmolll tPA is however less 
efficacious and at 100nmolli tPA only incomplete clot lysis is achieved due to 
"plasminogen steal." The "plasminogen steal" effect is not observed at any 
concentration during DSPAal-mediated clot lysis, but flagrant at concentra
tions above 100nmolll TNK-tPA. SAKHAROV et al. (1999) investigated the 
lysis of compacted crosslinked human plasma clot in the presence of 9 differ
ent plasminogen activators. They found that the fibrin-selective PAs staphy
lokinase, TNK-tPA and DSPA induced rapid lysis in concentration ranges of 
80-, 260- and 3500-fold respectively, much wider than that for tPA (35-fold). 
The phenomenon of smaller concentration ranges might be due to excessive 
activation of circulating plasminogen by less fibrin selective PAs followed by 
inactivation of plasmin by az-antiplasmin. However in terms of speed of lysis 
these three PAs exceeded tPA only slightly. 

DSPAal- and SAK-mediated clot lysis is not accompanied by fib
rinogenolysis even at high concentrations. In contrast, complete clot lysis 
induced by tPA, in particular at higher concentrations (25-100 nmolll) , is com
promised by severe fibrinogen degradation. Even at 10nmolll tPA the level 
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Fig.3A,B. Human whole blood clot lysis in vitro. A Concentration response curves for 
tissue-type plasminogen activator (Actilyse) and DSPAal. B Fibrinogen concentrations 
after 6 h of incubation. (From SCHLEUNING et al. 1992, with permission) 

of functional fibrinogen is diminished by 70%. Whereas TNK-tPA is clearly 
more fibrin-selective than tPA, at elevated concentrations complete clot lysis 
is only achieved at the expense of notable fibrinogenolysis, indicating that the 
fibrin selectivity of TNK-tPA is still unsatisfactory. The consumption of 
arantiplasmin corroborates our findings concerning fibrinogenolysis. ar 
Antiplasmin is virtually undetectable in plasma samples containing lOnmolll 
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and higher concentrations of tPA and TNK-(tPA), while DSPAal-samples still 
contain measurable amounts of arantiplasmin even at 100nmolil. Therefore, 
DSPAal is a plasminogen activator with strict fibrin cofactor requirement and 
more potent than tPA and TNK-tPA at low doses (BRINGMANN et al. 1995a). 

HARE and GARDELL (1992) compared DSPAa2 (BatPA), tPA, and SK in a 
plasma clot lysis model using radio labeled fibrinogen. Excessive fibrinogen 
degradation was only observed in the tPA- and SK-containing samples. These 
authors also demonstrated that the addition of a clot lysate did not stimulate 
DSPAa2 activity, indicating that soluble fibrin degradation products do not 
influence DSPA activity. 

II. Carotid and Femoral Artery Thrombosis in Rabbits 

Thrombosis was induced by a copper coil inserted in the common carotid 
artery of groups of six anesthetized rabbits. Heparin and aspirin were given in 
addition to the thrombolytics. These experiments suggested that DSPA was at 
least as efficacious as tPA and probably 2-3 times more potent (MUSCHICK 
et al. 1993). With regard to hemostatic parameters, DSPAal differed from tPA, 
as it was demonstrated to cause no significant fibrinogenolysis nor plasmino
gen depletion. arAntiplasmin plasma levels decreased to a lesser extent than 
with tPA. The plasma half-life of DSPAal exceeded that of tPA at all doses 
(Fig. 4). 

In a rabbit model of femoral arterial thrombosis DSPAa2 (Bat PA) was 
evaluated and compared with tPA (GARDELL et al. 1991). A thrombus was 
formed by injecting autologous whole blood, Ca++, and thrombin into an iso
lated segment of the femoral artery. Following a 60-min aging period, DSPAa2 
or tPA were given by bolus intravenous injections and blood flow restora
tion was measured with an electromagnetic flow probe. At 14nmollkg and 
42 nmollkg, tPA reperfused 15% and 78% of the rabbits, respectively whereas 
at 4.7, 8.1, 14, and 42nmollkg, DSPAa2 reperfused 0, 50, 75, and 80%. The 
thrombolytic efficacy of DSPAa2 at 14nmollkg was comparable to a threefold 
higher dose of tPA (42nmollkg). Although the incidence of reperfusion by 
DSPAaz was not significantly different at 42nmollkg and 14nmollkg, other 
indices of efficacy such as median time to reperfusion and residual thrombus 
mass were significantly improved using the threefold higher dose. 

Analysis of serial blood samples revealed that the administration of tPA 
(42nmollkg) but not of DSPA at the same dose elicited a marked decrease in 
the levels of plasma fibrinogen. This finding confirms the remarkable fibrin 
selectivity already noted using purified reagents as well as whole blot clot lysis. 

III. Myocardial Infarction in Dogs 

Copper coil-induced AMI in dogs is widely considered as one of the most 
meaningful models of human AMI. Therefore the thrombolytic properties of 
tPA and DSPAal were compared in this system (WITT et al. 1994b). A copper 
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Fig.4. Plasma antigen levels (mean ± SEM, n = 6-7) of DSPAcxl and tissue-type plas
minogen activator (tPA) following intravenous bolus injection at 30, 60, and 120min. 
(From MUSCHICK et al. 1993, with permission) 

coil was inserted into a coronary artery of an anesthetized animal leading to 
the local formation of a thrombus. All dogs received heparin. Whereas control 
animals did not reperfuse within 180min, intravenous bolus administration of 
DSPAal at 25, 50, and 100 J1g/kg resulted in 100% incidence of recanalization 
within 37,23, and 18 min, respectively. tPA at 63 and 125 J1g/kg reopened the 
coronary arteries in 33% and 50% of cases within 40min. Eighty-three percent 
of the arteries were still patent 3 h after 50 and 100 J1g/kg DSPAaJ, whereas 
only 20% (1 of 5) of all coronaries originally recanalized with both doses of 
tPA were still open at 3 h (Fig. 5). The clearance of DSPAal was lower com
pared with tPA due to a prolonged terminal half-life. 

IV. Experimental Pulmonary Embolisms in Rats 

The thrombolytic properties of DSPAal and tPA were compared in a rat 
model of pulmonary embolism (WITT et al. 1992). Whole blood clots, produced 
in vitro and labeled with l2sI-fibrinogen, were embolized into the lungs of anes
thetized rats. Thrombolysis was calculated from the difference between initial 
clot radioactivity and that remaining in the lungs after 60 min. Blood was 
sampled for y-counting, measurement of hemostatic factors, and plasminogen 
activator antigen levels. Thrombolysis using DSPAal was significantly faster 
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Fig.5. Patency profiles of coronary arteries in individual dogs after intravenous bolus 
administration of different amounts (as indicated) of DSPAa], tissue-type plasmino
gen activator (tPA), or solvent (control). Each bar represents the angiographically 
defined patency status of a single dog coronary artery throughout the observation 
period of 180 min after dosing. Solid bars reflect periods of coronary occlusion; open 
bars depict periods of arterial reflow. (From WIlT et al. 1994b, with permission) 

than with tPA. Moreover tPA significantly decreased fibrinogen, plasminogen, 
and arantiplasmin. Compared with tPA, DSPAaj was clearly the more potent 
and more clot selective ("fibrin selective") thrombolytic agent. 

v. Bleeding Models 

The propensity of bleeding induction by DSPAaj as compared to tPA and SK 
was studied in a venipuncture model in rat mesenteric arcade veins. Venipunc
ture bleeding time (5 min after thrombolysis induction) was prolonged >3 min 
in all of six animals given 30nmollkg tPA but only in one of six treated with 
300nmollkg DSPA. One hour after administration of the thrombolytic agents, 
venipuncture bleeding time with tPA was still prolonged to 7.7 ± 3.5 min but 
only to 2.5 ± 1.8min after DSPAaj. Rebleeding, occurred in three of six 
animals treated with 30nmollkg tPA, in none up to lOOnmollkg DSPA, but in 
five of six rats given 300nmollkg DSPA (GULBA et al. 1995). 

In aspirin-pretreated rabbits, the administration of 14 or 42nmol/kg 
DSPAa2 increased the template bleeding time to a similar extent as did the 
administration of 42nmollkg of tPA. However, the cuticle bleeding times in 
the same animals were only prolonged after the injection of tPA. Even when 
the rabbits were pretreated with aspirin, there was only mild and transient 
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bleeding observed with DSPAa2. Furthermore, the severity of bleeds from 
surgical sites was far more extensive in rabbits that received tPA than in those 
treated with DSPAa2 (GARDELL et al. 1991). 

In another experiment cuticle bleeding time was performed in anes
thetized rabbits to assess the potential bleeding risks which may occur after 
bolus administration of DSPAa2 (BatPA) or tPA (MELLOTT et al. 1995). Bleed
ing times were only minimally elevated with DSPAaz whereas tPA exhibited 
a 6.2-fold increase. In contrast to DSPAa2, tPA induced a massive activation 
of systemic plasminogen and subsequent degradation of coagulation-factors 
VIII and fibrinogen. The consumption of these factors may be the key event 
in tPA-mediated coagulopathy. 

Using the same dosages, a severe degradation of factor VIII and fibrino
gen by tPA but not DSPAaz was observed by another group using a rabbit ear 
puncture model of fibrinolytic bleeding (MONTONEY et al. 1995). However the 
finding reported by these authors that bleeding occurred as frequently in 
DSPAa2- as in tPA-treated animals is surprising and puzzling in the light of 
the observed factor VIII and fibrinogen degradation and in contrast to the 
results obtained by MELLOTT et al. (1995). 

It has been suggested, that the bleeding time is the major risk indicator 
for severe hemorrhage in patients treated with thrombolytic agents (GIMPLE 
et al. 1989; HIRSCH and GOLDHABER 1990). If this assessment is correct, the 
results of the bleeding models suggest that thrombolysis with DSPAal is 
superior in terms of therapeutic safety to other agents currently approved for 
clinical use. However, there are examples in which bleeding occurred despite 
only moderately prolonged bleeding time, as there are numerous examples of 
patients with massive prolongation of bleeding times that do not bleed. Thus 
a definitive statement on improved safety associated with the therapeutic use 
of DSPAal will have to await the results of clinical trials. 

E. Pharmacokinetics 
A sandwich ELISA-system with affinity-purified and peroxidase-labeled 
DSPAal antibodies raised in rabbits was developed and exhibited a limit of 
quantification of 3 ng/ml in undiluted spiked plasma. Accuracy was 98 %-108 % 
and precision accounted for 3%-9.5%. No cross-reactivity with human tPA or 
endogenous matrix constituents interfering with assay results was observed 
(HILDEBRAND et al. 1995). After i.v. administration of DSPAal at 1 and 3 mg/kg 
in cynomolgus monkeys antigen levels in plasma were dose-dependent in both 
genders and exhibited a triphasic disposition profile with half-lives of 0.04-
0.26h, 0.6-3h, and 4-8.5h. The mean residence time of DSPAal ranged from 
3 to 9 h and total clearance was approximately 2 ml/min/kg independent of sex 
and dose. Several toxicokinetic studies with single or repeated administration 
of unlabeled DSPA were monitored by ELISA and FCLA (fibrin clot lysis 
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assay) to measure antigen and activity levels. The dose range used was 
1-30mg/kg. 

In rats and monkeys DSPAal was characterized by long terminal half-lives 
of 1-2h and S-8h with bi- or triphasically declining plasma levels. The termi
nal phase represented a partial AUC of 42-S7% in monkeys. Total clearance 
accounted for 6-11mllmin per kg and approx. 2ml/min per kg in rats and 
monkeys, respectively. The volume of distribution in the central compartment 
was O.S-O.ll/kg in both species. In both species plasma antigen and activity 
levels exhibited a linear correlation with a slope close to 1 over the dose range 
of 1-30mg/kg. In terms of distribution in rats radiolabel indicative for 1251_ 
DSPAal was found in highly perfused organs and tissues. By means of allo
metric extrapolation a total clearance of approx. 1 mllmin per kg was predicted 
for humans (HILDEBRAND et al. 1996). 

DSPAal therefore displayed an advantageous pharmacokinetic and 
pharmacodynamic profile, especially due to its low total clearance, its long 
terminal half-life, and the full fibrinolytic activity of antigen present in the 
plasma, as compared to other established fibrinolytics (e.g., tPA). Animal data 
encourage a therapeutic dosage scheme with an i.v. bolus in humans. 

These data confirm previous observations made in dogs in the context of 
a coronary thrombolysis model (WITT et al. 1994b). The half-life of DSPAal in 
dogs was greatly prolonged compared with tPA, with the mean residence time 
being about 40-S0 times longer. The clearance of DSPAaj was about five to 
nine times slower than that of tPA, TNK-tPA being cleared about half as fast 
as wild type tPA. This may translate into a minor advantage ofTNK-tPA over 
tPA in relative potency and patency (including reocclusion). Reteplase, 
another mutant consisting of the kringle 2 and protease domains of human 
tPA, has a half-life of 13min and a clearance of -Smllmin/kg in dogs. It is 
being pursued in clinical trials as a less costly alternative to tPA. Results in a 
canine model of coronary thrombosis as well as in patients with AMI 
indicate that the half-life achieved with reteplase necessitates a second bolus 
application to avoid early reocclusion and to achieve a satisfying degree of 
reperfusion (MARTIN et al. 1991; WILCOX, FOR THE INTERNATIONAL JOINT EFFI
CACY COMPARISON OF THROMBOLYTICS 1995; SMALLING et al. 1995; BODE et al. 
1996; TOPOL, FOR THE GLOBAL USE OF STRATEGIES TO OPEN OCCLUDED CORO
NARY ARTERIES [GUSTO III] INVESTIGATORS 1997). 

The thrombolysis experiments performed with DSPAa2 in a canine model 
of arterial thrombosis by MELLOT et al. (1992) are relevant to pharmacoki
netics and are therefore described here in further detail. The reperfusion inci
dences after the administration of tPA and DSPAa2 at 14nmollkg were SO% 
and 88%, respectively. The mean times to reperfusion were not significantly 
different in the DSPAa2 and tPA treatment groups. All animals reoccluded 
during the 4-h trial; however, the mean time to reocclusion in the dogs treated 
with DSPAa2, 144min, was significantly delayed relative to those treated with 
tPA, 37min. 
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The approximately six times longer mean residence time of DSPAa2 
relative,to tPA was a likely contributor to the delayed reocclusion and supe
rior thrombolytic efficacy in the DSPA treatment group. The clearance profile 
for tPA was monoexponential, with a 11/2 of 2.4 min. The clearance profile for 
DSPAa2 was biexponential, with a tl/2aof -1 min and a tl/2/3 of -20 min. Inter
estingly, the steady-state volume of distribution displayed by DSPAa2 was 16 
times greater than that of tPA. It was proposed that some DSPA was initially 
sequestered in an extraplasma compartment following administration and 
subsequently released back slowly into circulation; however no experimental 
data were provided to support this suggestion. 

The fibrinogen levels were essentially unaffected following the adminis
tration of DSPA% or tPA. It is also noteworthy that the mean residence time 
of DSPAa2, albeit significantly longer than that of tPA, is still 6-8 times shorter 
than that of DSPAaj. Indeed, this may be the reason why experiments con
ducted with DSPAa2a appear to show a stronger reocclusion tendency than 
those performed with DSPAaj. 

F. Toxicology 
A detailed toxicological study in rats and monkeys revealed no negative result 
that would preclude the use of the substance in humans. The induction of an 
immunological memory but no antibody formation was observed after single 
bolus injections of 1 mglkg body weight. Only after repeated injections of 
DSPAaj into rats was antibody formation observed. However no effect on the 
fibrinolytic potential in these animals nor any crossreactivity with human tPA 
was found (WrIT et al. 1994a). These data indicate that antibody formation is 
no major concern restricting therapeutic applications for at least two succes
sive treatments. 

G. Phase I Clinical Studies 
A phase 1 clinical trial with healthy volunteers was performed in order to 
determine the pharmacokinetics and the safety and tolerability of DSPAaj. 
Subtherapeutic doses of 0.01, 0.03, and 0.05 mg DSPAal were applied by intra
venous bolus administration. The study was designed as an open uncontrolled 
interindividual group comparison. The pharmacokinetic parameters were 
determined by measuring DSPAaj antigen by ELISA up to 36h after injec
tion. Cardiovascular monitoring was extended over 1 h and laboratory para
meters such as DSPAaj activity (fibrin clot lysis assay) hemodynamics, and 
adverse events were monitored up to 24 h post injection. The development of 
DSPAa1 antibodies was checked for up to three month after the injection. 

No clinically relevant changes or trends in hematology and clinical chem
istry, no negative clinical effects on blood coagulation were observed, and no 
formation of antibodies could be detected. Therefore there were no safety-
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related concerns in the dose range tested and the pharmacokinetic prediction 
from animal studies was confirmed in humans. Based on the available phar
macokinetic data, and in comparison to pharmacokinetic and clinical data 
of tPA, the therapeutically effective dose of DSPAa1 was predicted to be 
0.5mg/kg body weight (M. Mahler and T.w. Seifer, personal communication). 

H. Phase Ib Clinical Studies 
A phase Ib clinical study on AMI patients has been initiated but no data on 
the outcome have been published yet. 

I. Conclusions and Perspectives 
The underlying cause of AMI is the acute thrombotic occlusion of a coronary 
vessel. The re-establishment of coronary blood flow by thrombolytic therapy 
or surgical intervention in the early phase of this event is imperative to limit 
the ischemic damage to the myocardium. Numerous multi-center, double
blind studies have shown that early mortality of AMI can be significantly 
reduced by either method. The positive effect of coronary recanalization also 
translates into a reduction of long term mortality. Thrombolytic therapy relies 
on various drugs and various regimens all of which have the target to mini
mize the speed of reopening of the coronary vessel and the associated risks -
mainly hemorrhagic complications - which in its most dreaded form, the life 
threatening intracranial bleeding, currently can still attain 1 % (DE JAEGERE 
et al. 1992; LEVINE et al. 1995; GURWITZ et al. 1998). However, even the most 
aggressive regimens applied in clinical practice today achieve TIMI grade 3-
patency rates that are relevant for the prognosis of the patient (TOPOL 1993) 
only in about 60% of the occluded vessels, and 20%-30% of AMI patients do 
not respond to thrombolytic therapy at all. Moreover, acute reocclusion occurs 
in about 10% of the patients who initially reperfuse and the incidence of 
mortality is still intolerably high (approximately 10% in the GISSI-2 [GRUPPO 
ITALIANO PER LO STUDIO DELLA STREPTOCHINASI NELL'INFARTO MIOCARDICO 
1986] and ISIS-3 trials [ISIS 3 (THIRD INTERNATIONAL STUDY OF INFARCT SUR
VIVAL) COLLABORATIVE STUDY GROUP (1992)] and 7% in the GUSTO trial [THE 
GUSTO INVESTIGATORS 1993]). This limited efficacy and the number of 
hemorrhagic side effects has lead to a renaissance of the concept of mechan
ical recanalization, which however is not applicable to large patient popula
tions for logistic and economic reasons. Hence if a further decrease in 
mortality from AMI is to be achieved there is the need for a new class of more 
efficacious and safer thrombolytics. Introduction of a fibrinolytic agent that is 
associated with a minimal bleeding risk would probably improve overall sur
vival among AMI patients by increasing the number of patients eligible for 
therapy. A high number of patients today are excluded from the benefits of 
the treatment because of the risk of stroke or other complications. A plas-
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minogen activator which is strictly fibrin selective and not activated by fib
rinogen, fibrin degradation products, or denatured protein spares plasminogen 
and clotting factors. In contrast to tPA, DSPAal is not activated by f)-amyloid 
peptides adding another important safety feature, because deposits consisting 
of such material are frequently found in the vasculature of older patients 
(KINGSTON et al. 1995). DSPA, therefore, could present an advantageous 
feature when treating elderly stroke patients with thrombolytics. In all animal 
models tested so far DSPAaj and DSPAa2 have proven to be more efficacious 
and to be associated with fewer undesirable effects than any other throm
bolytic currently in use. Moreover the favorable pharmacokinetic profile of 
DSPAa] permits using a single i.v. bolus regimen, which is much easier to apply 
than the combined front loading and infusion regimens which are currently 
most widely used. This feature is particularly attractive because it opens the 
possibility to commence thrombolytic therapy in the emergency vehicle or 
even in the home of the patient and thus broadens the current scope of throm
bolytic therapy. 

List of Abbreviations and Acronyms 

AMI 
AUC 
CRO 
DSPA 
ETI 
GUSTO 

MEM 
SAK 
SK 
tc-tPA 
TIMI 
tPA 
UK 
uPA 

acute myocardial infarction 
area under the curve 
Chinese hamster ovary (cells) 
Desmodus rotundus Salivary Plasminogen Activator 
Erythrina latissima trypsin inhibitor 
Global Utilization of Streptokinase and t-PA for Occluded coro-

nary arteries 
modified Eagle's medium 
staphylokinase 
streptokinase 
two chain tPA 
thrombolysis in myocardial infarction 
tissue-type plasminogen activator 
urokinase (two-chain uPA) 
urinary-type plasminogen activator 
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CHAPTER 18 

Thrombus-Targeting of Plasminogen Activators 

C. BODE, K. PETER, M.S. RUNGE, and E. HABER 

A. Introduction 

Large-sCale studies with mortality endpoints comparing thrombolytic therapy 
with placebo in patients with acute myocardial infarction (AMI) have docu
mented the benefit of timely dissolution of coronary arterial thrombi by intra
venous infusion of plasminogen activators [GRUPPO ITALIANO PER LO STUDIO 
DELLA STREPTOCHINASI NELL'INFARTO MIOCARDICO (GISSI) 1986; WILCOX et al. 
1988; AIMS TRIAL STUDY GROUP 1988; THE ISIS-2 (SECOND INTERNATIONAL 
STUDY OF INFARCT SURVIVAL) COLLABORATIVE GROUP 1988]. The GUSTO-1 trial 
(THE GUSTO INVESTIGATORS 1993), comparing four thrombolytic strategies, 
showed a small but noteworthy improvement (1.0%) in survival among 
patients treated with recombinant tissue-type plasminogen activator (tPA) 
compared with streptokinase (SK). Equally important with this incremental 
improvement in survival was the finding that there is a direct correlation 
between early and complete reperfusion and survival (THE GUSTO 
ANGIOGRAPHIC INVESTIGATORS 1993). These data are consistent with the 
hypothesis that fibrin-specific thrombolytic agents achieve lower mortality by 
lysing coronary thrombi more rapidly and more completely. The results of the 
GUSTO trial thus appear to give reasonable direction to researchers involved 
in the design of plasminogen activators with improved potency and specificity. 

Significant limitations, even of the most advanced thrombolytic regimens 
(THE GUSTO ANGIOGRAPHIC INVESTIGATORS 1993; BODE et al. 1996) at present 
fail to achieve some reperfusion in 15%-20% and complete reperfusion in 
35%-45% of patients within 90min after start of therapy. The failure rate at 
earlier time points is even higher. In addition, an early reocclusion rate of 
5%-15% limits the benefits of therapy in initially successfully treated patients. 
Furthermore, 3%-10% of patients experience bleeding episodes that necessi
tate transfusions and in 0.3%-0.7% of patients intracerebral hemorrhage 
occurs. It has to be emphasized that the above data refer to patients who have 
been carefully selected for thrombolytic therapy and who constitute only a 
"good risk" fraction of all patients with AMI. 

Several lines of investigation are currently being pursued in the hope of 
enhancing the efficacy, speed, and freedom from side effects of thrombolytic 
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therapy, thus making it more effective and more widely applicable. This 
chapter describes novel approaches for developing agents that dissolve clots 
or prevent clot formation that are based on the use of antibodies to target the 
agents to specific components of the thrombus. 

B. The Principle of Antibody Targeting 
Antibody targeting for the treatment or prevention of thrombosis entails the 
engineering of a bifunctional molecule that contains both a highly specific 
antigen-binding site which concentrates the molecule at the desired target, and 
an effector site which either initiates thrombolysis or prevents additional 
thrombus formation. The repertoire of potential antibody specificities is 
extremely large and allows for the selection of monoclonal antibodies that can 
differentiate among very similar antigens. Thus, it is possible to target to fibrin 
but not fibrinogen or to recognize the activated form of the platelet receptor 
glycoprotein (GP) IIb/IIla but not its inactive isomer. Obviously, the effec
tiveness of a clot-specific antibody is dependent on a lack of cross-reactivity 
between the desired epitope and all non-thrombus epitopes on endothelial or 
other vascular cells. 

I. Antifibrin Antibodies 

Our most extensive experience has been gained with fibrin-specific antibody 
59D8. The antibody was raised by immunizing Balb/C mice with a synthetic 
peptide containing the sequence of the thrombin-generated amino terminus 
of the fibrin f3-chain, coupled to a carrier protein (HUl et al. 1983). Monoclonal 
antibody 59D8 binds to fibrin with high affinity (0.77 nmol/l) but does not bind 
to fibrinogen. In contrast, the binding constant of tPA for fibrin is 0.16.umol/l. 
Other groups have used different antibodies specific for fibrin. 

II. Antiplatelet Antibodies 

Platelets undergo structural changes as they aggregate and are incorporated 
into a thrombus. The GP lIb/IlIa complex on the platelet cell membrane func
tions as a receptor for fibrinogen. As such the complex has a role in cross
linking platelets not only to one another but also to fibrin, thereby stabilizing 
the thrombus. Antibody 7E3 (abciximab) binds to and inhibits GP lIb/IlIa, 
thus inhibiting platelet aggregation. The antibody has been shown to be a 
useful adjunct to thrombolysis, PTCA and stenting (COLLER et al.1995; COLLER 
1998; THE EPIC INVESTIGATORS 1994; THE EPILOG INVESTIGATORS 1997; THE 
EPISTENT INVESTIGATORS 1998; reviewed in ADGEY 1998; BATES and WEITZ 
1999; CALIFF 2000). For our purposes, 7E3 provides a model vehicle for tar
geting plasminogen activators or antithrombin agents to an epitope expressed 
on platelet-rich, arterial thrombi. The disadvantage of 7E3 as a targeting anti-
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body is that it interacts with OP I1b/IIla on both activated and resting platelets 
and thus targets the thrombus only with relative selectivity. Others have used 
the monoclonal antibody Fab-9 directed against OP lIb/IlIa that was subse
quently optimized by mutagenesis and affinity maturation, using phage display 
techniques (SMITH et al. 1995). 

III. Chemical Conjugates or Recombinant Fusion Proteins 

Chemical conjugation between antibody and effector molecule is the fastest 
and - although challenging - easiest method to create a model bifunctional 
molecule. Recombinant fusion proteins have the advantage of a uniform and 
large scale preparation of protein material and they avoid the low-yield of 
chemical cross-linking. Also, recombinant fusion molecules are not limited like 
chemical conjugates to recombination of whole proteins or domains that can 
be generated by enzymatic digestion. Rather, the needed regions of proteins 
can be fused and, if necessary, cleavage sites for different enzymes can be intro
duced (see below) to endow the molecules with additional specificity. Thus, 
while chemical conjugates are suitable to explore the general concept, only 
recombinant fusion molecules can be tailored with suitable sophistication in 
order to endow them as powerful new therapeutic agents. 

C. Synthesis, Purification, and Characterization of 
Chemical Antibody-Plasminogen Activator Conjugates 

I. Synthesis 

The method for chemically cross-linking plasminogen activators to antibodies 
has initially been established in our laboratories (BODE et al. 1985). The 
general approach is to generate stable disulfide or thio-ester bonds between 
the two proteins of interest. One of the most useful strategies is to link 
two proteins using the cross-linking reagent, N-succinimidyl 3-(2-
pyridyldithio )propionate (SPDP). This is a heterobifunctional reagent: the 
attachment and cross-linking steps of the reaction are separate and it is pos
sible to use either the same or different functional groups on each protein. In 
order to prevent the formation of aggregates and to increase the yield of the 
1:1 conjugate it is essential to establish conditions that allow modification of 
a single amino group on each protein. Alternatively, free sulfhydryl groups can 
be generated on one of the proteins under reducing conditions. This approach 
has been very effectively used in coupling Fab'-fragments of the targeting anti
body using the reduced inter-heavy chain disulfide bonds of the hinge-region 
as reactive sulfhydryl groups and reacting these with SPDP-modified plas
minogen activator. A third commonly used approach is to modify the proteins 
to be coupled with two different cross-linking reagents. It is thus possible to 
control conditions such that the favored reaction is between the two desired 
speCIes. 
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II. Purification 

Methods to purify plasminogen activator-antibody conjugates have been 
reviewed by BODE et al. (1992). Although the methodology described in this 
section was first developed for purification of chemically coupled conjugates, 
similar methods are used for purification of recombinant hybrid molecules. In 
principle, purification strategies are employed that select for size (a 1: 1 molar 
ratio of the antibody and plasminogen activator is the desired product) and 
also for biological activity of both the antibody and the enzyme. Thus, gel fil
tration is usually implemented to separate the desired 1: 1 conjugate from 
uncoupled reactants as well as higher molecular weight polymers. Yet even a 
very pure peak that contains a 1: 1 molar ratio of antibody and plasminogen 
activator, as assessed by SDS-polyacrylamide gel electrophoresis, does not 
guarantee that all conjugates contain biological activity for both the antibody 
and plasminogen activator. Sequential affinity chromatography with appro
priate immobilized ligands can be used to select for biologically active conju
gates or fusion proteins. The first affinity step selecting for active UK or tPA 
involves benzamidine immobilized on Sepharose, that specifically binds to 
(and inhibits) the intact active center of serine proteases. The benzamidine
Sepharose column does not retain uncoupled antibody or Fab'-fragment or 
inactivated enzyme, which are washed out. Elution by pH-change yields both 
conjugated material with an active plasminogen activator domain and free 
plasminogen activator, that was not coupled initially. 

The second affinity step selects for molecules with an intact antibody 
portion. For example, antifibrin antibody 59D8 can be bound to a Sepharose 
matrix to which the peptide is coupled against which the antibody was initially 
raised (B-peptide). When the eluate from the benzamidine-Sepharose column 
purification step is further purified on a .B-peptide-column, any conjugates with 
antibody unable to bind to its antigen will not bind to the column. Also, uncou
pled plasminogen activator will not bind to the .B-peptide-Sepharose column. 
The eluted final product from this column will thus be a 1:1 conjugate con
taining biologically active plasminogen activator and antibody domains. For 
antibodies or plasminogen activators [e.g., single-chain urinary-type plas
minogen activator (scuPA)] for which suitable ligand-Sepharose columns are 
not available, immunoaffinity chromatography, using antibody-Sepharose 
columns, have been used successfully. Ideally, the immobilized antibody only 
recognizes and binds to the active form of plasminogen activator or antibody 
in the conjugate or fusion protein. If such an antibody is unavailable, less effi
cient alternatives include the use of immobilized antibodies which cannot dis
tinguish active from inactive antibody or plasminogen activator or the use of 
immobilized protein A or G. 

III. Characterization 

Characterization of chemical conjugates as well as of recombinant fusion pro
teins includes assessment of molecular size by SDS gel electrophoresis under 
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reducing and non-reducing conditions, antigenicity studies by Western-blot 
and analysis of the functional status of the antibody combining site (compared 
to native antibody) and of the plasminogen activator enzymatic properties 
(compared to native plasminogen activator). The focus of this review will be 
on functional characterization in terms of enhancement of fibrinolytic and 
thrombolytic potency of conjugate vs native plasminogen activator in vitro and 
in vivo. 

Further insight can be gained by comparing fully functional conjugates to 
conjugates in which one partner is inactive. Control conjugates with plas
minogen activator (e.g., UK) coupled to irrelevant antibodies (e.g., specific for 
digoxin) have been used to discriminate between enhancement of activity due 
to increase in molecular weight (and thus reduced clearance of conjugate vs 
native plasminogen activator) and enhancement due to targeting of the 
enzyme by the specific antibody combining site. 

1. Antifibrin-UK Conjugates 

Chemical conjugates between antifibrin antibody 59D8 and UK were 100-250 
times as potent as uncoupled UK and 10times as potent as tPA in an in vitro 
fibrinolytic screening assay with purified components (fibrin-Sepharose assay) 
(BODE et al. 1985, 1987b). The assay assesses the lysis of trace labeled fibrin 
immobilized on Sepharose after an activator solution has been applied to the 
column, followed by a washing step and the addition of plasminogen. Thus, 
fibrinolysis is heavily dependent on fibrin binding which makes the assay suit
able for screening but clearly additional, more physiologic assays were 
required to assess the potential therapeutic effects of such conjugates. 

In an assay that monitored the lysis of fresh human thrombus in a human 
plasma bath, the UK-antifibrin conjugate proved to be 2.2-4.4 times as effi
cient as UK alone. In both assays, conjugates of whole (bivalent) antifibrin IgO 
and those of (monovalent) antifibrin Fab fragments performed equally well 
which was important to find out in view of the construction of recombinant 
molecules (BODE et al. 1987a). 

2. Antifibrin-tPA Conjugates 

Tissue-type plasminogen activator is more difficult to handle than UK in con
jugation experiments because it is less soluble at higher concentrations. The 
tPA-antifibrin conjugate was 10times as efficient as uncoupled t-PA in the in 
vitro screening assay with purified components (fibrin-Sepharose assay) and 
it was 3.2 times more potent than tPA in the human plasma clot assay (RUNGE 
et al. 1988). In vivo, in a rabbit jugular vein model of thrombolysis, the conju
gate proved to be 3.0-9.6 times as potent as tPA alone; the greatest benefit was 
observed at the lowest tPA concentrations (RUNGE et al. 1987). Both, in vitro 
and in vivo, the tPA antifibrin conjugate increased fibrinolytic potency without 
sacrificing specificity: fibrinogen, plasminogen and arantiplasmin consump
tion were lower relative to that obtained with tPA alone, indicating that the 
increase in potency was the result of an increase in selectivity. 
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3. Antifibrin-scuPA Conjugates 

Although scuPA has no affinity for fibrin, it is a relatively fibrin-selective agent 
through other mechanisms (see Chap. 9). The prospect of being able to 
improve the plasminogen-activating properties of scuPA by adding fibrin affin
ity, i.e., through a second mechanism of fibrin selectivity, appeared particularly 
interesting. In an assay with purified components (fibrin-Sepharose assay) the 
fibrinolytic potency of the conjugate proved to be 230 times greater than that 
of scuPA, 420 times greater than that of UK, and 33 times greater than that 
of tPA (BODE et a1. 1990). Subsequent studies in vitro in human plasma showed 
enhanced lysis in terms of speed, completeness and specificity. In vivo, in the 
rabbit jugular vein model, antifibrin-scuPA was 29 times more efficacious than 
its natural counterpart. 

4. Antiplatelet-UK Conjugates 

Arterial thrombi contain a high concentration of activated platelets, and 
platelet-rich thrombi appear to be particularly resistant to thrombolysis. Thus, 
platelets may be a major reason for the limited success rate of thrombolytic 
therapy in patients with AMI and they also appear to playa major role in early 
reocclusion after initially successful thrombolysis. Antibody 7E3, which binds 
specifically to the platelet GP lIb/lIla receptor which mediates platelet aggre
gation, has been shown to be a useful adjunct to thrombolysis, PTCA, and 
stenting (see above). It was of particular interest to determine whether the 
targeting of a plasminogen activator to the GP Ilb/Illa receptor through 7E3 
would enhance the antibody's ability to block platelet aggregation. In addition 
to blocking access of the GP lIb/lIla receptor to fibrinogen by virtue of 7E3's 
binding to the receptor, the high local concentration of plasmin achieved 
through targeting the plasminogen activator to platelets was thought to lyse 
fibrin and (locally) fibrinogen responsible for aggregating the platelets. A UK-
7E3 Fab' conjugate bound to purified GP lIblIIIa and intact activated platelets 
and also exhibited plasminogen activator activity. At the concentrations tested, 
UK showed very little activity against the clots, whereas the conjugate was 970 
times more active. An equimolar mixture of UK and 7E3 was no more effec
tive than UK alone (BODE et a1. 1991a). The rate of lysis was dependent upon 
the concentration of platelets in the clot and no enhancement in lysis by the 
conjugate over UK was apparent in platelet-free clots. On the other hand, the 
conjugate was substantially more potent in inhibiting platelet aggregation 
when compared to antibody 7E3 alone. Thus, UK targeted to GP lIblIIIa by 
conjugation to antibody 7E3 accounted for enhanced lysis and improved inhi
bition of platelet aggregation when compared to the parent molecules alone. 

5. Antiplatelet-scuPA Conjugates 

Similar results were obtained for a conjugate between 7E3 and scuPA. No 
advantage in using scuPA over UK was observed (BODE et a1. 1991b). Using 
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different antibodies, DEWERCHIN et al. (1991) confirmed and extended our 
observations by showing that an antiplatelet-scuPA conjugate was more effec
tive than scuPA in lysing platelet-rich thrombi in vivo in a hamster model of 
pulmonary embolism. 

D. Targeting with Bifunctional Antibodies 
I. Principal Considerations 

In naturally occurring bivalent IgG antibodies both antigen combining 
sites are identical in structure and specificity. An alternative to a chemical 
conjugate or a fusion protein that contains segments of two proteins of 
different function is a bifunctional antibody that is able to bind both throm
bus (e.g., fibrin) and an effector protein (e.g., a plasminogen activator) without 
diminishing its physiologic function (e.g., enzyme activity). Such a bifunctional 
antibody would serve as an "adapter molecule" bringing the plasminogen 
activator into close proximity with fibrin, without the need to manipulate 
the enzyme chemically. Also, a bispecific antibody can be used by itself to 
enhance the potency of endogenous enzymes e.g., tPA. By using chemical 
methods it is possible either to cross-link intact antibodies of different speci
ficities or to produce bispecific (Fab')2 molecules. A better method for pro
ducing bispecific antibodies on a larger scale is the hybrid-hybrid om a 
approach, that is somatic cell fusion of two monoclonal antibody-producing 
hybridoma cell lines. 

II. Bispecific IgG (Intact Antibodies) 

It was anticipated that an antibody specific for both fibrin and tPA would bind 
to the fibrin matrix of a thrombus and also to circulating tPA, thereby increas
ing the concentration of tPA at the surface of thrombus. The feasibility of this 
approach was first tested by chemically cross-linking SPDP-modified antifib
rin antibody 59D8 with an iminothiolane-modified antibody specific for tPA 
(TCL8, KD of 5 x 10-9). In an in vitro quantitative fibrinolysis assay, the rela
tive fibrinolytic potency of tPA bound to the bispecific antibody was 13 times 
greater than that of tPA and 200times greater than that of UK. When fibrin 
was treated with the bispecific antibody before being mixed (loaded) with tPA, 
the relative fibrinolytic potency of tPA was enhanced 14-fold (BODE et al. 
1989). This capture of tPA also occurred when the concentration of tPA 
present in the assay was less than the concentration of tPA present in normal 
human plasma. In a human plasma clot assay, samples containing both the bis
pecific antibody and tPA exhibited significantly more lysis than did samples 
containing tPA alone. In spite of the increased clot lysis effected by the bis
pecific antibody, there was no significant increase in fibrinogen or az
antiplasmin consumption at equal tPA concentrations. The ability of the bis
pecific antibody to concentrate exogenous tPA in vivo was examined in 
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the rabbit jugular vein model. Systemic infusion of a small amount of tPA 
produced no significant increment in thrombolysis over the level of sponta
neous lysis (14%); however, simultaneous infusion of tPA and bispecific anti
body resulted in 42% lysis. These results suggest that a bispecific antibody can 
enhance thrombolysis by capturing endogenous or exogenous tPA. 

Other examples of the same approach include the synthesis of 
antiplatelet-anti-tPA bispecific antibodies (RuEF et al. 1999) and of 
antifibrin-anti-UK bispecific antibodies (CHARPIE et al. 1990). 

III. Bispecific (Fab')2 

As a potential pharmacologic agent, a bispecific (Fab')2 has several advantages 
over a bispecific IgG: 

1. The (Fab')2 lacks the Fc region of the IgG, which is responsible for non
specific effector functions such as complement activation. 

2. The molecular weight of the (Fab')2 is just 100kD as opposed to 300kD 
for IgG. 

3. The (Fab')2 complex does not contain cross-linking residues. 
4. The final product is uniform because the constituent Fab' molecules have 

only one alternative to form (Fab')2. 

A bispecific (Fab')2 molecule was constructed by linking the monovalent Fab' 
from monoclonal antifibrin antibody 59D8 to the Fab' from monoclonal anti
tPA antibody TCL8 by means of inter-heavy-chain disulfide bonds. An 
immunochemical complex composed of the bispecific (Fab')2 molecule bound 
to tPA was then generated and purified. Its molecular weight was 170 kD, cor
responding to the sum of (Fab')2 and tPA. The tPA-bispecific (Fab')2 complex 
was 8.6times more efficient in fibrinolysis than tPA alone and 94 times more 
potent than UK (RUNGE et al. 1990). This enhancement in the fibrinolytic 
potency suggests that this (compared to bispecific IgG) pharmacologically 
preferable molecule is capable of binding both fibrin and tPA with similarly 
high affinity as bispecific IgG. 

IV. Bispecific Antibodies by Hybrid-Hybridoma Technique 

An alternative method that yields larger quantities of uniform and stable bis
pecific antibody is the hybrid-hybridoma technique. A thymidine kinase
deficient clone from the hybridoma producing the antifibrin antibody was sub
jected to somatic cell fusion with a hypoxanthine guanine phosphoribosyl 
transferase-deficient clone of the hybrid om a producing the anti-tPA antibody. 
Surviving clones were selected in hypoxanthine aminopterin thymidine 
medium. The resulting bispecific antibodies were as effective as their chemi
cally synthesized counterparts in concentrating tPA to fibrin (BRANSCOMB et 
al. 1990). 
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v. Double Targeting 

In an effort to increase further the potency of plasminogen activators, UK was 
chemically linked to a bispecific antibody or bispecific (Fab')2 with specificity 
for fibrin (by means of a Fab'-fragment from antibody 59D8) and platelets (by 
means of a Fab'-fragment from antibody 7E3) (RUEF 1999). These ternary 
complexes were tested in several assays that revealed an increase of fibri
nolytic potency of double-targeted UK over single antibody-UK conjugates, 
but only if the epitope targeted by the UK-conjugate was present in the clot. 
Assays with either immobilized platelets, GP IIblIIIa or fibrin revealed that 
the conjugate activated plasminogen 10-,58- and 13-fold more effectively than 
free UK (p < 0.0001 for each). In vitro clot lysis of platelet-rich and fibrin-rich 
plasma clots demonstrated an up to 5-fold higher potency of the conjugate 
compared to the parent molecule (p < 0.0001). In vitro platelet aggregation 
was effectively inhibited by the hybrid molecule, whereas UK had no effect. 
Binding of the conjugate to fibrin-Sepharose was 13-fold higher than that of 
uncoupled UK (RUEF et al. 1999). Thus the bispecific antifibrin-antiplatelet 
UK conjugate has the ability to lyse both fibrin-rich and platelet-rich thrombi 
with high efficacy and also inhibits platelet aggregation that occurs regularly 
on the surface of a fresh thrombus. 

E. Expression and Characterization of Recombinant 
Antifibrin-Plasminogen Activator Fusion Proteins 

I. Antifibrin-SK Constructs 

In order to add fibrin selectivity to SK, GOLDSTEIN et al. (1996) have con
structed a chimeric SK molecule that consists of the Fab'-fragment of the 
antifibrin antibody 59D8 and a full length SK sequence 1-414. An expression 
plasmid containing the cDNA encoding the heavy-chain variable region from 
59D8 and the coding region of a genomic clone of SK was electroporated into 
a 59D8 light-chain producing hybridoma cell line. The chimeric SK was puri
fied by affinity chromatography over the immobilized octapeptide ligand for 
59D8. The 59D8-SK fusion protein increased clot lysis only twofold compared 
to SK but exhibited changed activator properties. It was relatively inactive in 
human plasma but lysed clots slowly and completely, whereas SK lysed clots 
rapidly but incompletely (GOLDSTEIN et al. 1996). 

II. Antifibrin-tPA Constructs 

Following successful construction of chemically conjugated antibody
plasminogen activator hybrids, recombinant DNA methodology was used to 
produce similar recombinant hybrid molecules. In theory, producing antibody
plasminogen activator hybrids by recombinant methods should allow much 
more flexibility in the design of hybrid molecules, as well as improve purity 
and yield. A number of different recombinant antibody-plasminogen activa-
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tor hybrid molecules have been constructed. The first such molecule was an 
antifibrin (59D8) tPA fusion protein (SCHNEE et aL 1987; LOVE et aL 1989, 
1993). It was found not to be an ideal construct, because the activity of tPA 
depends largely on fibrin-stimulation and this mechanism is impaired by the 
presence of an antibody at the N-terminus (LOVE et aL 1994). 

SMITH and collaborators (1995) used a different approach. They replaced 
amino acid sequence 63-71 in the epidermal growth factor (EGF) region of 
human tPA with a peptide containing the HCDR3 region of Fab-9, an anti
body with nanomolar affinity for t3r integrins. The modified activator, LG-tPA, 
had full enzymatic activity, and the presence of fibrin enhanced plasminogen 
activation by the modified tPA to the same degree as wild-type tPA. LG-tPA 
bound in a specific and saturable fashion to GP IIblIIla exhibited a KD of 
approximately 0.9 nmol/L It also bound to integrin avt33 receptor for vitronectin 
(SMITH et aL 1995). 

III. Antifibrin-scuP A Constructs 

Pro-UK (scuPA) was found more suitable for integration into fusion proteins 
for the following reasons: first, scuPA does not require fibrin binding for 
activation, second, scuPA is a relatively fibrin-specific plasminogen activator 
even though it does not bind to fibrin (so we could anticipate enhanced speci
ficity after endowing the molecule with high fibrin affinity through the anti
body), and third, scuPA is resistant to inactivation by plasminogen activator 
inhibitor-l (PAl-I). An expression plasmid containing DNA coding for the 
antibody 59D8 heavy chain variable and first constant domains and the cat
alytic domain of scuPA was transfected into a "heavy chain loss variant" of 
the hybridoma cell originally secreting antibody 59D8. The light chain of 
antibody 59D8, which was still produced in the variant hybridoma cell line, 
assembled with the chimeric molecule (heavy chain and plasminogen activa
tor) within the variant hybridoma cells. A molecule was secreted that con
tained both an antigen binding site of predefined specificity (from antibody 
59D8) and a catalytic site capable of cleaving plasminogen (from scuPA). 
In the original construct only the Fab part of the antibody had been included 
in the molecule in an effort to limit the mass of the chimera to its essential 
components, but further refinements towards a single-chain Fv molecule 
containing only the light- and heavy-chain variable region of the antibody 
as well as the introduction of human sequences (instead of murine) in 
order to limit antigenicity are under way. In a similar vein, the kringle and 
growth factor domains of scuPA were omitted and only the sequence corre
sponding to low molecular weight (LMW), 32kD scuPA was used (STUMP et 
aL 1986). The recombinant 59D8-scuPA fusion molecule that was used in the 
assays and experiments described below contained the heavy chain from 
residues 1-351 and a native light chain of antibody 59D8 and, in contiguous 
peptide sequence on the heavy chain, residues 144-411 of scuPA (RUNGE et 
aL 1991). 
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r-scuPA-59D8 was characterized in functional assays comparing it to the 
two parent molecules. The scuPA part did not differ from native scuPA in 
terms of percentage of uncleaved single-chain material (95% for both), spe
cific ami do lytic activity after conversion to two-chain UK by plasmin
Sepharose (85000U/mg for scuPA and 83,900U/mg for the 32-kD scuPA 
portion of the l03-kD fusion molecule, on a molar basis), or the ability to 
convert plasminogen to plasmin (KM = 9.1.umolll vs 16.6.umolll). The fibrin 
binding ability also did not differ between the parent antibody molecule 59D8 
and r-scuPA-59D8 as assessed by serial dilution assays. 

In human plasma clot lysis assays r-scuPA-59D8 was six times more potent 
than scuPA and at equivalent thrombolytic doses more fibrin-specific as exhib
ited by less consumption of fibrinogen and arantiplasmin. In vivo, the mole
cule was tested first in the rabbit jugular vein model (in situ formation of a 
human clot in the jugular vein of a rabbit and infusion of thrombolytic agent 
into the contralateral ear vein in simulation of a systemic infusion). Compared 
with native scuPA, the r-scuPA-59D8 fusion molecule showed a 20-fold 
increase in potency over a wide dose-response range. Only when clot lysis was 
nearly complete (in excess of 83%) was a decrease in fibrinogen concentra
tion measured. A thrombolysis model in which thrombi are preformed in vivo 
in juvenile baboons was developed to compare the potencies of r-scuPA-59D8, 
scuPA, and tPA in lysing nonocclusive lllIn-labeled platelet-rich arterial type 
thrombi and 12sI-labeled fibrin-rich venous-type thrombi. Systemic infusion 
of 1.9nmollkg r-scuPA-59D8 produced thrombolysis that was comparable to 
that obtained with much higher doses of tPA (14.2nmollkg) and scuPA 
(28.5 nmollkg). When steady-state plasma concentrations were normalized, r
scuPA-59D8 lysed thrombi six times more rapidly than scuPA and tPA (p < 
0.001) and reduced the rate of new thrombus formation far more than com
parable doses of the other activators. At equivalent thrombolytic doses r
scuPA-59D8 produced fewer antihemostatic effects than either tPA or scuPA. 
Template bleeding time measurements were shorter (3.5 ± 0.12min for r
scuPA-59D8 vs 5.3 ± 0.36 and 5.2 ± 0.04 min for tPA and scuPA, respectively; 
p < 0.05), and a2-antiplasmin consumption and D-dimer generation were sig
nificantly lower (p < 0.05). Because template bleeding times may have some 
association with the risk of hemorrhage in a clinical situation (GIMPLE et al. 
1989), r-scuPA-59D8 may not only be more potent than other plasminogen 
activators but has the potential for greater safety as well (RUNGE et al. 1996). 

Collen and co-workers (DEWERCHIN et al. 1989, 1992; HOLVOET et al. 1991, 
1992, 1993ab; VANDAMME et al. 1992) have pursued similar studies with a dif
ferent fibrin-specific antibody and reached similar conclusions. 

YANG et al. (1994) have modified the scuPA catalytic domain of the r
scuPA-59D8 molecule described above. ScuPA has many cleavage sites (see 
Chap.4); among these there is a thrombin-sensitive site between ArglS6 and 
Phe157 that results in an inactivated molecule upon cleavage. Between Lys lS8 
and lle1s9 is the plasmin-sensitive site that results, after cleavage, in the enzy
matically active two-chain UK. The deletion of Phe157 and LyslS8 creates a 
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thrombin-sensitive cleavage site that results, after cleavage, in an active two
chain plasminogen activator. Thus, upon activation by thrombin, this molecule 
converts plasminogen to plasmin and effects efficient clot lysis. Activation of 
the molecule can be inhibited by hirudin and the heparin/antithrombin 
complex, both thrombin inhibitors. These observations suggest that the throm
bin-activatable form of r-scuPA-59D8 has the potential to lyse selectively fresh 
clots (which are thrombin rich) more effectively than older clots (which are 
poorer in thrombin). In a clinical situation like AMI a fresh coronary throm
bus is most likely the causative agent that needs to by lysed whereas older 
thrombi that function as hemostatic plugs are best left intact in order to 
prevent hemorrhage. Thus, this variant of r-scuPA-59D8 may add extra safety 
features to the concept of antibody targeting in a clinical setting. 

F. Other Approaches of Targeting Plasminogen Activators 
to Thrombi 

Several approaches have been used to target plasminogen, tPA, scuPA, or 
staphylokinase to fibrin, platelets, P-selectin, or annexin V without the use of 
antibodies or Fab fragments. YAMADA et al. (1996) have substituted the amino 
sequence 148-151 of a loop in kringle 1 of the human tPA with the integrin
specific sequence Arg-Oly-Asp (ROD) by site-directed mutagenesis. The 
mutant was expressed in COS-1 cells and purified by lysine-Sepharose affin
ity chromatography. It maintained full enzymatic activity compared to wild
type tPA and bound in a specific and saturable fashion to OP lIb/IlIa with a 
Ko of approximately 2 nmolii. 

DAWSON et al. (1994) have altered the plasminogen cleavage site 
Arg561_Va1562 by substituting the P3, P2, and PI' residues with sequences from 
thrombin cleavable proteins in an attempt to target the plasminogen to clot
bound thrombin. Plasminogen variants (lOO.ug/ml) with thrombin cleavage 
sites from fibrinogen, the thrombin receptor, factor XIII, and factor XI were 
50% cleaved by thrombin (85NIHunits/ml) in 28h, 2.5h, 5.7min, and 3min 
respectively. When 40.ug/ml of factor XI-plasminogen mutant was added to 
citra ted human plasma clotted by an activated partial thromboplastin reagent 
(aPTT) and Ca++ the clots formed were rapidly lysed. 

P-selectin is expressed on the surface of activated platelets (PETER et al. 
1999). It has been shown to be involved in the pathogenesis of reperfusion 
injury of the myocardium and post-ischemic no-reflow. FUJISE et al. (1997) 
have therefore constructed fusion proteins consisting of amino acids 1-121 (P
selectin lectin domain) or 1-280 (P-selectin lectin domain, EOF-domain, and 
first two CR domains) fused to a PAI-1 resistant form of tPA. Both constructs 
were equally effective as wild-type tPA in an in vitro clot lysis assay. In a rat 
mesenteric artery cyclic flow variation model (CFV) wild-type tPA and the 
two P-selectin constructs reduced CFV to a similar extent. So far these con
structs have not been tested in a model of coronary artery thrombosis. 
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WAN and collaborators (2000) also have engineered a recombinant 
chimeric UK construct which consists of a humanized monoclonal antibody 
(SZ-51Hu) directed against P-selectin and the UK sequence 1-411. In human 
plasma clots containing 125I-fibrin and varying concentrations of human 
platelets clots lysis was 4 to 8 times enhanced by the conjugate compared to 
the parent UK. In a hamster pulmonary embolism model with clots prepared 
from fresh human platelet-rich plasma containing 125I-fibrinogen the throm
bolytic activity of the fusion protein was 4 times higher than that of 2000 IU/kg 
of UK. Fibrinogen breakdown using the construct was minimal. 

The peptide Gly-Pro-Arg (GPR) which corresponds to the amino
terminal portion of the fibrin a-chain after release of the fibrinopeptide A 
prevents the polymerization of fibrin monomers. This peptide also binds to 
fibrinogen and to fibrin fragment D. Addition of proline to the tripeptide 
significantly increases binding and the inhibitory activity. HUA et al. (1996) 
have examined whether a construct of Gly-Pro-Arg-Pro fused to LMW-UK 
(Leu 144_Leu411 ) improved its efficacy as a thrombolytic agent. The construct 
exhibited a sixfold greater affinity for fibrin and had a two- to threefold greater 
fibrinolytic potency in in vitro clot lysis assays. Fibrinogen degradation 
was much lower during clot lysis compared to that produced by wild-type 
LMW-UK. 

Annexin V is a human protein that binds with high affinity (KD of 7 nmol/l) 
to the abundant phosphatidyl serine molecules exposed on activated platelets. 
Binding to quiescent platelets in vitro is minimal. Maximally stimulated 
platelets contain approximately 200000 annexin V binding sites, substantially 
exceeding the number of approximately 25000 GP lIb/IlIa binding sites. TAIT 
et al. (1995) have fused full length scuPA (amino acids 1-411) or LMW-scuPA 
(amino acids 144-411) to full length annexin V. Both constructs, after activa
tion by plasmin, had similar amidolytic activities and activated plasminogen 
marginally better than wild-type scuPA (KM values of 5-6 Jimol/l for the two 
former and 13 Jimol/l for the wild type form). In vitro both constructs lysed 
platelet-rich clots as well but not better than LMW-scuPA. No in vivo exper
iments have been published so far. 

VAN ZYL and collaborators (1997) produced a multivalent staphylokinase 
construct. Staphylokinase, a highly fibrin specific thrombolytic agent (see 
Chap. 16) was fused via a factor Xa cleavable linker to the cDNA of an 
anti thrombotic peptide of 29 amino acids comprising: (1) an Arg-Gly-Asp 
(RGD) sequence to prevent binding of fibrinogen to platelets, (2) a portion 
of fibrinopeptide A, an inhibitor of thrombin, and (3) the tail of hirudin, a 
potent direct thrombin inhibitor. The construct was expressed in E. coli and 
purified using metal affinity chromatography. The fibrinolytic potential of 
PLATSAK (Platelet-Antithrombin-Staphylokinase) was slightly lower than 
that of the parent molecule. PLATSAK markedly lengthened the thrombin 
time and the aPTT, thereby indicating inhibition of thrombin activity. It had a 
negligible effect on platelet aggregation, possibly due to inaccessibility of the 
RGD peptide in the tertiary structure of PLATSAK. 
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G. Targeting the Trombin Inhibitor Hirudin to Fibrin 
I. General Considerations 

The intent of this design is the inhibition of further fibrin deposition at the site 
of thrombosis while avoiding systemic anticoagulation. Antibody 59DS is a 
particularly attractive targeting agent for a thrombin inhibitor because the 
epitope on fibrin, that the antibody binds to, only becomes exposed after 
thrombin has cleaved fibrinopeptide B off the fibrinogen f3-chain. Thus, the 
inhibitor is concentrated at the very site of thrombin action. 

II. Chemical Conjugates 

Chemical conjugates of the antibody fragment 59DS-Fab' or of intact 59DS 
and hirudin were constructed, purified, and tested in an in vitro assay mea
suring the deposition of fibrin on the surface of a standard clot. The 59DS
Fab'-hirudin conjugate was ten times more potent than hirudin alone or a 
mixture of hirudin and 59DS-Fab' in inhibiting fibrin deposition, presumably 
because of antithrombin concentration on the surface of the clot (BODE et a1. 
1994). The potency of fibrin-targeted hirudin was also compared in vivo with 
that of uncoupled recombinant hirudin in a baboon model of thrombus for
mation. 111 In-labeled platelet deposition was measured in a synthetic graft 
segment of an extracorporeal arteriovenous shunt in control animals and in 
animals receiving either fibrin-targeted hirudin or hirudin. Fibrin-targeted 
hirudin was again ten times more potent than hirudin in inhibiting platelet 
deposition and thrombus formation (p < 0.05) (BODE et a1. 1997). These data 
indicate that targeting a thrombin inhibitor and presumably also other anti
coagulants to an epitope present in thrombi such as fibrin or the platelet 
IIblIIla receptor results in significantly increased anti thrombotic potency. 

III. Recombinant Fusion Protein 

A recombinant version of the 59DS-hirudin conjugate has been produced by 
methods similar to those used for the development of r-scuPA-59DS. 
However, a problem specific to hirudin had to be overcome. Because hirudin 
needs a free N- as well as a free C-terminus to be fully active, a fusion protein 
would be inactive. The problem was ultimately overcome by inserting a recog
nition sequence for factor Xa, which cleaves the C-terminus of the recogni
tion sequence, thus liberating active hirudin (PETER et a1. 2000). Because factor 
Xa is a constituent of thrombi, this approach may also add specificity to this 
approach in limiting the action of hirudin to the surface of a thrombus and 
thus decreasing the risk of bleeding complications. 

A similar construct (M23) was engineered by LUNEN et a1. (1995). These 
authors fused the C-terminal amino acids 53-65 of hirudin via a 14-amino 
acid linker to the C-terminus of a 40kD fragment (Ser47_Leu411 ) of scuPA and 
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expressed the construct in E. coli. The thrombin inhibitory activity of the 
construct was about 20times lower than that of hirudin, but still substantial. 
The chimera had a slightly lower plasminogen activating potential than parent 
scuPA (catalytic efficiency 0.55 vs 0.73.uM-1 S-1 respectively) but a higher fibrin 
specificity. Fibrinogenolysis was lower when the construct was added to normal 
human plasma compared to scuPA. In the thrombotically occluded femoral 
artery of dogs M23 and scuPA (saruplase) exhibited similar lysis (reperfusion) 
and reocclusion rates, and time to reperfusion (SCHNEIDER et al. 1997). The 
efficacy of these two compounds to lyse venous 125I-fibrin-labeled thrombi 
in dogs also was comparable, but M23 produced significantly less proteolysis 
and did not result in an increase of template bleeding times, whereas saruplase 
produced a very large increase in bleeding times and of the aPTT. Further 
modification of M23 by the introduction of a second linker (FLLRNP) from 
the human thrombin receptor conferred about a tenfold increase in anticoag
ulant activity to the new construct M37 compared with M23 (WNENDT et al. 
1997). 

H. Conclusion and Outlook 
Antibody-targeting is an attractive approach to enhance the potency and 
specificity of effector molecules. The approach has been used in cancer 
research (HUANG et al. 1997) and was first applied to the field of thromboly
sis in the 1980s (BODE et al. 1985). Since then, chemical conjugates have been 
substituted by recombinant fusion proteins and the tools of molecular biology 
have allowed to minimize the size of the fusion partners as well as to over
come largely the antigenicity of the antibody fragments by "humanization," a 
problem avoidable in the future by screening human antibody libraries. 
Promising results have been obtained in vitro and were substantiated by in 
vivo experiments in rabbits and non-human primates. Great efforts are cur
rently undertaken to simplify the expression of fusion proteins by developing 
single-chain antibodies, both specific for fibrin, platelets, or to the pulmonary 
vasculature (MUZYKANTOV et al. 1996) and in developing other means (such as 
the incorporation of small peptide into a protein loop) for targeting plas
minogen activators to fibrin (HUA et al. 1996) or platelet constituents (YAMADA 
et al. 1996) in a thrombus. The impressive results of antibody application in 
the treatment of acute coronary syndromes and as adjunctive therapy to intra
coronary interventions with the GP IIblIIIa inhibitor c7E3 show the promise 
of antibody treatment alone which may well be enhanced by using this anti
body (as described above) or a single-chain Fv-fragment of an even more spe
cific antiplatelet-antibody. Similar applications with different antibodies, such 
as against P-selectin, may also prove useful (FUJISE et al. 1997). Only the 
surface of the potential of the general concept has been scratched at present. 
Confirmation of the concept of antibody targeting in cardiovascular disease 
now awaits clinical trials. 
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UK 
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CHAPTER 19 

The Hunt for the Ideal Thrombolytic Agent: 
Mutants of tP A and uP A, Chimera of Both 
Molecules, Fibrolase 

M. VERSTRAETE 

A. Mutants and Variants of Single-Chain Urokinase-Type 
Plasminogen Activator 

Some approaches to improve the thrombolytic profile of recombinant single
chain urokinase-type plasminogen activator (rsc-uPA, pro urokinase ) are 
briefly summarised below. 

I. Plasmin-Resistant Mutants of sc-uPA 

Because clot lysis with sc-uPA in a plasma milieu is associated with a higher 
degree of fibrin specificity compared to two-chain urokinase-type plasmino
gen activator (tc-uPA, urokinase), several investigators have constructed 
mutants of recombinant sc-uPA in which the plasmin cleavage site was 
destroyed by site-specific mutagenesis. Such plasmin-resistant recombinant 
mutants of sc-uPA (e.g., rsc-uPA LyslS8 Ala, rsc-uPA Lysls8Gly) have, however, 
a thrombolytic potency in rabbits with jugular vein thrombosis that is about 
five times lower than that of sc-uPA (COLLEN et al. 1989a). The thrombolytic 
potency of such mutants thus appears to be too low to allow their efficient use 
in humans. 

II. Low-Molecular-Weight sc-uPA 

A low molecular weight derivative of human sc-uPA, sc-uPA-32k, lacking the 
amino-terminal 143 residues, was purified from cell cultures (STUMP et al.1986) 
and subsequently produced by recombinant DNA technology (rsc-uPA-32k) 
(LIJNEN et al. 1988). In a rabbit jugular vein thrombosis model, comparable 
clot lysis to 33 kDa tc-uPA was obtained with rsc-uPA-32 k, but was associated 
with less pronounced systemic fibrinogen breakdown (LIJNEN et al. 1988). 
Unfortunately, clustered charge-to-alanine mutants of rsc-uPA-32k designed 
to eliminate charged regions with the highest solvent accessibility did not 
exhibit significantly improved functional, fibrinolytic or pharmacokinetic 
properties (UESHIMA et al. 1994). 



494 M. VERSTRAETE 

III. Mutant of sc·uPA Resistant to PAI·l 

Deletion of the amino acid sequence Arg179_Ser184 in uPA (which is homolo
gous to the plasminogen activator inhibitor (PAl-I) binding site of tPA) 
resulted in a urokinase mutant which was resistant to inhibition by PAI-l 
(ADAMS et al. 1991). This mutant has, however, not been evaluated in in vivo 
experiments. 

B. Mutants of Tissue-Type Plasminogen Activator (tPA) 
It is well documented for a large number of tPA variants that the type and 
extent of glycosylation as well as the presence or absence of the various non
catalytic domains affect the pharmacokinetics of the protein. Thus several 
mutants of recombinant tissue-type plasminogen activator (rtPA, alteplase) 
have been constructed with interesting properties, including slower clearance 
from the circulation, more selective binding to fibrin, stronger stimulation by 
fibrin, and resistance to plasma protease inhibitors (LARSEN et al. 1989,1991; 
MADISON et al. 1989,1993; MADISON and SAMBROOK 1993; KEYT et al. 1994; KE 
et al. 1997; STRANDBERG and MADISON 1995; TAeHIAS and MADISON 1997) (see 
also Chap. 2). 

I. Mutants with Modified Epidermal Growth Factor Domain 

A modified tPA (E6010, monteplase, Cleactor; Eisai Co., Japan) constructed 
by substituting only one amino acid in the epidermal growth factor domain 
(CysR4 ~ Ser) has a prolonged half-life of more than 20min, compared with 
6min for wild-type tPA (SUZUKI et al. 1991). Monteplase has been used suc
cessfully for bolus administration in femoral artery (SUZUKI et al. 1991, 1994) 
and coronary artery (SAITO et al. 1994, 1995; SUZUKI et al. 1995) thrombosis 
models in dogs. In a prospective randomized, double-blind multicenter trial 
monteplase was compared to tPA (tisokinase) in 199 patients with acute 
myocardial infarction (AMI), treated within 6h of onset of symptoms (KAWAI 
et al. 1997). Monteplase was given IV in a dose of 0.22mg/kg over 2min and 
tPA was administered IV in an unusually small dose of 28.8mg (10% over 1-
2min, the rest over 60min). Primary endpoint in this study was the recanal
ization rate of the infarct-related artery at 60 min. TIMI grade 3 flow rates at 
30,45, and 60 min were 25%,43%, and 53% for monteplase and 9%,20%, and 
36% for tPA respectively. From this study it is difficult to ascertain whether 
monteplase is superior to tPA since tisokinase was given in doses which were 
only 25%-29% of those commonly used in the United States and in Europe. 

Also, other point mutations in the epidermal growth factor region can con
siderably prolong the circulating half-life of tPA (BROWNE et al. 1993; BASSEL
DUBY et al. 1992). 

Deletion of the entire growth factor domain (amino acids 51-87) resulted 
in a tPA mutant which was cleared four to ten times more slowly than wild-type 
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tPA in rat, rabbit, and guinea pig models and maintained the same specific activ
ity as tPA (BROWNE et a1.1988, 1989; LUCORE et a1.1989;JoHANNESEN et a1.1990). 

II. Mutants with Modified or Deleted Finger Domain 

Deletion of the finger domain (amino acids 4-50) increased the circulating 
half-life of tPA 20-fold in a rat model (LARSEN et a1. 1989). Mutants of tPA 
containing 3-6 contiguous substitutions in the finger domain (amino acids 7-9, 
10-14,15-19,28-33, and 37-42) were constructed by YAHARA et a1. (1992), and 
exhibited a 6- to 12-times longer half-life in rabbits. 

III. Deletion of the Finger and Epidermal Growth Factor Domains 

A variant of tPA (LlFEIX) lacks both the finger and growth factor domains 
and has an amino acid substitution of GIn at the N-linked glycosylation site 
Asn l17 which prevents clearance by the mannose receptor (OTTER et a1. 1992). 
This molecule is known as novel plasminogen activator (nPA, also lan
oteplase), coded SUN9216 or BMS-200980. Produced by recombinant tech
niques in hamster ovary cells, this mutant of tPA displays a 22-fold enhanced 
circulating half-life and 9.6-fold increased thrombolytic potency compared to 
wild-type tPA in the rabbit (LARSEN et a1. 1991). It is suitable for administra
tion as a single rapid bolus injection, rather than IV infusion over several 
hours. A single bolus injection of 1 mg/kg 30min after occlusion of the middle 
cerebral artery in rats was effective in recanalizing the vessel and reducing the 
area of cerebral infarction. Blood flow in the middle cerebral artery was 
restored in 32% of rats treated with SUN9216, in 59% of rats given SUN9216 
and a thromboxane receptor inhibitor (vapiprost) but in none of the saline
treated rats. The area of cerebral infarction in rats perfused with SUN9216 
alone or combined with vapiprost was significantly reduced compared with 
that in the control group. The time of reopening the middle cerebral artery 
was 38min and 21 min in rats treated with SUN9216 alone or in combination 
with vapiprost, respectively. No bleeding in the cerebrum was noted in rats 
treated with the combination (UNEMURA et a1.1993, 1994). Adding an endothe
lin receptor antagonist (FR 139317) offered no extra advantage over SUN9216 
on its own, either in reopening the middle cerebral artery or in reducing the 
size of cerebral infarction (UNEMURA et a1. 1995). 

In the double-blind, angiographic InTI ME trial, 602 patients with AMI, 
presenting within 6 h of symptom onset were randomized to receive one of 
four doses of lanoteplase and an alteplase placebo, or accelerated alteplase 
and a lanoteplase placebo (DEN HEUER et a1. 1998). Lanoteplase, 15,30,60, or 
120kU/kg (not to exceed 12MU), was given as an IV bolus over 2-4 min. 
Alteplase or its matching placebo was administered according to the acceler
ated regimen: a 15mg bolus, followed by 0.75mg/kg (not to exceed 50mg) 
over 30min, then 0.5mg/kg (not to exceed 35mg) over 60min. Aspirin, 
150-325 mg/day and heparin, IV bolus of 5000 U were initiated prior to 
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thrombolytic treatment. Heparin was continued at a dose of 1000U/h for at 
least 48h and adjusted to an activated partial thromboplastin time (APTT) of 
60-85 s. At 60 min the following angiographic TIMI grade 3 flow rates had been 
achieved with 15,30,60, and 120kU/kg of lanoteplase and alteplase respec
tively: 24%,29%,44%,47%, and 37%.At 90min TIMI 3 flow rates were 26%, 
32%,47%,57%, and 46%, respectively. Major bleeding, defined as hemor
rhagic stroke or bleeding associated with hemodynamic compromise requir
ing transfusion occurred in 1.5% of the lanoteplase-treated patients and in 
5.6% of those receiving alteplase. Thirty day mortality was 3.1 % in the lan
oteplase and 6.5% in the alteplase group (DEN HEUER et al. 1998). None of 
these differences were statistically significant, due to the relatively small 
number of patients in each group. Noteworthy is the low TIMI grade 3 patency 
rate of 46% with alteplase, which was lower in this medium-sized trial than in 
most larger trials using the accelerated alteplase dosing scheme. 

The highest dose of lanoteplase produced a proteolytic state comparable 
to that produced by alteplase. However, the 60kU/kg dose which was similarly 
efficacious as alteplase with respect to patency rates resulted in a lesser fib
rinogen breakdown and plasminogen and az-antiplasmin consumption (KoSTIS 
et al. 1999). A pharmacokinetic substudy of InTIME in 31 AMI patients 
revealed a two-compartment elimination profile with a plasma clearance of 51 
± 16mllmin (mean ± SD), a t/2a of 37 ± 11 min and a t/2/3 of 586 ± 278mllmin 
(LrAO et al. 1997). Patients experiencing an AMI often have elevated PAI-1 
plasma levels at admission (ALMER and OHLIN 1987; SANE et al. 1991; 
THOGERSEN et al. 1998). During thrombolytic therapy with tPA, PAI-1 levels 
fall to values around zero, but exhibit a rebound to high levels one to several 
hours later (RAPOLD et al. 1991). It also has been demonstrated in vitro that 
tPA stimulates PAI-1 expression in endothelial cell cultures (SHI et al. 1996). 
Interestingly, this rebound phenomenon was significantly attenuated during 
thrombolytic therapy with lanoteplase (OGATA et al. 1998). 

IV. Deletion of the Epidermal Growth Factor and Finger Domains 
and of Glycosylation Sites 

A molecule lacking the finger- and the epidermal growth factor regions and 
with all three glycosylation sites removed (Asn1l7Gln, Asn l184Gln, Asn448Gln) 
(LARSEN et al. 1989) was found to have an initial half-life of 14min in rabbits 
and dogs and was more effective than wild-type tPA in a canine model of coro
nary thrombosis (CAMBIER et al. 1988). 

V. Mutants Consisting of Kringle 2 and the Protease Domain 

Mutants consisting only of the kringle 2 and the protease domain of tPA were 
reported to display a 2- to 20-fold prolonged circulating half-life and 3- to 5-
fold higher thrombolytic potency in a variety of thrombosis models in differ-
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ent animals (JACKSON et al. 1990, 1992; FELEZ et al. 1990; NICOLINI et al. 1992; 
BURCK et al. 1990; BODE et al. 1995; NEUHAUS et al. 1994). 

Reteplase (rPA, BM 06.022, Rapilysin, Retavase, Ecokinase; Boehringer 
Mannheim) is the best studied single-chain, non-glycosylated deletion variant 
of tPA (reviewed in MARTIN et al. 1999). Its structure is depicted in Fig. 1. 

Serine pro'ease part 

Fig. I. Diagram of the primary structure of reteplase (amino acids Serl-Gln3 and GV76-

pro527 of tPA) with domain organization and sites of post-translational modification. 
The amino acids are represented by their single letter codes, black bars indicate disul
fide intra- and interchain bridges and the asterisks indicate the active site residues in 
the protease part. The arrow indicates the plasmin cleavage site 
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Expression in a prokaryotic host, E. coli, provides for the absence of glycosy
lation without the need for point mutation at the sites of post-translational 
modification. Moreover, expression in bacteria is generally considered prefer
able to that in mammalian cells since many of the complicating virological and 
related safety issues associated with production in mammalian cell culture are 
avoided. Production of reteplase in E. coli leads to the accumulation of inac
tive protein aggregates (inclusion bodies) inside the cells. The isolation of the 
inclusion bodies, the refolding, and the chromatographic purification of 
reteplase have been described (KOHNERT et al. 1992; STERN et al. 1989). 
Reteplase consists of 355 amino acids comprising the sequences 1 to 3 and 176 
to 527 of native tPA. It contains 18 cysteines that form 9 disulfide bridges, the 
calculated molecular weight is 39575 D. The active site of the protease domain 
of reteplase and of tPA, and their plasminogenolytic activity in the absence of 
a stimulator, do not differ but the plasminogenolytic activity of reteplase in 
the presence of CNBr fragments of fibrinogen as a stimulator was 4-fold lower 
compared to tPA, and the binding of reteplase to fibrin was five times lower 
(KOHNERT et al. 1992, 1993; STURZEBECHER et al. 1991). These differences in 
plasminogenolytic activity and fibrin binding between the two molecules are 
probably due to the missing finger domain in reteplase. It is known that fibrin 
binding is mediated through both the finger domain and the lysine binding site 
in the kringle 2 domain of tPA. Reteplase and tPA are inhibited by PAI-l to 
a similar degree but the affinity of reteplase for binding to endothelial cells 
and monocytes is reduced, probably as a consequence of deletion of the finger 
and epidermal growth factor domains in reteplase which seem to be involved 
in the interaction with endothelial cell receptors (HAJJAR 1991). The throm
bolytic properties of reteplase and alteplase (recombinant tPA) were com
pared in the rabbit jugular vein thrombosis model. The effective dose for 50% 
thrombolysis (ED 50) was 163 kU/kg (0.28 mg/kg) for reteplase, and 871 kU/kg 
(1.09mg/kg) for alteplase, indicating a 5.3 (3.9 on a weight/kg basis) -fold 
higher potency of reteplase (MARTIN et al. 1991a). At equipotent doses (50% 
thrombolysis), the residual concentration of fibrinogen was 74% with 
reteplase and 76% with alteplase. Pharmacokinetic analysis of plasma activity 
at a dose of 400kU/kg in the rabbit revealed a half life of 18.9 ± 1.5min for 
reteplase and 2.1 ± 0.1 min for alteplase. Plasma clearance for reteplase was 
fourfold slower than for alteplase (4.7 vs 1.2 mllmin/kg). One may therefore 
conclude that the higher potency of reteplase is due to slower clearance. An 
initial half-life of 14-18 min was also observed with reteplase in healthy human 
volunteers (MARTIN et al. 1991b) and in patients with AMI (NEUHAUS et al. 
1994). Two independent receptor systems, i.e., the mannose receptor on liver 
endothelial cells and the low density lipoprotein receptor-related protein 
(LRP) on liver parenchymal cells, are involved in the hepatic clearance of tPA 
(MARTIN et al. 1993; CAMANI and KRUlTHOF 1994). Organ failure studies were 
conducted to elucidate the metabolic capacity of the liver and kidneys. Bilat
eral nephrectomy in rats resulted in a longer half-life, an increase in liver 
uptake and a reduced clearance rate compared with tPA (MARTIN et al. 1993). 
Nevertheless, plasma activity concentration decreased over time indicating 
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that there are compensatory mechanisms. In addition to the liver, blood 
plasma was identified as contributing to inactivation of reteplase by inhibitors, 
i.e., Cl-inactivator, arantiplasmin and aI-antitrypsin (RUKEN et al. 1994). In 
the healthy rat, the relative contribution of this inhibition pathway to total 
clearance of reteplase was calculated to be 32%. Results of the functional 
studies suggest that the catabolic role of the kidneys might be higher than pro
posed by the uptake studies (20%), potentially via filtration as shown for other 
mutants of tPA (LARSEN et al. 1989). Further studies with varying degrees of 
renal dysfunction indicated that slight impairment of renal function does not 
significantly influence the pharmacokinetic properties of reteplase. Chemically 
induced hepatic failure only marginally (by 14 %) reduced the clearance rate 
indicating that liver failure can be better compensated for than kidney failure. 
In studies with renal and hepatic failure in rats, reteplase was still inactivated 
in plasma (MARTIN et al. 1993). 

Dose-escalating studies were conducted in healthy male volunteers 
(MARTIN et al. 1991b). At the doses studied, i.e., up to 5.5MU of reteplase, 
there was no reduction in plasma fibrinogen or prolongation of the clotting 
times (thrombin time, prothrombin time, APTT). Plasminogen fell to a nadir 
of 86% and arantiplasmin to 70% of baseline, armacroglobulin and anti
thrombin III remained unchanged. The decreases most probably reflect unspe
cific systemic formation of plasmin by reteplase. Indirect evidence of the 
fibrinolytic action of reteplase was obtained by a dose-dependent increase of 
fibrin D-dimers up to 1147 ± 380ng/ml and of fibrin degradation products. The 
reduction in PAI-I activity indicated normal interaction of reteplase with PAI
l. The bleeding time, platelet count and platelet aggregation were in the 
normal range after administration of reteplase. Evaluation of hemodynamic 
and clinicochemical parameters of safety did not reveal relevant changes after 
the 2min IV bolus injection of reteplase. Formation of antibodies to reteplase 
was not found in samples taken up to 1 year post administration. The area 
under the curve (AUe) values for reteplase activity showed a dose-dependent 
linear increase beginning at doses of 2.2MU reteplase. At the highest dose 
studied, i.e., 5.5MU, the total plasma clearance for reteplase activity was 306 
± 40 mllmin and the half life was 14.4 ± 1.1 min. 

Dose-ranging studies of bolus reteplase were performed in an open-label 
sequential multicenter trial coded GRECO (NEUHAUS et al.I994). With a dose 
of 10MU of reteplase, a patent infarct-related coronary artery (TIM! grade 3 
flow) was obtained at 30min in 46%, at 60min in 48%, at 90min in 52%, and 
at 24 h to 48 h in 88 % of patients with AMI. With 15 MU a higher angiographic 
patency rate at the same time intervals was obtained (38%,58%,69%, and 
85%). Because there was a 20% (10MU) and 12.5% (15MU) reocclusion rate 
between the 30min and 90min angiogram, the administration of a second 
smaller bolus of reteplase (5MU) 30min after the initial bolus (lOMU) was 
investigated in an open uncontrolled study coded GRECO DB (TEBBE et al. 
1993). TIMI grade 3 flow rates reached 50% at 60 min, 58% at 90min, and 84% 
at 24-48 h. Only 1 of the 50 patients studied had reocclusion in the first 24-
48h. In a randomized, open label controlled study (coded RAPID-I) in 606 
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patients with AMI, different bolus doses of reteplase (single dose of 15 MU, 
10MU and 5MU 30min later, 10MU and 10MU 30min later) were compared 
with the conventional dose regimen of alteplase (100mg over 3 h) (SMALLING 
et al. 1995). TIMI-3 patency rates at 90min were obtained with the given 
reteplase regimen in 41 %,46%,63%, respectively, and in 49% of patients 
treated with alteplase. The difference between the 10 MU + 10 MU reteplase 
and alteplase arms is significant (p < 0.05). 

The RAPID-2 study was a randomized, open-label, angiographic study in 
324 patients with AMI (BODE et al. 1996). It was designed to compare the effect 
of 10 + IOU reteplase with that of accelerated, front-loaded, dose alteplase 
(100mg over 90min) on the TIM I flow rate of the infarct-related coronary 
artery 90min after the initiation of thrombolytic therapy. There was no age 
limit and patients were recruited up to 12 h after onset of symptoms, all 
received aspirin. The heparin regimen consisted of a 5000IU IV bolus that was 
administered before thrombolytic therapy followed by an infusion of 1000IU 
per hour for at least 24 h. In this study, reteplase achieved earlier and more 
complete reperfusion than accelerated-dose alteplase. TIMI grade 2 or 3 and 
TIMI grade 3 flow rates of the infarct-related artery at 90min were signifi
cantly higher for reteplase relative to the alteplase control (83% vs 73% and 
60% vs 45% respectively). At 60 min, both the TIMI grade 2 or 3 and the TIMI 
grade 3 flow rates were significantly higher for reteplase as compared to 
alteplase. Reteplase treated patients required significantly fewer additional 
coronary interventions within the first 6h of treatment (14% vs 26.5%). As 
expected in a trial of this size, there was no significant differences between the 
reteplase and alteplase groups with respect to 35-day mortality (4.1 % vs 8.4 %) 
and hemorrhagic stroke (1.2% vs 1.9%). 

Two mortality trials with reteplase were conducted in patients with AMI. 
The INJECT study was designed to determine whether reteplase was at least 
as effective in mortality reduction (within 1 % of fatality rate) as a standard 
streptokinase regimen (INTERNATIONAL JOINT EFFICACY COMPARISON OF THROM
BOLYTICS 1995). In this double-blind study, 3004 patients were randomized to 
a double bolus of 10 + 10 U of reteplase, 30 min apart, and 3006 patients were 
randomized to 1.5 MU of streptokinase over 60 min. Treatment could be 
started up to 12 h from onset of symptoms. All patients received IV heparin 
for at least 24h and aspirin. The 35-day mortality rate was 9.0% in the 
reteplase group and 9.5% in the streptokinase group, a non-significant differ
ence (95% CI: -1.98% to 0.96% ).At six months, mortality rates were 11 % for 
reteplase and 12% for streptokinase, a difference of -1 % (95% CI: -2.65% to 
0.59%). Bleeding events were similar in the two groups (0.7% for reteplase 
and 1 % for streptokinase). The in-hospital stroke rates were 1.2% for 
reteplase and 1 % for streptokinase. The incidence of recurrent myocardial 
infarction was similar in the two groups. In the GUSTO III trial 15,059 patients 
with AMI from 807 hospitals in 20 countries were randomly assigned in a 2: 1 
ratio to receive reteplase, two bolus doses of 10MU each given 30min apart, 
or the accelerated tPA (alteplase) regimen [THE GLOBAL USE OF STRATEGIES 
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TO OPEN OCCLUDED CORONARY ARTERIES (GUSTO III) INVESTIGATORS 1997]. 
The mortality rate at 30days was 7.5% for reteplase and 7.2% for alteplase 
(n.s.). Stroke occurred in 1.6% of patients treated with reteplase and in 1.8% 
of those treated with alteplase (n.s.). The combined endpoints of death or non
fatal, disabling stroke were 7.9% in both groups. Thus, in this large study, 
reteplase, although easier to administer than alteplase did not result in a sur
vival benefit in patients with AMI. 

A preliminary pilot study (SPEED TRIAL = GUSTO-4), using two 
boluses of low-dose reteplase (5 + 5U) combined with full-dose abciximab and 
slightly reduced, bodyweight-adjusted heparin doses in AMI resulted in 
enhanced early reperfusion (OHMAN et a1.1998; CALIFF 1999; BODE et aI.1999). 

In phase B of the SPEED trial 115 patients received two bolus doses of 
5 U of reteplase, 30min apart, plus the standard dose of abciximab, and 109 
patients were randomized to high dose reteplase (2 x 10 MU 30min apart) 
(TOPOL et al. 2000). The primary endpoint, TIMI grade 3 flow, was 54% in 
the combination therapy group and 47% in patients receiving reteplase only. 
TIMI grade 3 flow was dependent on the dose of the initial heparin bolus 
administered in the combination group (61 % for 60 U/kg and 51 % for 40U/kg 
body weight). Major bleeding rates were higher in the abciximab-reteplase 
5 + 5MU group (9.8%) than in the reteplase 10 + 10MU group (3.7%). 

Reteplase caused greater ADP- and thrombin-induced platelet aggrega
tion and greater GP IIblIIIa expression than alteplase in the GUSTO-III trial 
(GURBEL et al. 1998). 

Molecular markers of coagulation and fibrinolysis were serially examined 
for up to 5 days in a prospective, randomized study (HOFFMEISTER et al. 
2000). Fifty patients with AMI were either treated with double bolus (10 + 
10MU) reteplase or with front-loaded alteplase (up to 100mg) within 6 hours 
of symptom onset. Thirty apparently healthy persons served as controls. Para
doxical thrombin activation at 3 hours after initiation of therapy was compa
rable between reteplase and alteplase. Reteplase and alteplase caused 
significantly elevated kallikrein activity at 3 hours after administration (65 ± 
U/l and 72 ± 8U/I, respectively) compared to controls (30 ± 1 U/l;p < 0.01). 
Fibrin specificity was less for reteplase with a decrease in fibrinogen at 3 hours 
to 1.22 ± 0.27 gil versus 2.24 ± 0.28 gil for alteplase (p < 0.05). D-Dimer levels 
at 3 hours were higher after reteplase (5460 ± 610 ng/ml) versus alteplase (3440 
± 680 ng/ml) (p < 0.05). These results demonstrate a lesser fibrin specificity of 
reteplase compared with front-loaded alteplase. Both treatment schemes pro
duced a moderate pro coagulant effect. 

VI. Mutant Consisting of Kringle 2 with Point Mutation in Linkage 
to Protease Light Chain 

YM866 (pamiteplase, Solinase, Yamanouchi Pharmaceuticals, Japan) is a novel 
modified tPA with deletion of the kringle-1 domain and a point mutation at 
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the cleavage site of single-chain tPA (del 92-173, Arg275 Glu) (KAWAUCHI et al. 
1991). The replacement of Arg by Glu at position 275 renders this tPA mutant 
resistant to cleavage by plasmin. Pamiteplase possesses the same affinity for 
fibrin and specific activity of tPA in vitro (KATOH et al. 1991). Furthermore, 
the inhibition of pamiteplase and tPA activities by plasminogen activator 
inhibitor-l (PAl-I) is comparable. The plasma clearance of pamiteplase esti
mated from pharmacokinetic studies in rats was seven times slower than that 
of tPA (mean residence time: pamiteplase, 62min; tPA, 9min) (KATOH et al. 
1991). Pamiteplase administered by IV bolus injection produced a greater 
thrombolytic effect than tPA in a canine model of coronary artery thrombo
sis (KAWASAKI et al. 1993). 

Pamiteplase was compared with that of recombinant tPA (tPA) in rabbits 
with experimental jugular vein thrombosis (KAWASAKI et al. 1994). Thrombus 
was induced in an isolated segment of the jugular vein from a mixture of whole 
autologous blood and thrombin. Then, 30 min after the induction of thrombus, 
pamiteplase was administered by IV bolus injection, while tPA was given by 
the saine method or by a 60min IV infusion. Thrombi were removed 70min 
after IV bolus injection or lOmin after the termination of IV infusion, and 
thrombus size was measured by total protein content in the isolated throm
bus. Both pamiteplase and tPA exhibited dose-dependent thrombolysis; the 
thrombolytic activity of pamiteplase, however, was four times greater than that 
of tPA. The improved thrombolytic activity of pamiteplase correlated with its 
relatively higher antigen levels in plasma, which result from its prolonged 
biological half-life. Depletion of plasma fibrinogen to less than 20% of base
line levels was observed in all groups. Template bleeding time was not signif
icantly altered in any group. 

A pharmacokinetic study over a wide range of pamiteplase dosages in 
human volunteers revealed a tl2 of biologically active pamiteplase of 30-
47 min after the administration of a single dose of 0.5-4 mg of the mutant 
(HASHIMOTO et al. 1996). In a dose-finding early phase II study 157 patients 
with AMI were treated with 0.05,0.1,0.2, or 0.3mg/kg of pamiteplase. TIMI 
grade 3 flow rates were achieved after 60min in 42%, 57%, 63%, and 54% 
of patients respectively. Adverse effects occurred in 7% of patients receiving 
0.2 mg/kg, but in 17 % of those given the highest dose of 0.3 mg/kg (SUMIYOSHI 
et al. 1996). In a double-blind multicenter trial pamiteplase, given as an IV 
bolus, was compared with tPA (tisokinase) in patients with AMI. P.amiteplase 
was administered in a dosage of 0.1 mg/kg and tisokinase in the low dosage 
commonly used in Japan of 14.4 MU (28.8 mg). TIMI grade 3 flow rates after 
30,45, and 60min were 25%,36%, and 50% with pamiteplase and 16%,26%, 
and 48% respectively with tisokinase (SUMIYOSHI et al. 1996). As stated above 
for E6010, it is difficult to determine whether the use of approximately three
to four-fold lower tPA doses than those administered in Europe and the 
United States permits a judgement on the comparative efficacy of pamiteplase 
and of tPA. 



The Hunt for the Ideal Thrombolytic Agent 503 

VII. Mutant with Modifications in Kringle 1 

The mutant Asnl17Glu of human tPA, termed long-acting tPA (LA-tPA), elim
inates an N-linked high man nose oligosaccharide carbohydrate side-chain in 
the kringle 1 region of tPA that is recognised by receptors on liver Kupffer 
cells. In a rabbit model of pulmonary embolism LA-tPA had a fourfold longer 
circulating half-life than wild-type tPA and brought about more rapid throm
bolysis without increased systemic fibrinogenolysis (LAU et al. 1987). In the 
dog, the hepatic clearance of LA-tPA was approximately six times slower than 
that of wild-type tPA (a-phase 8.9 ± 1.7 min v 2.8 ± 0.6 min). When equal bolus 
doses of LA-tPA and native tPA were given to dogs sUbjected to copper-coil 
induced coronary thrombosis, LA-tPA resulted in slightly faster thrombolysis 
of fresh thrombi «30 min old) than native tPA, but was associated with a high 
reocclusion rate (EIDT et al. 1991). 

VII. Recombinant TNK-tPA 

A tPA mutant in which Thr103 is substituted by Asn (coded T-tPA) was found to 
have a prolonged half-life (KEYT et al. 1994). By mutagenizing the sequence 
Lys296-His-Arg-Arg (which binds tightly to PAl-I) to a tetra-alanine substi
tution at position 296-299 (code K-tPA), resistance to PAI-1 was achieved 
(BENNETT et al. 1991; PAONI et al. 1992, 1993). Recent work, using wild-type 
and PAI-l deficient mice, demonstrated that PAI-1 is a major determinant of 
the resistance of platelet-rich arterial thrombi to pharmacological con
centrations of wild-type tPA (ZHU et al. 1999). The double mutant TI03 N, 
KHHR(296-299)AAAA (code TK-tPA) had an increased potency on platelet
rich arterial thrombi (rich in PAl-I) in a rabbit arteriovenous shunt model 
(REFINO et al. 1993). Additional substitution in this mutant of Asnl17 by GIn 
(N-tPA) resulted in a tPA variant with 8-fold slower clearance, and 200-fold 
enhanced resistance to PAI-I (GuzETTA et al. 1993; KEYT et al. 1994). These 
three combinations in a single molecule are referred to as TNK-tPA (Fig. 2). 

The variant is more potent than wild-type tPA. TNK-tPA (tenecteplase, 
Inkase Genentech Inc. Metalyse, Boehninger Ingelheim) had a substantially 
slower in vivo clearance in rabbits, near-normal fibrin binding and plasma clot 
lysis activity, resistance to PAI-l and enhanced fibrin-specificity (KEYT et al. 
1994). To investigate the higher fibrin specificity of TNK-tPA the kinetics of 
Glu-plasminogen activation for t-PA (alteplase) and TNK-tPA in the presence 
of fibrin, the fibrin degradation product DOE and fibrinogen were compared. 
Although these two activators have similar catalytic efficiency in the presence 
of fibrin, the catalytic efficiency ofTNK-tPA is IS-fold lower than that for tPA 
in the presence of DDE or fibrinogen (STEWART et al. 2000). In vivo models of 
fibrinolysis in rabbits indicate that TNK-tPA (by bolus) achieves SO% lysis of a 
whole blood clot in one-third the time required by an equivalent dose of tPA 
(as an infusion). In the same model, the TNK variant is 8- and 13-fold more 
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Fig. 2. Schematic representation of the primary structure of rtPA-TNK (substitution 
in rtPA of Thr103 by Asn, of Asnl17 by Gin and of Lys296-His-Arg-Arg by Ala-Ala-Ala
Ala). The amino acids are represented by their single letter symbols, black bars indi
cate disulfide bonds and the asterisks indicate the active site residues in the protease 
part. The arrow indicates the plasmin cleavage site 

potent than tPA toward whole blood clots and platelet-enriched clots, respec
tively. TNK-tPA conserves fibrinogen and, because of its slower clearance 
and normal clot lysis activity, is effective as a bolus at a relatively low dose 
(KEYT et al. 1994). Similar results have been obtained in a platelet-rich arterial 
eversion graft thrombosis model in dogs (COLLEN et al. 1994). 

The clearance of TNK-tPA was evaluated in rabbits following IV injec
tions. The AUC for TNK-tPA was 8.4-fold greater than for tPA which resulted 
in clearance values of 1.9mllmin/kg and 16.1 mllmin/kg forTNK-tPA and tPA, 
respectively. The data were fitted to bi-exponential and tri-exponential equa
tions for TNK-tPA and tPA, respectively. Clearance of TNK-tPA exhibited an 
a and /3 phase with calculated half-life values of approximately 9 and 31 min. 
Wild-type tPA exhibited a, /3, and yphases of clearance with calculated half
life values of 1.3, 6, and 33 min, respectively. The rates of elimination (termi
nal phase of clearance) for the two molecules were equivalent as indicated by 
similar slopes of the clearance curves after 2h. However, the early phase of 
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clearance was very different. At 15 min after injection, 50% of TNK-tPA 
remained in the circulation compared with only 1 % of tPA remaining at the 
same time (BENEDICT et al. 1995). The plasma pharmacokinetics of TNK-tPA 
were also characterized in male beagle dogs following doses of 0.3, 2, 10, and 
30mg/kg. In this study, the pharmacodynamic effect of TNK-tPA on fibrino
gen, az-antiplasmin, and fibrinogen degradation products was also investi
gated. Following a dose of 0.3 mg/kg, the initial and the terminal half-life were 
approximately 3 and 40 min, respectively, and the clearance was 17 ± 
3 mllmin/kg. The estimated clearance decreased with increasing dose. At a dose 
of 30mg/kg, the plasma clearance was 3.5 ± 0.9mllmin/kg. This may be indica
tive of a saturation of the clearance in dogs. TNK-tPA produced a dose
dependent effect on the hematologic parameters that was consistent with the 
pharmacologic action of a thrombolytic agent. There was a transient decrease 
in the fibrinogen and az-antiplasmin concentrations and an increase in the fib
rinogen degradation products. The hematologic parameters had returned to 
baseline levels by 24h (MCCLUSKEY et al. 1996). 

Co-administration of heparin and aspirin does not seem to affect the phar
macokinetics of TNK-tPA. The elimination of TNK-tPA appears to be medi
ated hepatically and the clearance may be saturable at high doses (i.e., 
>lOmg/kg) (MCCLUSKEY et al. 1996). 

TNK-tPA was investigated in an open-label, dose-ranging, pilot trial of 
single-bolus, IV TNK-tPA in patients with AMI (TIMI lOA) (CANNON et al. 
1997). Patients were treated with one of eight ascending doses ofTNK-tPA (5, 
7.5, 10, 15, 20, 30, 40, or 50mg), administered as an IV bolus. All patients 
received oral aspirin and IV heparin therapy titrated to an activated partial 
thromboplastin time (APTT) of 55-85 s. The primary goal of TIMI 10 A was 
to establish the pharmacokinetic profile of TNK-tPA in AMI patients follow
ing bolus administration. Overall the clearance of TNK-tPA was 151 ± 
56mllmin which is significantly slower compared with the clearance of 572 ± 
132mIlmin for native tPA. The initial plasma half-life was from 11-20min as 
compared with a half-life of 3.5 min for native tPA. There was a slight decrease 
in clearance with increasing dose over the 5-50mg dose range studied 
(CANNON et al. 1997; MODI et al. 1998). 

A comparison of the bolus dose of TNK-tPA with the accelerated 90min 
infusion of native tPA demonstrated a similar plasma concentration profile for 
the two regimens. Based on pharmacokinetic analysis, it appeared that a 30mg 
bolus dose ofTNK-tPA could provide a similar plasma exposure to 100mg of 
"accelerated infusion" tPA. 

There was no decrease seen in fibrinogen and only a slight decrease of 
plasminogen concentrations as the dose of TNK-tPA was increased from 5 to 
50mg. Similarly, the decreases seen in the arantiplasmin levels to approxi
mately 20% below baseline were much less than the 40%-45% decrease seen 
with native tPA. Although at even higher doses of TNK-tPA, a further drop 
in arantiplasmin might be expected, it is clear from these data that a gener
alized proteolytic effect is not induced. In a recent pilot study it was shown 
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that a single bolus of 30-40mg ofTNK-tPA resulted in a much smaller increase 
of thrombin-antithrombin complexes 2h after thrombolysis and a much 
smaller rebound of PAI-1 in the period 4-24h post-treatment than after the 
administration of 1.5 MU of streptokinase or 100mg of tPA (ANDREOTTI et al. 
1999). 

TNK-tPA also produced encouraging results with respect to angiographic 
recanalization rates. Already with the low doses of 7.5-15mg good 90min 
patency rates were seen. The best TIMI-3 flow rates in the TIM I lOA trial 
were seen with 30, 40, and 50 mg (57 %-64 %) which compares favorably with 
the 54% of tPA treated patients in GUSTO. 

In the initial phase I study there were 4 deaths in 113 patients (3.5%). No 
patient experienced a stroke and there were no cases of intracerebral hemor
rhage in the study. Six patients (5.3%) experienced a major hemorrhage and 
four (3.5%) of those occurred at sites of vascular access following catheteri
zation. This is in keeping with the lower rate of surgical site hemorrhage noted 
in animal studies and is lower than in studies using recombinant tPA. There 
were no episodes of anaphylaxis and no evidence of anti-TNK-tPA anti
body formation in any of the patients. Overall, TNK-tPA appeared to be well 
tolerated. 

Two phase II trials have been conducted so far. The TIMI lOB trial was 
designed to compare angiographic recanalisation of a bolus of 30, 40, and 
50mg of TNK-tPA and of the accelerated t-PA regimen. The ASSENT trial 
was designed as a safety study to evaluate the effect of 30, 40, and 50mg of 
TNK-tPA only on mortality and the incidence of intracerebral hemorrhage in 
a large cohort of 3325 patients with AMI. 

The initial study protocol for the TIMI lOB multicenter trial randomized 
patients with AMI, within 12h of onset of symptoms, to a bolus of 30 or 50mg 
ofTNK-tPA, given over 5-lOs, or the accelerated tPA regimen in a 1: 1: 1 ratio 
(CANNON et al. 1998). All patients received 150--325 mg of aspirin and [3-
blockers were recommended. The protocol offered the following guidelines 
for the administration of heparin: an initial bolus of 5000 U, followed by a con
tinuous IV infusion of 1000 U/h for patients weighing >67 kg or of 800 U/h for 
those <;,67 kg for 48-72 h. Heparin doses were to be adjusted according to 
APTTs with a target range of 55-80 s. The primary end point was the rate of 
TIMI grade 3 flow at 90 min. Secondary end points included TIMI grade 3 flow 
at 60 and 75 min, TIMI grade 2 or 3 flow and TIMI frame counts at all time 
points, pharmacokinetics, coagulation parameters, recurrent MI, and serious 
bleeding. Early on in the trial it was noted that the heparin doses in some 
patients in the 50mg TNK group who experienced intracranial hemorrhage 
were higher than the suggested doses. There were three cases (3.8%) of 
intracranial hemorrhage in the first 78 patients; however this was balanced by 
an unusually low mortality rate in this group of also 3.8%. On the recom
mendation of the Safety Monitoring Board, the 50mg TNK-tPA arm was 
replaced by 40mg, and at the same time the initial bolus of heparin for patients 
<;,67kg was reduced to 4000U and recommended doses (see above) were 
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declared mandatory. TIMI grade 3 flow rates at 90min for 30,40, 50mg TNK
tPA and for accelerated tPA were 54%,63%,66%, and 63% respectively. The 
performance of corrected TIMI frame counts (CTFC) has been shown to be 
a useful method to add additional prognostic information by segregating 
patients with TIMI grade 3 flow into lower- and higher-risk groups (GIBSON et 
al. 1999). In the four TIMI lOB groups CTFCs of <40 (faster flow) were: 53%, 
63%,66%, and 61 % (40mg TNK-tPA vs tPA: p = 0.07). When TIMI grade 3 
flow rates were analyzed in function of the TNK-tPA dose/kg it was noted that 
TIMI grade 3 flow was 62%-63% for doses zO.5mg/kg, but 51 %-54% at doses 
lower than this (p = 0.028 across quintiles). However, Table 1 illustrates that 
bleeding complications were also correlated with dose/kg and intensity of 
heparin administration. The incidence of intracerebral hemorrhage and of 
other serious bleeds was particularly high in patients receiving >0.55 mg/kg 
of TNK-tPA and the non-reduced heparin doses. Reduction of the heparin 
dose still resulted in an unacceptable high incidence of cerebral hemorrhage 
in the >0.55 mg/kg TNK-tPA group, but was nil in patients receiving less than 
0.55mg/kg. Mortality at 30days was 4.9% overall and reinfarction was 5.4% 
overall, both without significant differences between TNK-tPA doses and tPA 
(CANNON et al. 1998). 

The results of the ASSENT-1 phase II safety trial have recently been pub
lished (VAN DE WERF et al. 1999). Some data have been discussed in review 
articles or abstracts (GIUGLJANO et al. 1997; WHITE and VAN DE WERF 1998; Fox 
et al. 1999). In the original protocol two treatment arms were planned: 30mg 
and 50mg ofTNK-tPA only. The primary end points for the ASSENT-l study 
were safety, including intracerebral hemorrhage and serious/life threatening 
bleeding complications, death, total stroke, recurrent MI, cardiogenic shock, 
anaphylaxis, pulmonary edema, revascularization procedures. Early on in this 
study it was noted that the incidence of intracerebral hemorrhage was unac
ceptably high in the 50mg arm, and as in the TIMl lOB study, this arm was 
replaced by a 40 mg arm and heparin doses were adjusted as in the amended 
TIMI lOB protocol. A total of 3325 patients were enrolled. With the 40mg 

Table 1. Intracerebral hemorrhage and serious bleeding complications during throm
bolytic treatment with TNK-tPA in function of dose/weight administered 

TNK-tPA dose/weight (mg/kg) Accelerated 
tPA 

0.35-0.42 >0.42-0.48 >0.48-0.55 >0.55 

All patients 
Intracerebral h (%) 0.9 0.9 0 5.6 1.9 
Serious bleeding (%) 1.9 0.9 4.5 12.0 8.S 

Reduced heparin 
Intracerebral h (%) 0 0 0 4.6 1.2 
Serious bleeding (%) 0 0 6.1 6.1 2.3 

Date compiled from CANNON et al. 1998. 
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dose an intracranial hemorrhage rate of 0.62% was observed. Mortality at 30 
days was 5.6% (VAN DE WERF et al. 1999). This incidence was considered 
acceptable because 15 % of the patients in the ASSENT-1 trial were over the 
age of 75 years. Serious bleeding complications requiring transfusions were 
1.3%-1.4% in both the TIMI lOB and ASSENT-1 trial in the 40mg TNK-tPA 
arm, compared to 7% in the accelerated t-PA arm. 

Based on the patency and safety data from the Phase II trials, the 
ASSENT-2 double-blind randomized phase III trial was designed to compare 
tenecteplase to the accelerated infusion of alteplase (ASSESSMENT OF THE 
SAFETY AND EFFICACY OF A NEW THROMBOLYTIC (ASSENT-2) INVESTIGATORS 
1999). A simple five increment, weight-adjusted dosing regimen was devised, 
based on a target dose/weight of 0.53mg/kg (WANG-CLOW et al. 1998). A total 
of 16949 patients with ST-segment elevation and symptom onset of s6h 
entered the trial. The 8461 patients randomized to tenecteplase were to receive 
a single bolus over 5-10s. Patients who weighed <60kg were given 30mg 
of tenecteplase; in the weight ranges 60-69.9kg, 70-79.9kg, 80-89.9kg, and 
>90 kg the following doses were administered: 35 mg, 40 mg, 45 mg, and 50 mg. 
All patients randomized to tenecteplase also received a placebo alteplase infu
sion. The 8488 patients assigned to the alteplase group were given the classi
cal accelerated dosage scheme (see Table 2) and a tenecteplase bolus placebo. 
All patients received 150-325mg of aspirin orally and IV heparin (bolus of 
4000U and infusion of 800U/h for those weighing s67kg, 5000U bolus and 
infusion of 1000 U/h for those weighing >67 kg), adjusted to maintain an APTT 
of 50-75s. 

The primary endpoint was all-cause mortality at 30days. Secondary end
points included net clinical benefit, defined as absence of death or non-fatal 
stroke at 30 days, major nonfatal cardiac events in hospital, and stroke. 
Covariate-adjusted 30-day mortality was almost identical in the two groups 
- 6.18% for tenecteplase and 6.15% for alteplase. Subgroup analyses revealed 
no differences between the two treatment groups except in patients treated 
>4h after onset of symptoms, where the more fibrin-specific tenecteplase 
resulted in a lower 30-day mortality of 7.0% (alteplase 9.2%; p < 0.02). Total 
stroke rates were slightly higher in the tenecteplase group (1.78% vs 1.66%; 
n.s.) but the incidence of intracerebral hemorrhage was identical in the two 
groups (0.93% and 0.94%). Bleeding complications were fewer with 
tenecteplase (total bleeding 26.4% vs 28.95%; p = 0.0003). Major bleeding 
occurred in 4.7% in the tenecteplase group and in 5.9% in the alteplase group 
(p = 0.0002) (ASSESSMENT OF THE SAFETY AND EFFICACY OF A NEW THROMBOLYTIC 
(ASSENT-2) INVESTIGATORS 1999). 

In a substudy of ASSENT-2 the speed of recanalization by means of enzy
matic assay, based on the time-dependent interconversion of isoforms of cre
atinine kinase mediated by carboxypeptidase N was investigated. Early 
recanalization within 40 min of onset of treatment occurred in 56% of patients 
treated with tPA and in 76 of those treated with TNK-tPA (BINBREK et al. 
2000). 
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Tenecteplase thus represents an attractive alternative to alteplase with 
respect to ease of administration, which facilitates pre hospital thrombolysis, 
and a lower risk of non-cerebral hemorrhage. 

IX. Unglycosylated Protease Domains of tPA 

The glycosylated forms of the protease domain of tPA lack fibrin binding and 
have a reduced plasmin-generating activity (DODD et al. 1986; RUKEN 1986). 
KOHNERT et al. (1996) have shown that the unglycosylated protease domain of 
tPA produced by Escherichia coli has plasmin-generating activity in a buffer 
milieu and is an effective fibrinolytic agent in a plasma containing a dynamic 
(closed circuit under 10mbar pressure) in vitro clot lysis system, probably by 
converting single-chain tPA and uPA to their more active two-chain forms. In 
a rabbit model of jugular vein thrombosis the unglycosylated tPA protease 
domain induced significant thrombolysis (MARTIN et al. 1996). Effective doses 
of the protease domain were associated with a systemic lytic state. However, 
despite the significant fibrinogen degradation (67%, with tPA 21 %) occurring 
during the 90min infusion of 2mg/kg of protease, thrombolytic efficacy and 
blood losses from rebleeding from fresh wounds were similar to those pro
duced by a 90 min infusion of 1.4mg/kg of tPA. 

C. Chimeric Plasminogen Activators 
Recombinant chimeric plasminogen activators have been constructed using 
different regions of tPA and sc-uPA, although several alternative combinations 
have been evaluated to some extent (COLLEN et al. 1989b, 1991). The throm
bolytic properties and fibrin-specificity of these chimeras were similar but not 
superior to those of the parent molecules. In general, the combination of the 
A-chain of tPA, which confers fibrin-affinity to the molecule, with the enzy
matic properties of sc-uPA did not improve the thrombolytic potency of the 
chimeras. There may be one exception: a chimera consisting of the two kringle 
domains of tPA (amino acids Serl-Gln3 and AspH7_Phe274) and the serine pro
tease domain of sc-uPA (amino acids Ser138-Leu41 \ Fig. 3). In vivo evaluation 
in animal models of thrombosis of this molecule (K1K2Pu) indicated a 
markedly enhanced thrombolytic potency towards venous and arterial 
thrombi (COLLEN et al. 1991). The 6- to 20-fold prolonged half-life of K1K2Pu 

and its 3- to 16-fold enhanced thrombolytic activity in hamster, rabbit, and 
baboon models of thrombolysis compared with tPA or sc-uPA suggested that 
the total amount of material required for thrombolytic therapy may be sig
nificantly reduced, and that its administration by bolus injection may be effec
tive (COLLEN et al. 1991). 

Other recombinant chimeric plasminogen activators which have been 
evaluated in animal models of thrombosis include FK2tu-PA and K2tu-PA (F 
and K2 domains or K2 domain only of tPA, linked to the protease domain of 
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Fig.3. Schematic rewesentation of the primary structure of K]K2Pu (amino acids Serl
Gln3 and AspB7-Phe 4 of tPA and Ser138_Leu4ll of sc-uPA). The amino acids are repre
sented by their single letter symbols, black bars indicate disulfide bonds and the 
asterisks indicate the active site residues in the protease part. The arrow indicates the 
plasmin cleavage site 

sc-uPA). In a rabbit jugular vein thrombosis model, the thrombolytic activity 
of K2tu-PA was reported to be significantly higher than that of both tPA and 
sc-uPA, whereas systemic effects were not different (AGNELLI et al. 1992). In 
contrast, hybrids containing the growth factor domain of uPA and the K2 and 
protease domain of tPA were found to have a prolonged half-life but were vir
tually inactive in a rabbit jugular vein thrombosis model (ASSELBERGS et al. 
1993). 

An acylated recombinant chimera consisting of the fibrin-binding domains 
of plasminogen covalently linked to the protease domain of tPA, was more 
potent and more fibrin-selective than tPA upon bolus administration in a 
guinea pig pulmonary embolism model (ROBINSON et al. 1992). 

A hybrid consisting of the single kringle of urokinase inserted immedi
ately before the double kringle of tPA has been constructed (LEE et al. 1988). 
Insertion of the uPA kringle domain prolonged the half-life of the hybrid com
pared with wild-type tPA (Fu et al. 1988). This molecule induced coronary 
thrombolysis in dogs at markedly lower doses than those required with tPA 
and prolonged the time to reocclusion (WEINHEIMER et al. 1991). 

None of these many chimeric plasminogen activators has ever been eval
uated in clinical trials. 
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D. Fibrolase 
A fibrinolytic enzyme present in Agkistrodon contortrix contortrix (southern 
copperhead snake) venom has been purified (RETZIOS and MARKLAND 1988). 
The enzyme, fibrolase, has a molecular weight of 22891 D and is composed of 
a single polypeptide chain with 203 amino acids. It is a metalloproteinase (1 
mole zinc per mole of enzyme) which exhibits direct fibrinolytic activity and 
does not activate plasminogen or protein C, nor does it require any blood
borne components for activity. The enzyme degrades the a- and f3-chains of 
fibrin and fibrinogen (GUAN et al. 1991; TRIKHA et al. 1995). Expression of 
recombinant fibrolase has been obtained from yeast (LOAYZA et al. 1995). The 
combination of fibrolase and monoclonal antibodies against GPIIb/IIIa pro
duced rapid and sustained thrombolysis in the canine carotid arterial throm
bosis model (MARKLAND et al. 1994). 

E. Other Fibrinolytic Agents 
Several hundreds of other mutants, chimeras, and conjugates of thrombolyti
cally active substances have been developed. Most of these have not even 
reached the stage of animal experimentation and none are in clinical devel
opment. Those other thrombolytic agents which have shown a potential for or 
are in clinical development are discussed in Chaps.16 (staphylokinase), 17 
(vampire bat plasminogen activator), and 18 (fibrin-targeting of plasminogen 
activators). 

List of Abbreviations and Acronyms 

AMI 
APTT 
ASSENT 

AUC 
CTFC 
GRECO 
GRECO DB 

GUSTO 

INJECT 
InTIME 

IV 
MU 
nPA 

acute myocardial infarction 
activated partial thromboplastin time 
Assessment of the Safety and Efficacy of a New Thrombolytic 

agent 
area under the curve 
corrected TIMI frame count 
German RECOmbinant plasminogen activator study 
German RECOmbinant plasminogen activator Double Bolus 

study 
Global Utilization of Streptokinase and Tissue plasminogen 

activator for Occluded coronary arteries 
International Joint Efficacy Comparison of Thrombolytics 
Intravenous nPA for Treatment of Infarcting Myocardium 

Early 
intravenous(1y) 

Mega (1 million) units 
novel plasminogen activator (also designated as SUN9216, 

BMS-200980 or lanoteplase) 
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CHAPTER 20 

Agents which Increase Synthesis and Release 
of Tissue-Type Plasminogen Activator 

T. KOOISTRA, and 1.1. EMEIS 

A. Introduction 
I. The .PlasminogenIPlasmin System 

The plasminogen/plasmin system represents a highly regulated enzyme 
cascade that generates localized proteolysis. The system plays a key role in an 
extraordinary number of normal biological and pathophysiological contexts 
such as fibrinolysis, cell migration, and tissue remodeling. Plasminogen, present 
in high concentrations in blood and other body fluids, constitutes an abundant 
source of latent proteolytic activity. Conversion of the inactive proenzyme 
plasminogen into the active serine proteinase plasmin is catalyzed by plas
minogen activators. The two main physiological plasminogen activators are 
tissue-type and urokinase-type plasminogen activator (tPA and uPA, respec
tively). Consistent with the important role of the plasminogen/plasmin system 
in so many processes, the action of tPA and uPA is well controlled by specific 
interactions between the various components, the synthesis and/or release of 
tPA and uPA, and the presence of specific protease inhibitors. 

In this chapter we will mainly concentrate on the regulation of the syn
thesis and release of tPA into the circulation, with particular reference to the 
possibilities to modulate tPA secretion pharmacologically. Where appropriate 
and possible, we will include relevant data on the regulation of uPA plasma 
levels. For reviews on the biochemical aspects of tPA and uPA or the role of 
the plasminogen/plasmin system in various (patho )physiological processes, the 
reader is referred to other reviews (this book; DAN0 et al. 1985; SAKSELA and 
RIFKIN 1988; VASSALLI et al. 1991; COLLEN and LIJNEN 1994; BACHMANN 1994; 
DECLERCK et al. 1994; RIJKEN 1995). 

II. Intravascular Fibrinolysis 

The dissolution of the fibrin component of thrombi and hemostatic plugs is 
mediated by the intravascular plasminogen/plasmin system (COLLEN and 
LIJNEN 1991). Whereas inadequate dissolution of fibrin may result in the 
obstruction of a blood vessel, excessive premature fibrin degradation can 
lead to bleeding (LIJNEN and COLLEN 1989). Clearly, fibrin degradation 
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(fibrinolysis) needs to be finely regulated in time, location, and extent. Studies 
with transgenic mice over- or under-expressing components of the fibrinolytic 
system have confirmed the importance of this system in fibrin clot surveillance 
and indicate that tPA and uPA both play a role in maintaining vascular 
patency. The role of the fibrinolytic system in thrombosis became particularly 
apparent when exposing mice with tPA or uPA deficiencies to inflammatory 
or traumatic challenges (CARMELIET and COLLEN 1995). 

As regards the relative importance of tPA and uPA in intravascular fibri
nolysis and thrombolysis, evidence from in vitro experiments suggests that 
tPA is the primary initiator of fibrin degradation (WUN and CAPUANO 1985, 
1987), while uPA may be more involved in later stages of fibrin dissolution 
(GUREVICH 1988). tPA differs from other proteins involved in fibrinolysis and 
coagulation by being secreted into the circulation as an active enzyme, thus 
enabling it to trigger directly the fibrinolytic process. In the absence of fibrin, 
tPA has a low activity towards plasminogen. In the presence of fibrin, this 
activity is two orders of magnitude higher (COLLEN and LIJNEN 1991). Fibrin 
essentially increases the local plasminogen concentration by creating an addi
tional interaction between tPA and its substrate. Fibrin thus fulfils a dual func
tion, both as a stimulator of plasminogen activation and as a final substrate of 
generated plasmin. The high affinity of tPA for plasminogen in the presence 
of fibrin allows efficient activation on the fibrin clot, while plasminogen acti
vation by tPA in plasma is rather inefficient. The fibrinolytic process thus 
seems to be triggered by and confined to fibrin. 

An important point to note is that tPA is much more effective in induc
ing the lysis of fibrin (or of a thrombus) if present prior to fibrin formation 
than after fibrin formation has occurred (BROMMER 1984; ZAMARRON et al. 1984; 
Fox et al. 1985). This difference in potency can be several hundred-fold and 
explains at least in part the large therapeutic doses of tPA required in throm
bolytic therapy to dissolve coronary artery thrombi associated with acute 
myocardial infarction. It also emphasizes the preventive potential of a proper 
endogenous fibrinolytic capacity to oppose the development of intravascular 
thrombosis. 

III. Tissue-Type Plasminogen Activator (tP A) in the Circulation 

tPA is cleared very rapidly from the circulation by the liver (KUIPER et al. 
1988), its plasma half-life ranging from 1-2 min in rodents (DEVRIES et al. 1987) 
to about 5 min in humans (BOUNAMEAUX et al. 1985; CHANDLER et al. 1997). 
One of the consequences of this rapid clearance is that tPA must be secreted 
continuously into the blood in order to maintain a stable level of tPA. Another 
consequence is that a change in the rate of tPA secretion will be immediately 
translated into a change in the plasma concentration of tPA. 

However, the plasma level of tPA activity is not merely the resultant of 
the rate of tPA secretion and the rate of tPA clearance. tPA activity is also 
controlled by specific plasminogen activator inhibitors (PAIs) of which PAI-1 
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is the physiologically relevant inhibitor in plasma (SPRENGERS and KLUFT 1987; 
LOSKUTOFF et al. 1988). The rate of tPA:PAI-l complex formation will be a 
function of the plasma concentrations of the two proteins: the more tPA and/or 
PAl-I, the more complex will be formed. Because the clearance rate of the 
tPA:PAI-l complex is slower than the clearance rate of free tPA (BROMMER 
et al. 1988; CHANDLER et al. 1997), it follows that the higher the plasma PAI-1 
level, the more tPA:PAI-l complex will be in the circulation, resulting -
because of the slower clearance of the complex - in a higher plasma level of 
tPA antigen (but not of tPA activity, which will decrease with increasing 
plasma PAI-l levels) (CHANDLER et al. 1990). This may explain the reported 
association of increased plasma levels of tPA and of PAI-1 antigen with 
increased risk for the development of cardiovascular disease (JANSSON et al. 
1991, 1993; RIDKER et al. 1993, 1994). This constellation might well represent 
an association of decreased tPA activity with increased risk (MEADE et al. 
1994). Attempts to increase tPA secretion in a pharmacological way to restore 
an impaired plasma fibrinolytic activity should therefore require a rather 
selective effect on tPA secretion without a concomitant effect on PAI-l 
production. 

IV. Involvement of the Endothelium in Plasma Fibrinolysis 

It is generally accepted that tPA in the circulation originates mainly from the 
vascular endothelium (see reviews and references therein by KOOISTRA 1990; 
KOOISTRA et al. 1994; EMEIS 1995a,b; EMEIS et al. 1996). The expression of 
endothelial tPA is a function defined by vessel size and anatomical location as 
well as by the developmental stage of an organism. tPA expression dis
appeared from a number of larger arteries after animals reached maturity 
(LEVIN and DEL Zoppo 1994; LEVIN EG et al. 1997,2000). Chromaffin cells 
(PARMER et al. 1997) and mast cells (BANKL et al. 1999; SILLABER et al. 1999) 
might be other sources of some circulating tPA. 

Vascular endothelial cells are ideally positioned to contribute to plasma 
levels of tPA. Cultured endothelial cells synthesize tPA in vitro and endothe
lial cells in vivo contain large amounts of tPA, as shown by histochemical 
(fibrin autography), immunohistochemical, and biochemical techniques. Com
pounds that stimulate the synthesis of tPA in cultured endothelial cells can 
also increase the plasma level of tPA in vivo in experimental animals. Inter
estingly, shear stress increases tPA synthesis and release in endothelial cell 
cultures (KAWAI et al. 1996). Studies, using in situ hybridization methodology, 
also localized messenger RNA (mRNA) for tPA in vascular endothelial cells 
(LEVIN and DEL Zoppo 1994). Since tPA mRNA, antigen and activity are all 
associated with the endothelium in vivo, and since tPA expression has not been 
demonstrated in any other major cell type, it is concluded that vascular 
endothelial cells are the major source of plasma tPA. 

In contrast to tPA, the cellular source of plasma uPA is unknown (see 
review by EMEIS et al. 1996). Immunocytochemical analysis for uPA in normal 
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human tissue revealed that this protein was present in luminal endothelial cells 
and in medial smooth muscle cells (Lupu et al. 1995). However, signals for 
uPA mRNA were weak over smooth muscle cells and undetectable over 
endothelial cells. The absence of a signal over endothelial cells may be due 
to insufficient sensitivity of the in situ hybridization technique but it is also 
possible that intimal uPA is derived from the blood circulation and becomes 
bound to the endothelial uPA receptor (BARNATHAN et al. 1990). 

Since endothelial cells are the main source of plasma tPA, any change in 
tPA secretion from the endothelium will result in a change in plasma tPA 
levels. And because a low plasma tPA activity is generally considered a risk 
factor for the development of cardiovascular disease (HAMSTEN and ERIKSSON 
1994), it would be an attractive option to develop (pharmacological) tools to 
enhance tPA secretion (the other options are to decrease tPA clearance or 
PAI-1 synthesis, or to inhibit PAI-1 activity: see Sect. D). 

The mechanism by which tPA is released from the endothelial cells is an 
important issue. Endothelial cells can release tPA in two ways. One route is 
known as constitutive secretion because the tPA synthesized is exported con
tinuously. The other way involves the concentration and storage of tPA in spe
cialized storage vesicles (KOOISTRA et al. 1994; EMEIS et al. 1997; PARMER et al. 
1997; ROSNOBLET et al. 1999; SANTELL et al. 1999). The contents of these storage 
vesicles are delivered to the cell surface in response to specific extracellular 
stimuli and, therefore, export via this route is said to be regulated. Since both 
secretion pathways may represent important control points for regulation of 
plasma tPA levels, we will discuss the regulatory mechanisms underlying COn
stitutive secretion and regulated secretion (also called acute release), their 
relative importance, and agents known to influence these pathways. 

B. Regulation of Constitutive tP A Synthesis 
I. General 

Endothelial cells synthesize and store tPA in culture (KOOISTRA 1990; VAN 
HINSBERGH et al. 1991; KOOISTRA et al. 1994). A good approach to develop 
ways (drugs, procedures) that increase tPA secretion is therefore to study tPA 
synthesis and release in cultured human endothelial cells. Such studies have 
allowed the identification of a number of factors and signaling pathways to 
increase tPA secretion in human endothelial cells. In experimental animals, 
these developments have resulted in treatment schedules that increase tPA 
synthesis, tissue concentrations of tPA, acute release of tPA, as well as plasma 
levels of tPA. The objective of increasing plasma tPA levels in humans by 
means of increasing endothelial tPA synthesis obviously is a next step and may 
well become a real possibility within the next few years. 

Many of the changes in tPA synthesis depend on modulation of gene tran
scription. The human (Ny et al. 1984; FISHER et al. 1985; FRIEZNER DEGEN et 
al. 1986; BULENS et al. 1995; ARTS et al. 1997), rat (FENG et al. 1990), and mouse 
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(RICKLES et al. 1989) tPA genes have been isolated and characterized. The spe
cific DNA sequences and transcription factors involved in the regulation of 
tPA gene expression are being elucidated and explain some of the species
specific differences in tPA gene regulation (HOLMBERG et al. 1995; 
LEONARDSSON and Ny 1997; COSTA et al. 1998). Some of the pharmacological 
factors and intracellular signaling pathways that regulate tPA synthesis and 
release will be reviewed below. 

II. Intracellular Signaling and Activation of Protein Kinase C 

tPA production can be stimulated through multiple intracellular signaling 
pathways, and these pathways interact to potentiate or synergize the expres
sion of tPA. Vasoactive compounds such as thrombin and histamine increase 
tPA synthesis in cultured human endothelial cells (LEVIN EG et al. 1984; VAN 
HINSBERGH et al. 1987; HANSS and COLLEN 1987; RYDHOLM et al. 1998), most 
likely via a pathway that involves activation of protein kinase C: the increase 
in tPA synthesis can be prevented by inhibition of protein kinase C activity 
(LEVIN and SANTELL 1988; SANTELL and LEVIN 1988), and direct activators of 
protein kinase C, such as diacylglycerol and the phorbol ester, 4-j3-phorbol 
12-myristate 13-acetate (PMA), stimulate tPA production in a manner similar 
to thrombin and histamine (LEVIN and SANTELL 1988; LEVIN EG et al. 1989; 
GRUUCH-HENN and MULLER-BERGHAUS 1990; KOOISTRA et al. 1991a; ARTS et 
al. 1997). Experiments with transgenic mice carrying a 1.4-kb human tPA pro
moter fragment (including the first exon and part of the first intron) fused 
to the bacterial j3-galactosidase gene show an increased expression of mouse 
tPA and bacterial j3-galactosidase in various tissues after PMA treatment 
(THEURING et al. 1996). These experiments show for the first time that activa
tion of protein kinase C can also activate the human tPA promoter in vivo and 
underline the value of cultured endothelial cells as a model system to study 
regulation of tPA synthesis. 

Cyclic AMP (cAMP), which in itself does not affect tPA synthesis in 
human cells, has a potentiating effect on protein kinase C-dependent tPA stim
ulation (SANTELL and LEVIN 1988; KOOISTRA et al. 1991a). Low concentrations 
of alcohol (0.25-25 mmolll) likewise enhance cAMP-dependent tPA gene tran
scription in human endothelial cells (MIYAMOTO et al. 1999). This may be, at 
least in part, responsible for the beneficial effect of moderate alcohol con
sumption in cardiovascular disease. Interestingly, cAMP alone is sufficient to 
increase tPA synthesis in rat endothelial cells (EMEIS et al. 1998). This species
specific difference in tPA regulation is due to a mutation in the tPA promoter: 
while the rat tPA promoter contains a perfect consensus cAMP response 
element, the same position in the human and mouse tPA promoter is con
verted to a PMA-response element by a one nucleotide substitution (FENG 
et al. 1990; HOLMBERG et al. 1995; COSTA et al. 1998). These differences in tPA 
regulation have now also been confirmed in vivo. Administration of the 
adenylate cyclase activators forskolin or cholera toxin to rats very effectively 
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increased plasma tPA activity and antigen levels and tissue tPA mRNA and 
protein levels (VAN DEN EUNDEN-SCHRAUWEN et ai. 1995). In contrast, mice 
showed increased plasma and tissue concentrations of tPA after PMA admin
istration (THEURING et ai. 1996), but not after administration of cAMP
elevating compounds (T. Kooistra et aI., unpublished data). These animal 
experiments also show that it is feasible, by increasing endothelial tPA syn
thesis, to increase plasma tPA levels pharmacologically. 

III. Retinoids 

Vitamin A and derivatives thereof (collectively called retinoids) effectively 
stimulate tPA synthesis in cultured human endothelial cells, without markedly 
influencing PAI-1 expression (KOOISTRA et ai. 1991b, 1995; THOMPSON et ai. 
1991; BULENS et ai. 1992; MEDH et ai. 1992; KOOISTRA 1995). Studies in rats 
demonstrated that tPA production and retinoid status are also correlated in 
vivo. tPA activity levels in the plasma and tissue of rats undergoing retinoic 
acid treatment or hypervitaminosis A showed an increase of activity in both 
by 50% which lasted for at least 8 weeks. The plasma activities of uPA and 
PAI-1 were not changed in these rats. On the other hand, plasma tPA activity 
in vitamin A-deficient rats was found to be about 3-fold lower than control 
values (KOOISTRA et ai. 1991b; VAN BENNEKUM et ai. 1993). uPA activity was 
decreased to about 50% of the control value in the vitamin A-deficient rats, 
but PAI-1 activity was increased about twofold. This increase in plasma PAI
l activity does not necessarily reflect an increased synthesis rate, but could be 
the result of the lower plasma levels of tPA and uPA. These in vivo findings 
underline the physiological relevance of retinoids in regulating tPA and, to a 
lesser extent, uPA, but also illustrate that under normal physiological condi
tions retinoid levels in plasma and tissues are sufficient to maintain almost 
maximal retinoid-dependent tPA expression in vivo. This would also explain 
why treatment of humans with isotretinoin (13-cis retinoic acid) maximally 
elevated plasma tPA antigen levels by only 50% (WALLNOFER et ai. 1993; 
DECLERCK et ai. 1993; DOOTsON et ai. 1995; BACK and NILSSON 1995). 

The potential future usefulness of retinoids as a profibrinolytic drug will 
depend therefore on the availability and/or development of an appropriate 
synthetic derivative that is a more potent tPA stimulator than retinoic acid 
and has less side effects (BIESALSKI 1989). Two types of observations could be 
build upon to develop such retinoids with a superior benefit/risk ratio as com
pared with retinoic acid. Firstly, synthetic retinoids have been identified which 
are more potent than retinoic acid in stimulating tPA expression in cultured 
human endothelial cells and which can serve as lead compounds for further 
evaluation (KOOISTRA et ai. 1991b; BULENS et ai. 1992). For example, Ro 
13-7410 (TTNPB), in which the terminal ring of retinoic acid is substituted 
with a methyl group and the conformational mobility of the side chain is 
restricted by the introduction of aromatic rings within the skeleton (see Fig. 
1), stimulated tPA synthesis in cultured human endothelial cells about three 
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Fig.1. Chemical structures of all-trans-retinoic acid and the synthetic retinoid TTNPB 
(Ro 13-7410) 

times stronger than retinoic acid during a 48-h incubation period (KOOISTRA 
et a1. 1991b; BULENS et a1. 1992). Second, the discovery of nuclear retinoid 
receptors has provided a conceptual framework for the mechanism by which 
retinoids can regulate tPA gene expression. Two families of these receptors 
have been identified, the retinoic acid receptors (RARs) and the retinoid X/9-
cis retinoic acid receptors (RXRs). Both RARs and RXRs are ligand
inducible transcription factors which modify the expression of specific genes 
by binding to specific DNA sequences, designated retinoic acid response ele
ments (RAREs) (for reviews, see STUNNENBERG 1993; CHAMBON 1994). BULENs 
et a1. (1995) showed the presence of a functional RARE (at position -7.3kb) 
in the tPA promoter. Both RARs and RXRs consist of three subtypes, desig
nated a, {3, and y, and due to alternative splicing and the use of different pro
moters, there are at least two different isoforms of each receptor SUbtype. Since 
RARs and RXRs function as either homo- or heterodimers in binding to the 
RAREs, a great variety of homo- and heterodimeric combinations is possible. 
Several lines of evidence suggest that each RAR/RXR subtype combination 
may specifically control the expression of a subset of retinoid target genes 
(NAGPAL et a1. 1992), although a certain degree of redundancy may exist in the 
retinoid signalling pathway (CHAMBON 1993). Using subtype-specific retinoids 
and an antagonist with a high preference for RARa, KOOISTRA et a1. (1995) 
identified RARa to be involved in the stimulation of tPA expression by 
retinoids in human endothelial cells. However, the relatively slow action of 
retinoic acid on tPA gene expression suggested a mechanism, in which the 
induction of tPA is a secondary response to activation of RARa by retinoic 
acid. Further research revealed that activation of RARa leads to the induc
tion of RARf32, which subsequently enhances tPA gene expression (LANSINK 
and KOOISTRA 1996). Since under normal physiological conditions retinoic acid 
concentrations in tissues are sufficient to maintain a steady RAR{3 expression 
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(KATO et al. 1992), future attempts to increase plasma levels of tPA in vivo 
should be directed at finding RAR{32-specific ligands with a higher transacti
vating capacity than retinoic acid. It should also be considered that retinoids 
are susceptible to rapid metabolism. All-trans-retinoic acid is rapidly metabo
lized in endothelial cells and slowly in hepatocytes, whereas 9-cis-retinoic acid 
degradation takes place rapidly in hepatocytes and slowly in endothelial cells 
(LANSINK et al. 1997). 

IV. Steroid Hormones 

Another class of hormones which, like retinoids, may act via nuclear recep
tors, are steroid hormones. A multihormone response enhancer has recently 
been identified in the tPA gene 7.1 kb upstream of the transcription initiation 
site (BULENS et al. 1997). Several reports have documented an apparent 
increase in tPA activity in women taking oral contraceptives (JESPERSEN and 
KLUFT 1985, 1986; GEVERS LEUVEN et al. 1987; SIEGBAHN and RUUSUVAARA 
1988). This increase in tPA activity appeared not to be caused by an increase 
in tPA antigen, which, to the contrary, was significantly reduced. The explana
tion is assumed to be a reduction in PAI-1 antigen concentration. A similar 
finding has been observed with the anabolic steroid stanozolol (VERHElJEN 
et al. 1984). 

VAN KESTEREN et al. (1998) found that in male-to-female transsexual sub
jects, exogenous ethinylestradiol in combination with cyproterone acetate (an 
anti-androgen) significantly reduced plasma levels of tPA, uPA, and PAI-1 at 
4 months of treatment. In contrast, there was no significant change in the 
plasma concentration of tPA, uPA, and PAI-1 upon treatment of a group of 
female-to-male transsexual subjects with testosterone for 4 months. The 
absence of a significant correlation between tPA antigen and testosterone was 
also found in two other studies. In one study, the effects of exogenous testos
terone on the hemostatic system have been studied in a group of healthy men 
undergoing a clinical trial of hormonal male contraception (ANDERSON et al. 
1995). In a second study, a possible correlation between fibrinolysis parame
ters and testosterone was investigated in normogonadic men and men with 
severe hypogonadotrophinic hypogonadism (testosterone <3nmolll) (CARON 
et al. 1989). Recent findings demonstrate that estrogen treatment of rodents 
results in increased plasma clearance rate of tPA via induction of the mannose 
receptor, which could explain the inverse relationship between estrogen status 
and plasma tPA concentrations observed in humans (LAN SINK et al. 1999). In 
line with this, in vitro studies have shown that incubation of cultured human 
endothelial cells with ethinylestradiol (or progestagens) did not affect the 
secretion of tPA, and that the secretion of PAI-1 by human endothelial cells 
and hepatocytes was also unaffected by these sex steroids (KOOISTRA et al. 
1990). A recent study of GILTAY et al. (2000) also supports increased hepatic 
clearance of tPA rather than increased tPA synthesis after the oral adminis
tration of ethinyl estradiol to male-to-female transsexual subjects. Whereas a 
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decrease in basal plasma tPA levels after estrogen treatment was confirmed, 
no significant difference in increment in venous plasma tPA levels in response 
to occlusion of the upper arm was found, suggesting that estrogen did not alter 
tPA synthesis. 

v. Sodium Butyrate and Other Inhibitors of Histone Deacetylase 

Sodium butyrate and similar short chain fatty acids are strong and rather selec
tive inducers of tPA expression in cultured human endothelial cells (KOOISTRA 
et al. 1987). Studies on the relationship between structure and tPA stimulatory 
activity revealed that a straight-chain C4 monocarboxylate structure with a 
methyl group at one end and a carboxy moiety at the other seems to be 
required for the optimal induction of tPA in cultured endothelial cells. This 
makes it very likely that butyrate itself is active rather than a metabolic 
product, since other even-chain fatty acids are metabolized through the same 
pathway, but are much less effective. 

Sodium butyrate is a pleiotropic agent with many different effects (KRUH 
1982). One of the most evident changes brought about is the acetylation of 
histones via inhibition of the enzyme histone deacetylase (RIGGS et al. 1977). 
More recently, evidence has been provided that the tPA stimulatory effect of 
butyrate involves histone H4 acetylation, and that this induction can be mim
icked by specific, structurally unrelated, histone deacetylase inhibitors, such as 
trichostatin A (ARTS and KOOISTRA 1995; ARTS et al. 1995) and trapoxin (T 
Kooistra, unpublished data) (see Fig. 2 for structures). In accordance with the 
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Fig. 2. Chemical structures of the histone deacetylase inhibitors trichostatin A and 
trapoxin 
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Tablel. Plasma tPA and uPA in trichostatin A-treated rats 

tPA activity (ng/ml) tPA antigen (ng/m\) uPA activity (ng/ml) 

Controls 
4h O.SI 3.15 1.00 
Sh 0.72 3.04 0.71 
24h 0.70 2.70 0.73 

Trichostatin A 
4h 0.60 3.21 0.S9 
Sh 0.52 3.51 O.SI 
24h 1.55 3.50 0.S4 

Rats were treated with a single dose of trichostatin A (5 mllkg i.v. = 1 mmollkg) or 
vehicle (5mllkg i.v. of a 0.2% DMSO solution in saline). Blood samples were taken 
only once from each rat at the times indicated. 

much lower Ki value of trichostatin A for histone deacetylase (YOSHIDA et a1. 
1990), much lower concentrations of trichostatin A (optimal concentration 
1.umolll) than of butyrate (optimal concentration 3 mmolll) were required for 
maximal induction of tPA expression. Trapoxin, an irreversible inhibitor of 
mammalian histone deacetylase (KIJlMA et a1. 1993), was found to stimulate 
maximally tPA synthesis in cultured human endothelial cells already at a con
centration of 10nmol/l (T. KOOISTRA, unpublished data). 

At present it is not known whether such agents are also effective in vivo. 
A possible effect will depend on prolonged exposure to a minimum concen
tration of the agent. From in vivo studies of butyrate, used in clinical trials to 
treat patients with acute leukaemia, it is known that infused butyrate is very 
rapidly metabolized (metabolic half-life of about 6min), resulting in maximal 
peak blood levels below 0.05mmolll (MILLER et al. 1987). The development of 
butyrate analogues that are as effective as butyrate but provide more sustained 
concentrations in vivo (NEWMARK and YOUNG 1995) may create new oppor
tunities to perform in vivo studies. Preliminary data obtained with trichostatin 
A in rats indicate that the tPA stimulatory effects of histone deacetylase 
inhibitors in vitro may also be relevant in vivo (Table 1; T. KOOISTRA and 1.1. 
EMEIS, unpublished data). 

VI. Triazolobenzodiazepines 

Another class of compounds that can enhance the synthesis of tPA in cultured 
human endothelial cells, are triazolobenzodiazepines (KOOISTRA et a1. 1993). 
The most potent compounds, U-34599, U-41695, and U-51477 (see Fig. 3 for 
structures), showed a time- and concentration-dependent stimulatory effect 
on tPA synthesis, with no or even a lowering effect on PAI-1 production. The 
regulatory mechanism by which these triazolobenzodiazepines exert their tPA 
stimulatory action is not understood at present. No positive correlation was 
found between the ability of the various triazolobenzodiazepines to stimulate 
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Fig. 3. Chemical structures of triazolobenzodiazepines from the Upjohn Co 

tPA synthesis and their affinity for the central-type benzodiazepine receptor. 
In fact, binding studies with specific ligands for central-type and peripheral
type benzodiazepine receptors provided no evidence for the presence of such 
receptors in cultured human endothelial cells (KOOISTRA et a1. 1993). 

A possible lead to the mode of action of triazolobenzodiazepines was sug
gested by the relationship between the tPA stimulatory activity of the various 
triazolobenzodiazepines and their platelet-activating factor (PAF) antagonist 
activity. However, several non-benzodiazepine PAF-antagonists did not stim
ulate tPA production, indicating that the three lead compounds shown in 
Fig. 3 provide a structural rather than a functional lead at present for finding 
other tPA stimulatory compounds. Triazolo "benzodiazepine fragments" and 
open ring triazolo and imidazolo benzodiazepines (benzophenones) related 
to nizofenone (claimed to be effective in subarachnoid haemorrhage (ORTA 
et al. 1986» showed no stimulating effect on tPA synthesis in cultured human 
endothelial cells. 

Further research should now be directed at testing the triazolobenzodi
azepines in vivo to evaluate their profibrinolytic potential. 

c. Regulated Secretion of tP A 
I. General 

Although it has been speculated that tPA may have intracellular functions, for 
instance in hormone processing (KRISTENSEN et al. 1985, 1986), its major site 
of action is extracellular. Of the two secretory pathways - constitutive secre
tion and regulated secretion - the former has been discussed above. In this 
pathway, newly synthesized tPA is directly, without storage in an intracellular 
compartment, transported out of the cell. The rate of constitutive tPA secre
tion is therefore determined largely by the rate of tPA synthesis. In the regu-
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lated pathway, newly synthesized tPA is first stored in an intracellular com
partment, and secreted into the extracellular space only after appropriate stim
ulation of the cell. The rate of regulated tPA secretion is therefore determined 
not only by the size of the intracellular pool, but also by the intensity of stim
ulation of the cellular second messenger systems involved in regulated secre
tion. This results in further possibilities for pharmacological intervention. 

In cultured human endothelial cells, the predominant secretory pathway 
is the constitutive one. Whether this is also true in vivo is still undecided, since 
the evidence for an in vivo role of the constitutive pathway is scanty and indi
rect. This may well, however, be due to the lack of proper methodology to 
detect constitutive secretion in vivo, and an important in vivo role for this 
pathway in tPA metabolism should by no means be disregarded. The existence 
of a regulated secretory pathway for tPA in man is, in contrast, well established 
(see Sect. C.rY.1). 

In the following we will discuss the nature of the tPA storage compart
ment in endothelial cells, the circulatory regulation of tPA, and the cellular 
mechanisms involved in the regulated secretion of tPA from the endothelium. 
Finally, we will discuss compounds that affect the regulated secretion of tPA 
in man. 

II. The Endothelial tP A Storage Compartment and the Circulatory 
Regulation of tP A 

The association of functionally active tPA with human vascular endothelium 
in vivo has been demonstrated in a large number of functional and immuno
histochemical studies (reviewed in KRISTENSEN 1992; EMEIS et al. 1996). The 
precise intracellular localization of tPA could, however, not be established by 
these techniques. Using density gradient centrifugation, we have isolated from 
cultured human endothelial cells and from lung tissue a small, dense (density 
1.11 g/ml) particle containing tPA. By confocal laser scanning immuno
microscopy, small tPA-containing particles were found throughout the cyto
plasm of cultured human endothelial cells (EMEIS et al. 1997). It is thus likely 
that, similar to many other proteins that are secreted via the regulated pathway 
(e.g., hormones, pancreatic enzymes), tPA is stored in a secretory granule. 
Other storage granules have been described in endothelial cells as well, for 
example particles containing von Willebrand factor (the so-called Weibel
Palade bodies; for reviews see REINDERS et al. 1988; WAGNER 1990, 1993), 
protein S (BRETT et al. 1988), endothelin-1 (HARRISON et al. 1995), or tissue 
factor pathway inhibitor (Lupu C et al.1995). Whether the tPA-containing par
ticle is different from the Weibel-Palade body is still being discussed (EMEIS 
et al. 1997; ROSNOBLET et al. 1999). Secretion of the one protein is not neces
sarily linked with secretion of the other (VAN DEN EUNDEN-SCHRAUWEN 1996). 
In neuroendocrine cells tPA is stored in dense core granules and colocalizes 
with ACTH. Pulse-chase experiments revealed that a portion of newly syn
thesized tPA is retained in neuroendocrine cells for at least 4h and is released 
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in response to 8-bromo-cAMP (SANTELL et al. 1999). In chromaffin cells, such 
as pheochromocytoma cell lines or bovine adrenal chromaffin cells, tPA is 
stored in dense storage vesicles, of identical density as those for norepineph
rine. Treatment of chromaffin cells with secretagogues, such as nicotine, KCI 
or BaC12 resulted in co-release of tPA in parallel with catecholamines (PARMER 
et al. 1997). 

The amounts of tPA stored in tissues are large in comparison to the 
amount circulating in the blood. It has been estimated (PADRO et al. 1990) that, 
in rats, the tissue stores of tPA are sufficient to maintain steady-state plasma 
levels of tPA for two days in the absence of protein synthesis. Whether com
parable amounts of tPA are stored in human tissues is, for lack of reliable data 
on human tissue, not known, but it is likely that large stores of tPA are present 
in man as well. As shown in Table 2 for baboon tissues, primate tissues contain 
large amounts of stored tPA as well. The acute release of all available tPA 

Table2. Tissue-type plasminogen activator activity content of baboon tissues 

Tissue 

Spleen 
Skin 
Stomach 
Lung 
Kidney cortex 
Adrenal 
Small intestines 
Fast skeletal muscle 
Large intestines 
Slow skeletal muscle 
Cerebellum 
Arteria femoralis 
Cerebrum 
Vena cava superior 
Ureter 
Oesophagus 
Aorta 
Heart muscle 
Vena cava inferior 
Urine bladder 

Extraction buffer 

KSCN buffer 
KSCN 
KSCN 
KSCN buffer 
KSCN buffer 
KSCN buffer 
Camiolo's buffer 
Camiolo's buffer 
Camiolo's buffer 
Camiolo's buffer 
Camiolo's buffer 
KSCN buffer 
Camiolo's buffer 
Camiolo's buffer 
KSCN buffer 
Camiolo's buffer 
KSCN buffer 
Camiolo's buffer 
Camiolo's buffer 
Camiolo's buffer 

tPA activity (units/g) 

loa 
40 
90 

135b 

190a 
285 
315 
340 
375 
415 
425 
435 
440 
460 
480 
480 
530 
565 
925 
970 

Baboon tissues were extracted (PADRO et al. 1990) in Camiolo's buffer (CAMIOLO et al. 
1982) and in potassium thiocyanate (KSCN: O.5molll KSCN in 0.1 mol/l Tris buffer pH 
= 7.4, 0.1 % Tween-80; ERIKSSON et al. 1983). 
Data are given, for the more efficient of the two extraction procedures used per tissue, 
as tPA activity per gram of wet tissue weight. One unit of activity equals the activity 
of one nanogram of recombinant human tPA. 
Unpublished data of R.c. FRANZ and J.J. EMEIS (1994). 
aThese tissues contained in addition appreciable amounts of non-tPA-related (possi
bly uPA) activity. Kidney medulla could not reliably be estimated, due to excess uPA 
activity. 
bHuman lung: 700 units/gram. 
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from the vascular endothelium would result in increases in plasma levels 
ranging from nanograms per millilitre (in large vessels) to micrograms per mil
lilitre (in capillaries), depending upon the endothelial surface/blood volume 
ratio of the vessel involved. For the whole body, assuming a blood volume of 
51, the average increase would be between 1.4 and 2.8,ug/ml of blood (for cal
culations, see EMEIS 1992; SCHRAUWEN et al. 1994b). 

One should realize, though, that local differences other than surface/ 
volume ratios may also result in local differences in tPA metabolism. tPA is 
very heterogenously distributed in the vasculature, while even within a single 
vessel appreciable differences may exist between the various vessel segments 
(see, e.g., KEBER 1983; LEVIN and DEL Zoppo 1994; LEVIN et al. 1997; reviewed 
in EMEIS et al. 1996). Regional differences in plasminogen activator secretion 
have also been noted (CHANDLER et al. 1992b; JERN et al. 1997a; SEEMAN
LODDING et al. 1997). 

In a kinetic model of the circulatory regulation of tPA (CHANDLER 1990; 
CHANDLER et al.1993, 1995, 1997) plasma tPA levels are determined by periph
eral endothelial secretion of tPA, by complex formation between tPA and 
inhibitors, and by the clearance of tPA and tPA/inhibitor complexes (see also 
Sect. A.I11 above). Under steady-state conditions, the secretion of tPA is, 
according to the model, on average 0.07 ± 0.02pmolel-1 s-1 (CHANDLER et al. 
1995), or about 2mgday-l for a 70kg individual. If the endothelial surface of 
the circulatory system is estimated at 750-1500m2 (WOLINSKI 1980), this would 
require a synthetic rate of 0.12-0.24 ngcm-1 day-l, in good agreement with syn
thetic rates observed in vitro (VAN HINSBERGH 1988). The steady-state level of 
tPA is, apart from secretion, determined by the interaction of tPA with its 
inhibitors (which aspect will not be discussed here) and by the clearance of 
tPA by the liver. A decrease in liver flow results in a decrease in clearance and 
an increase in plasma tPA level (BOUNAMEAUX et al. 1986; DE BOER et al. 1992; 
VAN GRIENSVEN et al. 1998). In contrast, eating a meal increases liver blood 
flow and decreases plasma tPA (VAN GRIENSVEN 1995). CHANDLER et al. (1993, 
1995) have shown that part of the increase in plasma tPA during the infusion 
of epinephrine is due to an epinephrine-induced decrease in liver blood flow. 
Similarly, part of the increase in tPA observed during exhaustive exercise must 
be ascribed to an (epinephrine-mediated) decrease in liver blood flow. The 
role of adrenergic agents in these processes will be discussed in more detail 
below (Sect. C.1Y.2). The clearance of tPA is also dependent upon the plasma 
concentration of PAl-I. High levels of PAI-1 lead to rapid neutralisation of 
active tPA. On the other hand, tPA antigen will be cleared more slowly 
because the clearance rate of the tPA/PAI-1 complex is slower than that of 
active tPA (CHANDLER et al. 1997). 

The important conclusion from these studies is that an acute change in 
plasma tPA level is not necessarily due to an acute change in tPA secretion. 
It might as well be due to a change in tPA clearance. Pharmacological com
pounds affecting liver blood flow could therefore be used to affect plasma tPA 
levels, but so far this principle has not found application in clinical practice. 
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III. Cellular Mechanisms Involved in Regulated tP A Secretion 

Until recently, the mechanisms involved in the regulated secretion (acute 
release) of tPA were studied mainly in animal models (MARKWARDT 1983; 
TAPPY et al. 1984; EMEIS 1988,1992; PROWSE and MACGREGOR 1988; KLOCKING 
1991; EMEIS and TRANQUILLE 1992; KOOISTRA et al. 1994). From these studies 
it was concluded that tPA can be released acutely (within seconds) from per
fused animal vascular beds after stimulation with a variety of compounds or 
conditions such as acidosis. Compounds that consistently induced tPA secre
tion in the animal systems studied include thrombin, bradykinin, eledoisin, 
histamine, acetylcholine, epinephrine, PAF, endothelin, and calcium ionophore 
A-23187. A common denominator of these compounds is that they all induce 
calcium influx into endothelial cells by activating their cognate (G-protein 
coupled) seven-transmembrane-domain receptors on the endothelium, and 
that they all induce in addition prostaglandin synthesis and increase synthesis 
of nitric oxide in endothelial cells (EMEIS 1988, 1995a). Regulated tPA secre
tion requires extracellular calcium (TRANQUILLE and EMEIS 1991). In some 
studies (reviewed in KU)CKING 1991; see also ZHU et al. 1989), compounds that 
increase cAMP also induced tPA release, while in other studies (TRANQUILLE 
and EMEIS 1993) such compounds were inactive or even inhibitory. Finally, 
acute release of von Willebrand factor (vWF) was found (when studied) to 
occur simultaneously with the release of tPA with all compounds (TRANQUILLE 
and EMEIS 1990), except ADP (SMALLEY et al. 1993). 

Various attempts to demonstrate a similar acute secretion of tPA by stim
ulating human (or animal) endothelial cells in vitro consistently failed in the 
past. On hindsight, this was presumably due to the fact that the amount of tPA 
secreted by cultured endothelial cells was too low to be detected by the antigen 
assay methods then available, and to the fact that the (more sensitive) activ
ity assays could not be applied because of the presence of excess PAI-1 in the 
conditioned media of cultured endothelial cells. BOOYSE et al. (1986) demon
strated, using fibrin autography, that cultured human endothelial cells would 
rapidly release tPA (and, in subcultured cells, uPA as well) upon stimulation 
with thrombin or the calcium ionophore A-23187. 

The development of a very sensitive ELISA procedure for tPA 
(SCHRAUWEN et al. 1994a) finally made possible a detailed study, in cultured 
human umbilical vein endothelial cells (HUVEC), of the cellular mechanisms 
involved in regulated secretion (acute release) of tPA. From these studies the 
following conclusions regarding the regulated secretion of tPA from HUVEC 
in vitro were drawn (VAN DEN EUNDEN-SCHRAUWEN et al. 1995; VAN DEN 
EUNDEN-SCHRAUWEN 1996). After stimulation of HUVEC with thrombin, tPA 
was rapidly released; maximal release occurred in the first minute after stim
ulation, while secretion was complete by 3 min. The amount of tPA secreted 
was dose-dependently related to the thrombin concentration. The amount of 
tPA acutely secreted after maximal stimulation (generally induced by 1 NIH 
Unit of a-thrombin per ml) was linearly related to the synthetic rate of tPA 
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of the cells (which was measured as the rate of constitutive secretion during 
the 30min prior to stimulation). An increase in the intracellular calcium con
centration [Ca2+]i was necessary, but not sufficient, to induce regulated tPA 
secretion, while it did not matter whether the increase in [Ca2+]i was derived 
from an intracellular or extracellular calcium pool (VAN DEN EUNDEN
SCHRAUWEN et al. 1997). Apart from an increase in [Ca2+]i, activation of at least 
two (Pertussis toxin-sensitive) G-proteins was also involved in the induction 
of regulated tPA secretion. In permeabilized cells, regulated tPA secretion 
could in addition be induced by activating G-proteins with aluminium fluoride 
or GTP)S, without a measurable increase in [Ca2+k Activation of phospholi
pase A2 or protein kinase C was not required for regulated secretion. In 
HUVEC, regulated tPA secretion could be evoked by thrombin, ADP, ATP, 
bradykinin, histamine, PAF, and the calcium ionophore ionomycin. These in 
vitro data thus fitted well with, and greatly extended, the observations made 
in perfused animal vascular systems. Together, the data suggest that activation 
of G-protein-coupled endothelial receptors, together with calcium influx, is 
necessary and sufficient to induce regulated tPA secretion (VAN DEN EIJNDEN
SCHRAUWEN 1996; VAN DEN EUNDEN-SCHRAUWEN et al. 1997). 

It therefore came as a surprise when it was found in further experiments 
that compounds that increased endothelial cAMP are also able to induce tPA 
secretion (HEGEMAN et al. 1998). Forskolin, dibutyryl-cAMP and prostacyclin 
induced, dose-dependently, acute release of tPA; vWF was released as well. In 
contrast to, for instance, thrombin-induced regulated secretion, the secretion 
induced by cAMP occurred more slowly, taking about 10min to be completed, 
while secretion occurred without a measurable increase in [Ca2+k It is thus 
likely that at least two, possibly separately regulated, systems in HUVEC are 
capable of inducing regulated secretion of tPA (and vWF). 

IV. Compounds Affecting Regulated tP A Secretion in Man 

1. The Occurrence of Regulated tPA Secretion in Man 

Provided that a sudden change in liver blood flow can be excluded (see Sect. 
c.n above), an abrupt increase in tPA level is most likely due to a sudden 
increase in regulated secretion (acute release) of tPA (EMEIS 1988). Direct evi
dence for regulated tPA secretion in man in vivo has recently been presented 
(c. JERN et al.1994; S. JERN et al.1994). Using a technique in which differences 
in an arteriovenous tPA antigen concentration could be determined during 
intra-brachial drug infusion, S. JERN et al. (1994) demonstrated that muscarinic 
receptor stimulation gave rise (also after correction for changes in blood flow) 
to an increase in the tPA antigen concentration in the venous effluent, or, 
stated differently, to acute release of tPA. Similar techniques have previously 
been used. CASH (1978) studied, in ipsilateral return venous blood, the effect 
on fibrinolytic activity of an intrabrachial infusion of epinephrine (which 
increased activity) and DDAVP (which had no effect). ROSING et al. (1978), 
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using a similar technique of intra-arterial drug infusion and sampling of venous 
return blood, found that an infusion of epinephrine gave an increase in fibri
nolytic activity which was inhibited by propranolol (a ,B-adrenergic blocker) 
but not by the a-adrenergic blocker phentolamine. These authors also found 
a positive effect of nicotinic acid. At that time, tPA antigen or specific tPA 
activity assays were of course not yet in existence, so that the studies of C. 
JERN et al. (1994) and of S. JERN et al. (1994) are the first to formally demon
strate regulated tPA secretion in peripheral vessels in man. 

Taken together, the reports of CHANDLER et al. (1993, 1995) on the effects 
of epinephrine infusion, in combination with the report of S. JERN et al. (1994) 
on arteriovenous differences in tPA antigen during acetylcholine infusion, and 
that of VAN DEN EIJNDEN-SCHRAUWEN et al. (1995) on regulated tPA secretion 
from cultured human endothelial cells, strongly support the statement that reg
ulated tPA secretion is an important physiological mechanism in man. These 
reports 'also suggest that plasma tPA levels are upregulated by activating the 
process of regulated release from large tPA storage pools in endothelial cells. 
On the basis of the observations in cultured human endothelial cell systems 
and in animal models discussed above, a large number of compounds would 
in principle be suitable to stimulate regulated secretion. Only a few of these 
have, however, been used in man. The data available up till 1990 have been 
regularly reviewed (KWAAN et al. 1957; FEARNLEY 1970; DESNOYERS 1978; 
NILSSON et al. 1980; MARKWARDT 1983; PROWSE and CASH 1984; PROWSE and 
MACGREGOR 1988; EMEIS 1988,1992, 1995a,b; KLOCKING 1991; KOOISTRA et al. 
1994). Therefore we will discuss these data in the following paragraph only in 
so far as they are relevant to recent observations. 

A cautionary remark should be made regarding these older studies. The 
reader should be aware that the distinction between regulated and constitu
tive secretion was not always taken into consideration, so that increased con
stitutive secretion (synthesis) has, especially in cell culture studies, often been 
described as increased release, suggesting an increase in regulated secretion. 
Also, in the older literature, the effects of interventions on plasminogen acti
vator(s) cannot always easily be distinguished from effects on the, at the time 
still unknown, plasminogen activator inhibitor( s). 

Clinical studies to estimate the body's capacity to secrete tPA into the 
circulation have mostly used one of three procedures considered to reflect this 
capacity: venous occlusion, exercise, or the infusion or injection of DDAVP 
(Desmopressin: 1-deamino-8-D-arginine vasopressin, a Vrreceptor-binding 
vasopressin analogue). These three procedures, all supposedly inducing tPA 
secretion, have been critically discussed recently (EMEIS 1995b), and will not 
be dealt with here in detail. All three procedures certainly increase the plasma 
level of tPA antigen in healthy people. 

As will be clear from the foregoing, however, the increase in tPA during 
exercise is largely determined by changes in liver blood flow, and by the release 
of epinephrine into the circulation, and will thus not necessarily reflect the size 
of the endothelial storage pool, or the capacity of the endothelium to release 
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tPA. A more straightforward way would be to infuse known amounts of 
epinephrine (CHANDLER et al. 1992a). 

The increase in tPA antigen in an occluded limb during venous occlusion 
is now thought to reflect the rate of constitutive tPA secretion into the 
occluded vessels, rather than secretory capacity (KEBER 1988; KEBER et al. 
1990). Provided great care is taken to correct for hemoconcentration in, and 
protein loss from, the occluded vessels (see, e.g., WIECZOREK et al.1993), venous 
occlusion may therefore provide a useful estimate of the constitutive tPA 
secretory pathway. One should keep in mind, however, that large differences 
exist between vascular beds, for instance that in the leg and that in the arm 
(see, e.g., KEBER 1983). The use of DDAVP will be discussed below in Sect. 
C.IV.4. 

2. Adrenergic Agents 

Intravenous isoproterenol, a ,6-adrenergic agent, dose-dependently increases 
tPA plasma levels by inducing the acute release of tPA (and uPA) when 
given either systemically (CHANDLER et al. 1995) or locally in the forearm 
(STEIN et al. 1998). Phenylephrine, an a-adrenergic agent, also increases tPA 
plasma levels dose-dependently, but in this case by decreasing liver blood flow 
(CHANDLER et al. 1995). These data explain the many confusing observations 
(discussed in, e.g., PROWSE and CASH 1984; PROWSE and MACGREGOR 1988) on 
the role of adrenergic stimulation in the activation of the fibrinolytic system 
which suggested that tPA release was mediated by both a-adrenergic and ,6-
adrenergic receptors. The dual role of adrenergic agents in inducing both 
increased secretion and reduced clearance finally explains these observations. 
During submaximal exercise, the effects of a reduction in blood flow prevail. 
During maximal exercise plasma epinephrine levels are increased, resulting in 
,6-adrenergic stimulation of regulated tPA secretion, as well as in additional 
reduction in liver blood flow by an a-adrenergic mechanism (CHANDLER et al. 
1993, 1995). All procedures that increase plasma epinephrine levels (stress, 
anxiety, exercise, etc.) are thus likely to increase tPA antigen levels (e.g., c. 
JERN et al. 1991, 1994). Norepinephrine has no effects on tPA levels. 

The ,6-adrenergic receptor present on cultured human aortic and micro
vascular endothelial cells is a salbutamol-responsive, A-adrenergic receptor 
(DRAIJER 1996). This is in good agreement with the observations (see PROWSE 
and MACGREGOR 1988) that salbutamol induces an increase in regulated secre
tion of tPA, and that, during local stimulation of the forearm with epineph
rine, the release of tPA is inhibited by a ,6-blocker (ROSING et al. 1978; see also 
STEIN et al. 1998). Since ,6-adrenergic stimulation of endothelial cells will result 
in increased levels of cAMP (HOPKINS and GORMAN 1981; LANGERER and VAN 
HINSBERGH 1991; SCHAFER et al. 1980), it is likely that the regulated secretion 
of tPA during ,6-adrenergic stimulation is driven by the cAMP-mediated 
mechanism described above. In perfused rat hind legs, epinephrine gave acute 
release of PA, which was inhibited by propranolol but not by phentolamine. 
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In this system, dibutyryl-cAMP similarly gave acute release of PA activity 
(ZHU et al. 1989). 

3. Vasopressin 

During many situations of stress (surgery, electroconvulsive therapy, 
apomorphine-induced nausea, to mention a few examples), not only epineph
rine is increased, but arg-vasopressin (AVP) as well. The question therefore 
arises whether vasopressin might, like epinephrine, be involved in the increase 
in fibrinolytic activity during stress. As extensively reviewed by GRANT (1990, 
1993), this is indeed the case, although the mechanism(s) involved are still not 
well defined. During major abdominal surgery, AVP concentrations will 
increase to well above 50pg/ml (GRANT et al. 1986), sufficient to induce 
increased plasma levels of tPA activity (GRANT et al. 1985) and antigen 
(HARIMAN et al. 1990). Modified electroconvulsive shock (HAMPTON et al. 
1990), as well as postural hypotension in patients with progressive autonomic 
failure (GRANT 1993), both induce an increase in plasma AVP, but no epi
nephrine response. Still, increased tPA antigen levels could be demonstrated 
in these two situations, showing that during stress AVP can induce increased 
levels of tPA in the absence of increased epinephrine. In these latter experi
ments, no increase in factor VIlIC (or vWF) was noted, although this was the 
case in "unmodified" electroconvulsive shock (PINA-CABRAL and RODRIGUES 
1974), which procedure increases the epinephrine level. 

No direct effect of AVP on tPA release has so far been reported in iso
lated vessels or in cultured endothelial cells (GRANT 1990, 1993), suggesting 
that AVP might act indirectly on the regulated secretion of tPA, as has also 
been suggested for the AVP analogue DDAVP (see next paragraph). Another 
explanation might be that AVP increases tPA levels by reducing liver blood 
flow. This hypothesis would fit with the observation that, in the absence of an 
increase in epinephrine (for instance in modified electroconvulsive therapy 
and in progressive autonomic failure), AVP is unable to increase the plasma 
level of vWF. Plasma levels of vWF are, because of the long half-life of vWF, 
not sensitive to changes in liver blood flow. In the case where both epineph
rine and AVP are increased (unmodified electroconvulsive therapy, surgery, 
etc.), this would result in an (epinephrine-mediated) acute release of tPA and 
vWF, an (epinephrine and AVP mediated) reduction in liver blood flow, and 
an additional increase in tPA. If only AVP is increased (modified electrocon
vulsive therapy, postural hypotension in progressive autonomic failure), only 
liver blood flow would be changed, and only tPA would increase. 

4. DDAVP 

The vasopressin analogue DDAVP was originally developed as an analogue 
which mimicked vasopressin's antidiuretic effect without having its vaso
pressin's vasoactive effects. DDAVP was subsequently shown to increase 
plasma levels of vWF, factor VIIlC, and tPA (for reviews, see MANNUCCI 1988; 
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MARIANI et a1. 1993; LETHAGEN 1994). In the field of hemostasis, DDAVP is 
mostly used to increase plasma levels of factor VIIIC/vWF, e.g., in hemo
philiacs or in von Wille brand disease patients prior to minor surgery, or in 
blood donors prior to blood donation (MANNUCCI 1988). The application of 
DDAVP's potential to increase the plasma level of tPA has been largely 
restricted to evaluate the regulated secretion of tPA. 

The mechanism by which DDAVP influences the plasma level of tPA and 
vWF is still a matter of controversy. Studies on the effect of DDAVP on the 
release of tPA and vWF in cultured human endothelial cells and in isolated 
perfused human umbilical cord blood vessels have proved uniformly negative. 
The original observation of CASH (1978) that infusion of DDAVP into a 
brachial artery did not result in measurable changes in tPA and vWF in the 
outflowing venous blood, while infusion of epinephrine did, led to the hypoth
esis that DDAVP induces the release, possibly from the pituitary, of an inter
mediary "plasminogen activator releasing hormone," which in turn would 
induce the release of tPA and vWF from the endothelium. Little evidence for 
the existence of a plasminogen activator releasing hormone has since been 
forthcoming, and the pituitary has been excluded as a source of this putative 
hormone (JUHAN-VAGUE et a1. 1984; see discussion in EMEIS 1995b). Another 
possibility, namely that DDAVP affects liver blood flow, can also be excluded 
(BURGGRAAF et a1. 1994). HASHEMI et a1. (1990,1993) have suggested that the 
hypothetical intermediary compound is PAF, released from DDAVP-activated 
blood monocytes. This suggestion was based on the observation that super
natants from DDAVP-stimulated monocytes induced more vWF release (syn
thesis) in cultured endothelial cells than did supernatants from unstimulated 
monocytes, the effect of which was abrogated by a PAF-antagonist (HASHEMI 
et al. 1993). PAF is, at least in experimental animals, a potent stimulus for the 
acute release of tPA and vWF (EMEIS and KLUFT 1985). However, in dogs, 
pretreatment with SR 27417, a PAF receptor antagonist, had no effect on the 
DDAVP-induced increases of FVIIIC, vWF, and tPA plasma levels (BERNAT 
et al. 1997). 

DDAVP does not work in patients with nephrogenic diabetes insipidus 
(DI), in whom the vasopressin type-2 (V2)-receptor is inactivated by mutation 
(DAVIES 1992). The hemostatic effects of DDAVP on tPA and vWF are also 
absent in patients with congenital X-linked nephrogenic DI (BICHET et a1. 
1988; BROMMER et al. 1990; KNOERS et al. 1990; KOBRIN SKI et a1.1985), although 
a few patients with non-X-linked nephrogenic DI show a normal clotting 
response to DDAVP (BRENNER et al. 1988). It can thus be assumed that 
DDAVP acts, as regards tPA and vWF release, on a Vrreceptor. This conclu
sion is strengthened by the observation that, in rhesus monkeys, the DDAVP
induced increase in plasma levels of vWF and factor VlnC (tPA was not 
studied in these monkeys) was inhibited by the Vrreceptor antagonist SK&F 
105494 (KINTER et al. 1992). Three other Vragonists, also active on renal Vr 
receptors, did not affect vWF and factor VIlIC, however (KINTER et a1. 1992). 
The authors concluded that "dDAVP stimulation of clotting factor release is 
mediated by a low-affinity, Vrlike receptor mechanism." Animal studies in this 
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field have in the past been greatly hampered by the still largely unexplored 
differences between species in their sensitivity to agonists, antagonists, and 
analogues of vasopressin (BURRELL et al. 1994; EMEIS 1995b). In man, vascu
lar vasodilatory Vrreceptors have been identified in various vascular beds 
(see, e.g., HIRSCH et al. 1989; SCHWARTZ 1989; SUZUKI et al. 1989; TAGAWA et al. 
1995; VALLOTTON 1991). Although the effect of DDAVP on forearm blood flow 
is not NO-dependent (VAN LIEBURG et al. 1995), it is very likely that forearm 
Vrreceptors are located on vascular endothelial cells, and might thus mediate 
tPA secretion. 

The mechanism underlying DDAVP-induced secretion has been clarified 
further by KAUFMANN et al. (2000). Having previously demonstrated that vWF 
release from endothelial cells could be induced by cAMP-increasing agents 
(VISCHER and WOLLHEIM 1997), this group now shows that DDAVP can 
directly induce vWF release from cultured human lung microvascular 
endothelial cells by activating the V2-receptor. Previous attempts to demon
strate this were apparently unsuccessful because the Vz-receptor is not nor
mally present on cultured HUVECs. Transfection of HUVECs with the 
Vz-receptor eDNA conferred responsiveness to DDAVP to these cells. It is 
likely that tPA secretion can also proceed via this mechanism (see Section III). 

WALL et al. (1997, 1998) demonstrated, in carefully conducted studies, that 
the infusion of DDAVP (70ng/min) into the brachial artery of volunteers led 
to a large increase of forearm blood flow and to a release of tPA (but not of 
vWF). At baseline, the average net release rate of tPA across the whole 
forearm vascular bed was 6.7ng/min. Infusion of DDAVP induced a massive 
regulated release of tPA with a peak after 15 min and a maximum net release 
rate of 178 ng/min. To determine whether the increase in flow rate was respon
sible for the observed tPA release additional experiments were performed 
with sodium nitroprusside infusions, which induced an even greater increase 
of forearm blood flow but no increase in tPA release. The lack of a tPA 
response in the contralateral control arm, as well as the unaltered systemic 
hemodynamic parameters during the local DDAVP infusion, confirm that the 
observed tPA response was independent of a central mechanism, but due to 
a local release mechanism. 

5. Acetylcholine and Methacholine 

Several reports describe increased fibrinolytic activity after the intra-arterial 
infusion of acetylcholine or methacholine (TESI 1975; S. JERN et al. 1994; C. 
JERN et al. 1997b; WALL et al. 1997; STEIN et al. 1998; DELL'OMO et al. 1999). 
The increase is due to a local release of tPA, and is mediated by muscarinic 
receptors, both in animals (EMEIS 1988) and in man (S. JERN et al. 1994). The 
subtype of the muscarinic receptor involved has not been determined. 

6. Bradykinin and Substance P 

Bradykinin and substance P are potent inducers of tPA secretion in animal 
systems (reviewed by EMEIS and TRANQUILLE 1992), while bradykinin also 
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induces regulated secretion of tPA in HUVEC via the Brreceptor (Emeis et 
aI., unpublished data). Intravenous bradykinin will increase plasma PA activ
ity in man (NERI SERNERI et ai. 1965; TESI and CARAMELLI 1972), and even more 
extensively in angiotensin-converting enzyme inhibitor-pretreated subjects 
(BROWN et ai. 1997). As shown by BROWN et ai. (1999) in the human forearm, 
bradykinin releases tPA through a local effect on the vaculature. Similarly, sub
stance P will induce tPA release when infused into the forearm (FANCIULLACCI 
et ai. 1993; NEWBY et ai. 1997). 

7. Coagulation Activation Products 

In cultured human endothelial cells, thrombin is a potent stimulus for regu
lated tPA secretion (BOOYSE et ai. 1986; VAN DEN EUNDEN-SCHRAUWEN et ai. 
1995). The same is true for animal systems (EMEIS 1992). As can be under
stood, no in vivo data are available for man. In baboons, infusion of phos
pholipid vesicles plus factor X resulted in thrombin generation and massive, 
possibly thrombin-mediated, secretion of tPA (GILES et ai. 1990). The poten
tial role of coagulation activation products in regulated tPA secretion has been 
reviewed previously (EMEIS 1992). 

8. cAMP 

If, as proposed above, f3-adrenergic agents cause increased regulated tPA 
secretion by increasing cAMP in endothelial cells, it would follow that 
other compounds that increase endothelial cAMP levels would also induce 
increased secretion of tPA, and increased plasma levels of tPA (provided liver 
blood flow is not strongly affected). Candidate compounds are prostacyclin 
(CASNOCHA et ai. 1989; HOPKINS and GORMAN 1981; LANGERER and VAN 
HINSBERGH 1991; SCHAFER et ai. 1980; HEGEMAN et ai. 1998), calcitonin gene
related peptide (CROSSMAN et ai. 1987), ADP and ATP (GRIESMACHER et ai. 
1992), and DDAVP. However, MANNUCCI (1974) found no effect of infusing 
the cAMP analogue dibutyryl-cAMP (0.35 mg kg-I min-I) on PA activity in 
humans. No data are available on the other candidate compounds in man. 

9. Miscellaneous Compounds 

Nicotinic acid, given intra-arterially, directly induces secretion of PA activity 
from the forearm (ROSING et ai. 1978), but the compound has not found wide 
acceptance, mainly due to the rapid induction of prolonged tachyphylaxis. The 
mechanism of action of nicotinic acid is fully unknown. For further details on 
nicotinic acid, see the reviews cited in Sect. C.IV1. 

Acetylsalicylic acid (aspirin) has been reported to reduce tPA secretion 
during venous occlusion (R.I. LEVIN et ai. 1984). This observation has subse
quently been both confirmed and denied several times (see references in R.I. 
LEVIN et ai. 1989). The published observations are hard to interpret, because 
venous occlusion is now widely considered to reflect base-line constitutive 
secretion, rather than capacity for regulated secretion. Moreover, in only a few 
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of the studies have the data been corrected for changes in hematocrit, making 
interpretation of the observations hazardous. Acetylsalicylic acid does not 
affect exercise-induced tPA changes (KEBER et al. 1987), nor does it affect 
DDAVP-induced changes in tPA (BROMMER et al. 1984). 

10. Abnormal Release of tPA 

Recently, a few studies have been published on tPA release from the perfused 
human forearm in patient populations. In contrast to a normal tPA release in 
response to methacholine in borderline hypertensive male patients (S. JERN et 
al. 1997), the same group of investigators subsequently reported (HRAFNKELS
DOTTIR et al. 1998) an impaired capacity for tPA release in response to DDAVP 
in (non-smoking) essentially hypertensive male patients, though the response 
to methacholine was normal. The forearm vasodilator responses were in all 
instances normal, again demonstrating that release of tPA and vasodilatory 
response are not related. DELL'OMO et al. (1999) reported, in elderly smoking 
male hypertensives, a deficient tPA release and a deficient vasodilatory 
response to acetylcholine, which led these authors to postulate that vasodi
latation induces tPA release (DELL'OMO et al. 1999). In view of the absence of 
tPA release during endothelium-independent vasodilation as induced by 
sodium nitroprusside, it is more likely, however, that in these patients the 
acetylcholine response itself was deficient. NEWBY et al. (1999) compared the 
effects of intrabrachial infusion of subsystemic, locally active doses of sub
stance P, an endothelium-dependent vasodilator, in smokers and non-smokers 
(NEWBY et al. 1999). The increase in forearm blood flow and the release of tPA 
were found to be reduced in the smokers. Since these authors had previously 
demonstrated that inhibition of NO synthesis reduced tPA release (NEWBY et 
al. 1998), together these data suggest that endothelial dysfunction may hamper 
the optimal release of tPA. 

D. Increase of tPA Activity by Inhibition of PAI-! 
During the last several years a number of compounds have been developed 
which decrease PAI-1 activity or synthesis, or interfere with the tPA/PAI-1 
complex formation and thus increase plasma tPA-mediated fibrinolytic activ
ity. Some of these compounds have been tested in animals, but none has yet 
been used in man. 

The flufenamic acid derivative AR-H029953XX, a low-molecular PAI-1 
inhibitor, increases the concentration of free tPA by inhibiting the formation 
of a tPA/PAI-1 complex (BJORQUIST et al. 1998). Several diketopiperazine
based low-molecular weight inhibitors of PAI-1 have been evaluated. XR334, 
XR1853, and XR5082 inhibited the inhibition of tPA and of two-chain uPA 
by PAl-I. When injected into rats, a 32%-60% increase in ex vivo whole blood 
clot lysis was observed (CHARLTON et al. 1996). The derivative XR5118 was 
shown to bind to an area between amino acids 110 and 145 of the PAI-1 mol-
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ecule, which is known to bind to tPA. Systemic infusion of XR5118 resulted 
in a significant reduction of PAI-1 activity in rabbits (from 24 to 11 IU/ml). In 
a rabbit jugular vein thrombosis model, XR5118 inhibited thrombus growth 
(FRIEDERICH et al. 1997). 

A third novel compound, T-686, (3E,4E)-3-benzylidene-4-(3,4,5-
trimethoxy-benzylidene )-pyrrolidine-2,5-dione, attenuated the increase of 
PAI-1 after lipopolysaccharide injection into mice and reduced mortality of 
mice (MURAKAMI et al. 1997). It also decreased venous thrombus growth in a 
rat thrombosis model (OHTANI et al. 1997). It attenuated the PAI-1 antigen 
accumulation induced by TGFf3 in conditioned medium from HUVEC cul
tures. In rabbits fed an atherogenic diet and exposed to vascular injury, T-686 
attenuated the development of vascular lesions (VINOGRADSKY et al. 1997). 

List of Abbreviations and Symbols 

AVP 
[Caz+]; 
cAMP 
DDAVP 
DI 
HUVEC 
IBMX 
PAI-1 
PAF 
PMA 
RAR 
RARE 
tPA 
TTNPB 

uPA 
vWF 

arginine-vasopressin 
intracellular calcium concentration 
adenosine cyclic 3'-5' monophosphate 
1-deamino-8-D-arginine vasopressin 
diabetes insipidus 
human umbilical vein endothelial cells 
isobutylmethylxanthine 
plasminogen activator inhibitor type 1 
platelet -activating factor 
4-f3-phorbol 12-myristate 13-acetate 
RXR, retinoic acid receptor, retinoid X/9-cis retinoic acid receptor 
retinoic acid response element 
tissue-type plasminogen activator 
p[(E) -2 - (5,6,7,8 - tetrahydro -5,5,8,8 - tetramethyl- 2 -naphthyl) -1-

propenyl] benzoic acid 
urokinase-type plasminogen activator 
von Willebrand factor 
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CHAPTER 21 

Structure, Pharmacology, and Clinical Use of 
Antifibrinolytic Agents 

CM. SAMAMA, W. DIETRICH, J. HORROW, and O. TABY, M.M. SAMAMA 

A. Introduction 
Antifibrinolytic therapy constitutes an effective means to control or reduce 
bleeding and to limit or avoid blood transfusion in current medical practice. 
During the past 30 years it has been used as an established antidote in patients 
treated by thrombolytic agents and experiencing bleeding complications. 
Antifibrinolytic drugs have also been prescribed in patients developing clini
cal hyperfibrinolysis. However, use of these products has been limited to very 
specific situations involving small numbers of patients. 

Up to the early 1980s, blood products have served as the primary treat
ment for patients with mild congenital and acquired disorders. There was no 
concern about the potential risk of transmitting infectious agents by homolo
gous blood transfusions. More recently, the human immunodeficiency virus 
(HIV) epidemic has completely changed the practice of blood transfusion. 
Attention has focused on new techniques involving a more sparing use of 
blood, cell savers, autotransfusion, hemodilution, and use of hemostatic drugs. 

The interest in antifibrinolytic agents dramatically increased when 
ROYSTON et al. (1987) were able to demonstrate, that high doses of aprotinin 
reduced intraoperative blood loss and transfusions in cardiac surgery. Many 
studies have been performed in this setting and large trials have taken place 
in vascular, liver, and orthopedic surgery, studying different dosages and 
modes of administration. Furthermore, several additional studies have been 
performed with synthetic cost-effective agents, such as 6-amino-hexanoic acid 
(E-amino caproic acid, EACA) and 4-amino-methyl-cyclohexane carboxylic 
acid (tranexamic acid, TA) in order to determine whether a similar efficacy on 
bleeding and transfusion requirements could be obtained as compared to 
aprotinin. 

B. Pharmacology and Clinical Use of EACA and TA 
Several pharmaceuticals inhibit the breakdown of cross-linked fibrin. 
OKAMOTO et al. (1959) reported efficient inhibition of plasmin activity associ
ated with low toxicity in experimental animals with EACA. This compound 
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strongly resembles the amino acid lysine (Fig. 1). Antifibrinolytic activity 
depends on a 7 A distance between the amino- and carboxyl groups. Replace
ment of the 4-carbon chain with the spatially similar cyclohexane molecule in 
its "chair" (trans) form produces the cyclic compound TA. The more rigid mol
ecular structure of the cyclohexane ring accounts for the seven to ten times 
greater potency ofTA relative to EACA (OGSTON 1984). 

EACA and TA bind to the lysine binding sites of plasminogen and 
plasmin, preventing these molecules from binding to C-terminal lysine 
residues of fibrin( ogen) (HOYLAERTS et al. 1981). In the process of binding 
to plasminogen, these compounds induce a conformational change of the 
plasminogen molecule and actually hasten its conversion to plasmin (THORSEN 
and MULLERTZ 1974; TAKADA et al. 1989). However, this conversion carries no 
physiologic consequence, since EACA and TA rapidly inhibit the action of 
plasmin. 

Despite the known effects of antifibrinolytic drugs in preventing the 
breakdown of cross-linked fibrin, evidence that platelet dysfunction consti
tutes the principal hemostatic defect of cardiopulmonary bypass (CPB) 
(McKENNA et al. 1975; HARKER et al. 1980; HARKER 1986) prompted investiga
tors to seek a platelet sparing effect of the antifibrinolytic compounds. Plasmin 
causes platelet mediator release and activation (ADELMAN et al. 1988). TA pre
vents platelet activation ex vivo and preserves platelet adenosine diphosphate 
content in patients undergoing CPB (SOSLAU et al. 1991). 

How do antifibrinolytics improve hemostasis? Most likely, several path
ways lead to this beneficial result: (1) platelet preservation, (2) decreased 
release of tissue-type plasminogen activator (tPA) by inhibiting formation of 
compounds which release tPA, and (3) inhibition of systemic fibrinolysis. A 
discussion of the clinical uses of the synthetic antifibrinolytics follows. 

Lysine 
NH2 
I 

H2N-CH2-CH2-CH2-CH2-CH-COOH 

£-Aminocaproic acid 

H2N-CH2-CH2-CH2-CH2-CH2-COOH 

Tranexamic Acid 
(trans-4-aminomethylcyclohexane carboxylic acid) 

Fig. I. Chemical structures of the amino acid lysine, its deaminated product £
aminocaproic acid (EACA), and tranexamic acid, which is formed by substituting a 
cyciohexane ring for four internal elements in the carbon chain 
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I. e-Aminocaproic Acid (EACA) 

1. Pharmacology 

561 

After administration of a loading dose of 150mg/kg/30min of EACA mean 
plasma concentrations in 27 patients undergoing extracorporeal circulation 
was 593 ± 154mg/l. EACA concentration above 150mg/l, which effectively 
inhibit plasma fibrinolytic activity (McNICOL et al. 1962), were maintained by 
an infusion of 30mg/kg per hour (BENNETT-GUERRERO et al. 1997). However, 
a recent pharmacokinetic study in 20 patients undergoing elective coronary 
surgery suggests that a loading dose of 50mg/kg over 20min before bypass, 
followed by 25 mg/kg per hour is sufficient to maintain plasma concentrations 
of EACA above 260mg/l, which is twice the concentration needed to inhibit 
plasma fibrinolytic activity. Clearance of EACA during bypass fell from 
approximately 85mllmin to 7mllmin (BUTTERWORTH et al. 1999). EACA does 
not bind (0 other plasma proteins except for plasminogen. EACA does not 
cross the intact blood brain barrier (OGSTON 1984) but inhibits fibrinolytic 
activity in the cerebrospinal fluid in the presence of subarachnoid hemorrhage. 
Between 70% and 90% of the drug appears in the urine within a few hours 
of administration, achieving a urinary drug concentration 50-100 times that of 
plasma (VERSTRAETE 1985). Since EACA is so dependent upon renal excretion 
and glomerular filtration, the infusion dose should be adjusted in patients with 
an elevated serum creatinine or aprotinin should be chosen as drug of choice 
(BUTTERWORTH et al. 1999). The terminal elimination half-life is 2h (OGSTON 
1984; VERSTRAETE 1985). 

2. Noncardiac Surgery 

a) Urologic Surgery 

Severe bleeding in the upper urinary tract presents a contraindication 
to EACA administration because of the inhibition of urokinase-mediated 
clot lysis, leading to obstruction of urinary flow (VAN ITTERBEEK et al. 1968; 
WYMENGA and VAN DER BOON 1998). For lower tract urinary bleeding, partic
ularly after prostatectomy, many controlled trials attest to the drug's safety 
(SHARIFI et al. 1986; SMITH et al. 1984). However, a prophylactic role in bleed
ing from prostate surgery has not been demonstrated (SMITH et al. 1984). 

b) Oral Surgery 

Saliva, a fluid with high fibrinolytic activity (SINDET -PEDERSEN et al. 1987) 
worsens the inherent coagulation defect in patients with hemophilia or von 
Willebrand disease (STERN and CATONE 1975). Antifibrinolytic therapy, either 
parenterally or by mouthwash, provides routine prophylaxis against bleeding 
in this and other populations at risk (BLOMBACK et al. 1989). The combination 
of desmopressin and EACA may enhance the therapeutic effect (WILLIAMSON 
and EGGLESTON 1988). 
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c) Liver Transplantation 

Orthotopic liver transplantation may be divided into three stages: prehepatic, 
anhepatic and recirculation stage. Fibrinolysis is altered by different mecha
nisms in each of these stages of surgery. Patients with liver disease commonly 
exhibit a decreased clearance of tPA resulting in increased circulating plasma 
levels of tPA. This phenomenon is accentuated during the anhepatic phase, 
when clearance falls still further. However, heavy blood losses with transfu
sion of packed red blood cells and stored whole blood (containing virtually no 
active tPA) represent an alternate extra-hepatic clearance mechanism and 
contributre to a partial correction of elevated tPA levels (CROOKSTON et al. 
2000). KANG et al. (1987) successfully treated 20 of 97 patients undergoing liver 
transplantation with EACA, suppressing fibrinolytic activity, reducing blood 
losses with no thrombotic complications. 

3. Use in Cardiac Surgery 

Routine monitoring of anticoagulation during CPB and improvements in the 
biomaterials have decreased the coagulation activation. Nevertheless, the evi
dence for ongoing coagulation during CPB despite adequate heparin therapy 
(TANAKA et al. 1989) suggests that subsequent fibrinolysis occasionally explains 
excessive bleeding after operation. 

Initial attempts to decrease bleeding after heart operations with EACA 
produced mixed results. Early reports lacked blinding and randomization, and 
often employed subtherapeutic or minimally effective doses of drug (Table 1). 
In well designed studies, prophylactic EACA decreased bleeding (DEL ROSSI 
et al. 1989; KARSKI et al. 1993; DAILY et al. 1994; TROIANOS et al. 1995, 1999). A 
recent meta-analysis of nine randomized studies of EACA vs controls 
revealed a mean reduction of blood losses with EACA of 35% (p < 0.001) 
(MUNOZ et al. 1999). Treated patients received less homologous blood, with no 
increase in adverse events. 

4. Adverse Effects 

Case reports of thrombosis from EACA accumulated following its introduc
tion (BERGIN et al. 1966). A report of glomerular thrombosis in a bleeding 
patient with metastatic prostate carcinoma given EACA (CHARYTAN and 
PURTILO 1969) prompted an editorial branding EACA "a dangerous weapon" 
(RATNOFF 1969). While antifibrinolytic therapy favors the development of 
thrombosis in the presence of a consumptive coagulopathy, glomerular throm
bosis could have resulted from the underlying coagulopathy without EACA 
therapy (GRALNICK 1971; COLUCCI et al. 1991). Several case reports document 
an association of cerebral thrombosis with EACA therapy for subarachnoid 
hemorrhage (SONNTAG and STEIN 1974; HOFFMAN and Koo 1979). 

However, prospective studies of prophylactic EACA demonstrate its safety 
to the extent that this is possible with cohorts of moderate size (VINNICOMBE 
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and SHUTTLEWORTH 1966; SMITH et al. 1984; SHARIFI et al. 1986; DEL ROSSI 
et al. 1989). A prudent clinician, however, will avoid its use in patients with 
fulminant consumptive coagulopathy unless otherwise anticoagulated. 

II. Tranexamic Acid 

1. Pharmacology 

Administration of 10mg/kg of TA produces plasma concentrations between 
30 and SOmg/l, decreasing to Smg/l Sh later (HOYLAERTS et al. 1981; ASTEDT 
1987). To achieve 80% inhibition of fibrinolytic activity requires concentra
tions of 10mg/l (OGSTON 1984; ASTEDT 1987). With normal renal function, 
nearly 60% appears in the urine within 3 h, and over 90% within 24 h. A tri
exponential model of TA plasma disappearance demonstrates an overall bio
logical elimination half-life of 2 h (ERIKSSON et al. 1974). TA, like EACA, binds 
negligibly to proteins other than plasminogen; unlike EACA, however, it 
passes readily into most tissues, including placenta, aqueous humor, joints, 
seminal fluid, and across the damaged blood-brain barrier. Oral administra
tion results in more sustained tissue levels than intravenous administration. 
Rectal administration, employed to treat ulcerative colitis, results in minimal 
absorption and low plasma levels (ALMER et al. 1992). 

2. Nonsurgical Applications 

Promyelocytic leukemia cells with the t (1S;17) translocation express abnor
mally high levels of cell surface annexin II, a receptor for both plasminogen 
and tPA. The increased occupancy with annexin II on the surface of pro
myeloblasts leads to an abnormally high generation of plasmin which predis
poses patients to bleeding complications (MENELL et al. 1999). Plasmin cleaves 
(and partially inactivates) the thrombin-activatable fibrinolysis inhibitor 
(TAFI) resulting in a diminution of the fibrinolysis-inhibitory potential of the 
plasma. This mechanism contributes to the severity of the bleeding complica
tions (MEIJERS et al. 2000). These have been successfully prevented by oral TA 
during initiation of chemotherapy of pro myelocytic leukemia (AVVISATI et al. 
1989). Other reported successful applications include abruptio placenta (SVAN
BERG et al. 1980), gastrointestinal bleeding (VON HOLSTEIN et al. 1987), epis
taxis (WHITE 1988), hemothorax associated with malignant mesothelioma (DE 
BOER et al. 1991), traumatic hyphema (JERNDAL and FRISEN 1976; DEANS et al. 
1992; RAHMANI and JAHADI 1999; RAHMANI et al. 1999), and even consumptive 
coagulopathy (TAKADA et al. 1990). In subarachnoid hemorrhage, a second 
episode of bleeding often complicates care, producing significant morbidity. 
Antifibrinolytic therapy in the form of EACA, or more commonly TA, suc
cessfully prevents rebleeding (SCHISANO 1978). However, concern that these 
drugs potentiate the development of cerebral vasospasm and the fact that TA 
did not result in a survival benefit in eight randomized studies (Roos et al. 
1998) sharply curtailed its application. 
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Patients with advanced chronic renal failure typically exhibit platelet func
tion abnormalities and a prolonged bleeding time. TA 20mg/kg per day, given 
over a period of 6 days resulted in a shortening of the bleeding time in 26 of 
37 patients (67%) and was associated with a significant improvement of 
platelet aggregation and secretion (MEzzANo et al. 1999). These findings indi
cate that enhanced fibrinolysis contributes to the defect in primary hemosta
sis in chronic advanced renal failure. 

3. Noncardiac Surgery 

Mouthwashes with TA successfully prevented excessive bleeding following 
oral surgery in anticoagulated patients (SINDET-PEDERSEN et al. 1989). TA, 
40mg/kg per hour, reduced homologous blood transfusion requirements in a 
randomized double-blind placebo-controlled group in orthotopic liver trans
plantation (BOYLAN et al. 1996). TA has even found application in reducing 
blood loss after total knee arthroplasty (HnpPALA et al. 1995) in patients also 
receiving enoxaparin for the prophylaxis of frequently occurring postopera
tive deep venous thrombosis. 

4. Cardiac Surgery 

HORROW et al. (1990) demonstrated that prophylactic TA decreased bleeding 
by about 30% in a mixed population of patients undergoing cardiac surgery. 
Those initial observations in a small patient group have subsequently been 
confirmed (Table 2, Fig. 2) (SOSLAU et al. 1991; HORROW et al. 1991, 1995; 
KARSKI et al. 1995; MATSUZAKI et al. 1999). In a recently published trial three 
different doses of TA were compared (50mg/kg, 100mg/kg, and 150mg/kg). 
Of the three doses tested the most cost-effective one to reduce bleeding was 
100mg/kg (KARSKI et al. 1998). The magnitude of savings with TA appears 
equivalent to that obtained in similar populations with EACA (DEL ROSSI et 
al. 1989) and with aprotinin (DIETRICH et al. 1992). Direct comparisons with 
low-dose aprotinin and with EACA revealed equivalent but somewhat lower 
hemostatic efficacy when compared to high-dose aprotinin (PUGH and WIEL
OGOSRSKI 1995; BOUGHENOU et al.1995; PENTA DE PEPPO et al.1995; MENICHETTI 
et al. 1996; LANDYMORE et al. 1997; MUNoz et al. 1999). 

5. Adverse Effects 

As with EACA, prospective studies failed to implicate short term TA admin
istration to various groups of patients as an accelerator of thrombosis (SOSLAU 
et al. 1991; HORROW et al. 1991,1995; BOYLAN et al. 1992; KARSKI et al. 1993). 
Studies in normal patients revealed no thrombogenic effect of TA, mediated 
via platelet activation or elevated levels of factor VIII or von Wille brand factor 
(LETHAGEN and BJORLIN 1991). 

Case reports, however, question the safety of long term administration. 
One patient with acute myelogenous leukemia suffered a retinal artery occlu-
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Fig.2. Blood loss (left vertical axis) and percentage of patients receiving any allogeneic 
red cell transfusion within 5 days of operation (right vertical axis) achieved with admin
istration of prophylaxic tranexamic acid. *p < 0.0001; +p = 0.011. Means and SEM shown 
for blood loss. Adapted from HORROW et al. (1991) with permission 

Table 2. Studies of tranexamic acid to reduce bleeding afte r cardiac surgery 

Year Reference' Nb Blood loss Structure Dose ofTA 
reduction 

1990 HORROW 18/20 34% Blinded; 10mg/kg 
randomized 

1991 HORROW 77/82 30% Blinded; lOmg/kg 
randomized 

1991 SOSLAU 8/9 36% Blinded; 7mg/kg 
randomized 

1993 KARSKI 65/91 35% Retrospective 109 

1995 KARSKI 99/48 36% Blinded; 109 or 20g 
randomized 

1995 HORROW 97/51 31% Blinded; 5 to 40mg/kg 
randomized 

CPB, cardiopulmonary bypass; EACA, E aminocaproic acid; TA, tranexamic acid. 
"First author. 
"Number of patients in the treated group/number in the control group. 

Timing of dose 

Before incision 

Before incision 

Before and 
after CPB 

Before CPB 

Before CPB 

Before incision 

sian after 5 days' treatment with TA (PARSONS et al. 1988). An elderly woman 
given intravenous TA for 10 days after subarachnoid hemorrhage suffered a 
massive pulmonary embolism (Woo et a1.1989). Two young women treated for 
a year with oral TA for menorrhagia developed intracranial arterial throm
bosis (RVDIN and LUNDBERG 1976). A patient with idiopathic thrombocy-
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topenic purpura developed deep vein thrombosis after 16 months of oral TA 
therapy (ENDO et al. 1988). A woman with hereditary angioneurotic edema 
who received either EACA or TA over 5 years developed thrombosis of the 
left common carotid artery (DAVIES and HOWELL 1977). 

c. Pharmacology of Aprotinin 
Aprotinin is a naturally occurring serine protease inhibitor. It was indepen
dently discovered by KRAUT et al. (1930) and KUNITZ and NORTHROP (1936) as 
an inhibitor of kallikrein and trypsin. It is also known as basic pancreatic 
trypsin inhibitor because it was first isolated from bovine pancreas. It is present 
in other mammalian tissues such as lungs, parotid gland, spleen, liver, and 
seminal vesicles (FRITZ and WUNDERER 1983). For commercial purpose it is 
generally isolated from bovine lungs. 

I. Structure 

Aprotinin is a 58 amino-acid polypeptide with a molecular weight of 6.5 kD. 
Its structure consists of a single chain cross-linked by three disulfide bridges. 
The molecule is very basic with an isoelectric point of 10.5 (KASSEL 1970). 
The three-dimensional structure of aprotinin has been obtained by X-ray 
crystallography (HUBER et al. 1972). The arrangement of the molecule is very 
compact. This is the main reason why aprotinin is remarkably stable and resis
tant to heat, extreme pH, and proteolysis. Potency of aprotinin is expressed in 
kallikrein inhibitor units (KIU) or in protease inhibitor units (PIU); 1 KIU is 
equivalent to 8PIU and 1 millionKIU represent 140mg of the pure inhibitor 
(ROBERT et al. 1996). 

II. Pharmacology 

Serine proteases inhibited by aprotinin and their inhibition constants (Ki) are 
reported in Table 3. Aprotinin has a broad inhibitory specificity but the most 

Table 3. Serine proteases inhibited by aprotinin 

Protease 

Trypsin 
Urinary kallikrein 
Plasmin 
Chymotrypsin 
Plasma kallikrein 
Activated protein C 
Urokinase 
Tissue factor/factor VIla 

6 X 10-14 

9 X 10-11 

1 X 10-9 

9 X 10-9 

3 X lO-H 

1.35 X 10-6 

2.7 X 10-5 

3 X 10-5 

Reference 

VINCENT and LAZDUNSKI (1972) 
FRITZ and WUNDERER (1983) 
FRITZ and WUNDERER (1983) 
FRITZ and WUNDERER (1983) 
FRITZ and WUNDERER (1983) 
TABY et al. (1990) 
LOTTENBERG (1988) 
CHABBAT et al. (1993) 
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important physiological effects are its inhibition of plasmin and of kallikreins 
of different origin. The mechanism of inhibition is the same for all the pro
teases listed in Table 3. Aprotinin forms a 1:1 stoichiometric complex with the 
enzyme and blocks the active site of the latter. The amino acid lysine in posi
tion 15 is involved in the inhibitory activity of aprotinin (CHAUVET and ACHER 
1967). It forms a covalent bond with the serine residue of the catalytic site as 
demonstrated by crystal structure analysis of the complex of aprotinin and 
bovine trypsin (RUHLMANN et al. 1973). 

While there is ample evidence of the inhibition of plasmin and kallikreins 
by aprotinin it has not been clearly determined whether inhibition of activated 
protein C (an inhibitor of blood coagulation) and of the tissue factorlfactor 
VIla complex (initiates the coagulation cascade) plays a role during therapy 
with aprotinin. K; values are about two to three orders of magnitude lower 
than those for plasmin and kallikrein and the therapeutic aprotinin concen
trations used may not be sufficient to inhibit the two latter enyzmes (TABY et 
al. 1990; CHABBOT et al. 1993). 

III. Pharmacokinetics 

The administration of aprotinin is intravenous because it is inactivated in the 
upper gastrointestinal tract (ROYSTON 1992). After injection, the drug dis
tributes rapidly into the extracellular space. The distribution half-life is 0.7-2.5 
h and the elimination half-life is 7-10h. Aprotinin exhibits linear pharmaco
kinetics over the dose range of 0.5-2 x 106 KIU Its apparent volume of dis
tribution is 261 (LEVY 1994). Plasma concentrations of aprotinin can be 
determined by enzyme-linked immunosorbent assay. 

Studies in animals have shown that the main metabolic and excretory 
organ for this drug is the kidney. Approximately 90% of the dose appears in 
the kidney within a few hours after the injection and remains there for 12-
14h (VERSTRATE 1985; WESTABY 1993). Aprotinin is filtered by the glomeruli 
and actively reabsorbed by the proximal tubules, where it remains until metab
olized by renallysosomes into small peptides or amino acids. Of a single dose, 
25%-40% is excreted in the urine over 48h, predominantly as metabolites. 

IV. Clinical Use 

1. History 

The drug was released to the market in Europe in the late 1950s and has, 
for nearly 40 years, been in clinical use for a variety of indications. Early 
trials with aprotinin in indications such as pancreatitis and septic shock do 
not satisfy current requirements of trial design and are therefore difficult to 
interpret. 

The first report on the use of aprotinin to reduce bleeding and allogeneic 
blood requirement in open-heart surgery was published in the 1960s (TrcE et 
al. 1964). Encouraging results on the use of aprotinin in pediatric open-heart 
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surgery were published in 1985 (POPOV-CENIC et al. 1985). At this time there 
was no generally accepted dosage regime for aprotinin and the drug was used 
in dosages between 100000KIU and 1 Million (M) KIU per patient. 

ROYSTON et al. (1987) described a novel high-dosage regimen of aprotinin 
and reported remarkable reductions on bleeding and allogeneic blood require
ment. His dosage ("Hammersmith dosage") consisted of a bolus of 2M KIU 
aprotinin prior to skin incision, a continuous infusion of 500000 KIU/h during 
the operation, and an additional bolus of 2M KIU given to the pump prime 
of the heart-lung machine. Since the publication of this study, the drug has 
been investigated in cardiac surgery in numerous studies. Unequivocally, all 
these studies showed a significant reduction of bleeding tendency during open
heart surgery by the use of high-dose aprotinin. 

2. Mode of Action of Aprotinin (Clinical Point of View) 

Platelet dysfunction is the main cause of nonsurgical bleeding after car
diopulmonary bypass (HARKER et al. 1980). Platelets are activated mechani
cally by contact with the foreign surfaces of the heart-lung machine, the roller 
pumps, the suction lines, the oxygenator, and by ADP released from red 
blood cells (McKENNA et al. 1975). Additionally, activation of the coagulation 
cascade, which occurs during CPB, also leads to platelet activation and platelet 
dysfunction. The contact of blood with the artificial, negatively charged sur
faces of the extracorporeal circuit results in the activation of the contact phase 
of hemostasis. The Hageman factor (FXII) is converted into its active form 
and converts, in the presence of high molecular weight kininogen, 
prekallikrein to kallikrein, which again activates the Hageman factor and also 
converts single-chain urokinase to the active two-chain form (lcHINOSE et al. 
1986; HAUERT et al. 1989). Kallikrein leads via activation of Factor XI to the 
activation of the clotting cascade. The pivotal point of hemostatic activation 
during CPB is generation of thrombin (WINTERS et al. 1991). Thrombin not 
only converts fibrinogen into fibrin, but is also the most powerful platelet acti
vator, activates the endothelium and fibrinolysis via the release of tPA from 
the endothelium, stimulates white blood cells, and has a mitogenic effect on 
vascular smooth muscle cells (KANTHOU et al. 1992; HARKER et al. 1995). 
Heparin is commonly used during CPB to inhibit thrombin activity. However, 
thrombin, which is clot-bound, is no longer accessible for the heparin/ATIII 
complex (WElTZ et al. 1990). Thus, despite the presence of heparin, there 
always remains a residual thrombin activity (DIETRICH 1996). 

This process of hemostatic activation is controlled by amplification cas
cades of proteolytic enzymes and by physiologic inhibitors. The vast majority 
of those are mediated by serine proteases (ROYSTON 1992). This whole body 
inflammatory response (KIRKLIN et al. 1983) is in part manifested by bleeding 
tendencies, which occur postoperatively despite proper surgical technique. The 
main hemostatic functions of platelets are the adhesion to damaged blood 
vessel walls, the aggregation to form a platelet plug, and the promotion of 
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fibrin clots. Adhesion is primarily mediated by a specific receptor on the 
platelet surface - the glycoprotein receptor lb. Platelet aggregation is initiated 
by the interaction of the glycoprotein receptor IIb-lIIa and fibrinogen. It is 
known that both surface glycoproteins are decreased during CPE. This reduc
tion of surface glycoprotein may be responsible for the functional defects of 
platelets after CPB (EDMUNDS 1993; RINDER et al. 1991). 

Aprotinin has a number of biochemical effects on this process of hemo
static activation. The drug exerts its inhibitory effect on the target serine pro
tease by forming reversible stoichometric enzyme-inhibitor complexes. The 
most striking effect of aprotinin on the hemostatic system is the reduced fib
rinolytic activation in patients treated with aprotinin. The concentration 
required to inhibit serine proteases varies from approximately 50KIU/ml for 
plasmin to 200 KIU/ml for plasma kallikrein. Unequivocally, all studies report 
a reduction of D-dimers (BLAUHUT et al. 1991), fibrin degradation products 
(Lu et al. 1991), fibrinolytic activation on fibrin plates (DIETRICH et al. 1990), 
and reduction of the plasmin-antiplasmin complexes (DIETRICH et al. 1995). 
On the other hand, there is no influence of aprotinin on the extrinsic pathway 
of fibrinolysis - no differences in tPA concentrations could be detected (DIET
RICH et al. 1990). Unquestionably, aprotinin given in high dosages is a strong 
and effective antifibrinolytic drug. 

The rationale for using the high aprotinin dosages was to achieve apro
tinin plasma concentrations higher than 200 KIU/ml. These concentrations are 
sufficient to inhibit kallikrein activation (FRITZ and WUNDERER 1983) and, 
therefore, reduce contact phase activation of hemostasis. However, it could 
be shown that the plasma concentrations of aprotinin sufficient to inhibit 
kallikrein, are not maintained throughout the entire period of CPB (DIETRICH 
et al. 1990; FEINDT et al. 1993). MARX et al. (1991) could not demonstrate sig
nificant differences in Factor XII - or Factor XI -activity in patients treated with 
aprotinin compared to patients without aprotinin. On the other hand, in a 
model of simulated CPB it was possible to demonstrate reduced contact phase 
activation and reduced expression of tissue factor on monocytes by the use of 
aprotinin (WACHTFOGEL et al. 1993; KHAN et al. 1999). 

Aprotinin prolongs the activated partial thromboplastin time (APTT) as 
well as the celite-activated clotting time (ACT) (DIETRICH et al. 1995) while 
the kaolin activated clotting time is not prolonged (DESPOTIS et al. 1995). It 
was speculated that this ACT prolongation is an artificial, in vitro effect of 
aprotinin and might be responsible for a reduction of heparin dosage during 
CPB which finally may lead to increased graft occlusion due to insufficient 
anticoagulation (COSGROVE et al. 1992). However, it was demonstrated that 
aprotinin binds to kaolin in the test tube and the celite ACT prolongation 
reflects a true anticoagulatory effect of aprotinin (DIETRICH and JOCHUM 1995). 
Additionally, there is evidence that clotting activation is reduced by aprotinin. 
Plasma levels of prothrombin fragment F1 +2 (DIETRICH et al. 1995), throm
bin/AT III complex (Lu et al. 1991), fibrin monomers (DIETRICH et al. 1990), 
and fibrinopeptide A (MARX et al. 1991) are lower in aprotinin-treated 
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patients. Though these results are not as uniform as aprotinin's effect on fib
rinolysis (VERSTRAETE 1985), there is ample evidence that aprotinin not only 
acts as an antifibrinolytic agent but also as an anticoagulant (QUERESHI et al. 
1992; DIETRICH 1996). 

Platelet function is better preserved by high-dose aprotinin treatment 
(MOHR et al. 1992; VAN OEVEREN et al. 1990), probably due to reduced throm
bin activity (DIETRICH et al. 1990; KAWASUJI et al. 1993; ORCHARD et al. 1993; 
SPANNAGL et al. 1994). The hypothesis about the mode of action of aprotinin 
in open heart surgery is that aprotinin inhibits contact phase activation and 
activation of the fibrinolytic system (DIETRICH 1996). Because thrombin and 
plasmin are both platelet stimulators, platelet function is preserved after CPB. 
The consequence of this better preserved platelet function is the reduced 
intra- and postoperative bleeding tendency (DIETRICH et al. 1995). 

3. Efficacy of Aprotinin Treatment 

Historically, patients with cardiac reoperations were the first group in whom 
the high-dose aprotinin dosage regimen was used (ROYSTON et al. 1987). These 
patients are at risk for peri operative bleeding and require more allogeneic 
blood transfusions than primary operations. In his original publication 
ROYSTON et al. (1987) described a small group of 22 patients having cardiac 
reoperations. Eleven patients were treated with high-dose aprotinin, while the 
other 11 patients served as control group. A reduction in postoperative bleed
ing tendency from 1509 ± 388ml in the control group to 286 ± 48ml in the 
aprotinin group was described. Four of 11 patients in the aprotinin group 
received a total of 5 units of blood compared to a total of 41 units in the control 
group. These encouraging results initiated several other controlled and 
placebo-controlled studies in cardiac surgery (VAN OEVEREN et al. 1987; 
BIDSTRUP et al. 1989; DIETRICH et al. 1990; BLAUHUT et al. 1991). A recent meta
analysis reviewed 46 randomized clinical trials published between 1985 and 
1998 involving the use of aprotinin in CPB. Compared to placebo the mean 
reduction of blood losses with high-dose aprotinin was 53%, with low-dose 
aprotinin 35% (MUNOZ et al. 1999). 

Aspirin therapy is associated with increased risk of postoperative bleed
ing, which has been reported to increase the likelihood of repeat operation for 
bleeding (BASHEIN et al. 1991). Studies have been conducted to assess the effi
cacy of aprotinin in this group of patients. MURKIN et al. (1994) studied 54 
patients with preoperative aspirin ingestion. They found a reduction of post
operative bleeding tendency from 1710ml in the control group to 906ml in the 
aprotinin group. The blood transfusion requirement was reduced from 8 units 
in the control group to 4.1 units in the aprotinin group. Similar results were 
found by others (KLEIN et al. 1998; IVERT et al. 1998; BIDSTRUP et al. 2000). 

The analysis of the first 3 years' use of aprotinin in the German Heart 
Centre Munich (DIETRICH et al. 1992) compared the results of 902 patients 
treated with aprotinin to 882 control patients. The 1784 patients mostly under-
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went primary coronary artery bypass graft (CABG) procedures (61 %), valve 
replacement (31 %), or combined procedures (8 %). The postoperative blood 
loss was reduced by 35 % in the aprotinin group compared to the control group 
(678ml vs 1037ml). The allogeneic blood requirement was reduced by 53% 
(942ml vs 1999ml). The results in primary operations and combined proce
dures repeat operations were comparable in this study. In a further study these 
authors also compared the effect of a high-dose vs a low-dose regimen on 
blood coagulation activation markers, fibrinolytic parameters, and postopera
tive blood loss in a randomized, double-blind trial of 230 patients undergoing 
cardiac surgery. The high-dose was significantly more effective than the low
dose regimen in attenuating fibrinolysis and reducing the bleeding tendency, 
but not in reducing the F1+2 prothrombin fragments. In the opinion of the 
authors, a high-dose therapy is superior to low-dose aprotinin in cardiac 
surgery (DIETRICH et al. 1998). 

These initial results in patients undergoing repeat cardiac surgery were 
confirmed by others. LEVY et al. (1995) studied 126 patients undergoing repeat 
CABG surgery. They found a reduction of postoperative bleeding tendency 
from 1700ml in the control group to 900ml in the aprotinin group. Accord
ingly, the transfusion requirement was reduced by 79% in the aprotinin group 
compared to the control patients. LEMMER et al. (1994), also studying repeat 
CABG patients, found a reduction in blood loss of 38% and a reduction of 
allogeneic blood requirement of 79% by the use of aprotinin. 

A meta-analysis of 52 randomized trials published between 1985 and 1998 
involving the use of EACA (n = 9) or of aprotinin (n = 46) in CPB revealed 
that total blood loss was reduced by 53% by high-dose aprotinin and 35% by 
either low-dose aprotinin or EACA. Transfusion requirements were signifi
cantly reduced by all three treatment schedules. The need for re-exploration 
because of bleeding was significantly reduced only by high-dose aprotinin (Fig. 
3) (MUNOZ et al. 1999). 

The concomitant reduction in blood transfusion requirements depends 
on the transfusion policy in the given hospital. Aprotinin is effective in atten
uating bleeding in patients under aspirin therapy (KLEIN et al. 1998; IVERT 
et al. 1998; BIDSTRUP et al. 2000). It seems even more effective in redo surgery 
and longer lasting operations. 

4. Miscellaneons Uses 

a) Orthotopic Liver Transplantation (OLT) and Elective Liver Resection 

Severe bleeding is common during OLT and several studies have shown that 
aprotinin is a potent hemostatic agent in this setting (NEUHAUS et al. 1989). 
Most of these trials have used an open design and results have been compared 
with historical controls (reviewed by GARCIA-HuETE et al. 1997). In a 
comparative study (SOILLEUX et al. 1995), low-dose aprotinin (500000KIU 
bolus and 150000KIU/h) was as effective as high-dose (2MioKIU bolus and 
500 000 KIU/h) , but there was no placebo group in this study. Therefore, it was 
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Outcome Drug # Studies Odds Ratio and 95% Confidence Interval 

Transfusion High-dose aprotinin 32 
Low-dose aprotinin 13 
E -Aminocaproic acid 5 

High-dose aprotinin 27 
Low-dose aprotinin 13 
E -Aminocaproic acid 7 

Re-Exploration 

High-dose aprotinin 15 
Low-dose aprotinin 9 
E -Aminocaproic acid 7 

Stroke o ~ I 

High-dose aprotinin 17 
Low-dose aprotinin 10 
E -Aminocaproic acid 6 

Myocardial Infarction 

HIgh-dose aprotinin 25 
Low-dose aprotinin 11 
E -Aminocaproic acid 5 

Mortality 

0.1 10 

Log Scale 

Fig.3. Meta-analysis of randomized studies in cardiac surgery. Odds ratios and 95% 
confidence intervals are given for high-dose aprotinin, low-dose aprotinin, and EACA 
for various study parameters. Note the logarithmic scale on the abscissa. From MUNOZ 
et a1. (1999) (corrected figure) with permission 

impossible to conclude that small dose aprotmm was more effective than 
placebo. A more recent study has demonstrated that low-dose aprotinin con
trolled hyperfibrinolysis with a concomitant reduction in transfusion of blood 
products (MARCEL et al. 1996). This study was double-blind but unfortunately 
the number of patients was not large enough to give a valid answer to the 
question as far as the hemostatic efficacy of aprotinin is concerned. Another 
randomized trial in 80 patients concluded that high-dose aprotinin was not 
useful in reducing bleeding and blood product requirements (GARCIA-HuETE 
et al. 1997). However, in this study no attenuation of D-dimer increases was 
observed in the aprotinin group, a most unusual finding. Recently, a random
ized, double-blind, placebo-controlled study has clearly confirmed that apro
tinin is a useful adjunct in OLT and greatly reduces blood losses. In the 
EMSALT study 137 patients undergoing primary OLT received high-dose 
aprotinin (n = 46; 2M KIU as an initial 20min. infusion loading dose before 
and during induction of anesthesia, followed by 1 M KIU/h until2h after graft 
perfusion, supplemented by another 1 M KIU 30min before graft reperfusion), 
"regular-dose" aprotinin as used in open-heart surgery (n = 43; loading dose 
of 2M KIU, followed by 0.5M KIU/h until2h after graft perfusion), or placebo 
infusions (n = 48). Mean total blood loss in the placebo group was 5050ml, in 
the regular aprotinin group it amounted to 2825 ml (a reduction of 44%; p = 
0.04) and in the high-dose aprotinin 2030ml (reduction of 60%; p = 0.02) 
(PORTE et al. 2000). Thromboembolic events occurred in 2 patients in the high-
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dose group, none in the regular-dose group and in two in the placebo group. 
Mortality at 30 days did not differ between the three groups (6.5%,4.7% and 
8.3% respectively). Aprotinin also significantly reduced blood loss and trans
fusion in patients undergoing elective liver resection through a subcostal inci
sion (LENTSCHENER et al. 1997). 

b) Orthopedic Surgery 

Aprotinin moderately decreases blood loss requirements during total hip 
replacement (JANSSENS et al. 1994; MURKIN et al. 1995). One or two packed 
red cells units per patient can be saved when this drug is used. However, with 
regard to the small reduction in blood transfusion observed in these patients 
as compared to the real efficacy of auto transfusion techniques, the use of 
aprotinin cannot be generalized in this indication. Furthermore, the potential 
increased thrombogenic risk in addition to the allergic risk limits its use after 
total hip replacement surgery. In contrast, the use of high doses of aprotinin 
in a double blind study in high risk septic and cancer patients undergoing 
pelvic and hip surgery has proved to be very effective in reducing significantly 
the need for blood transfusion as compared to a placebo group (CAPDEVILA et 
al. 1998). 

Therefore, it seems clear that aprotinin should only be recommended for 
potential hemorrhagic orthopedic surgery. The same recommendation could 
also be proposed for cardiac surgery or liver transplant. 

5. Side Effects of Aprotinin Therapy 

Concerns exist about possible side effects of high-dose aprotinin therapy in 
open heart surgery: increased risk of graft occlusion and myocardial infarc
tion, renal dysfunction, and allergic reactions to aprotinin. The first clinical 
study of the use of aprotinin in the United States indicated that aprotinin 
therapy may be associated with an increased incidence of myocardial infarc
tion and graft occlusion (COSGROVE et al. 1992). Though there was no statisti
cally significant difference in the incidence of myocardial infarctions, the 
concerns were based on the fact that post mortem examinations showed 
increased graft occlusion in patients treated with aprotinin. Four randomized, 
double-blind, placebo-controlled trials investigated graft patency by non
invasive methods. Using ultrafast computed tomography, LEMMER et al. (1994) 
found a patency rate of 92% in the aprotinin group compared to 95% in the 
placebo group. They found a trend without statistical significance toward lower 
vein and internal mammary artery (IMA) graft patency in aprotinin recipi
ents. BIDSTRUP et al. (1993b), using magnetic resonance imaging in 90 patients 
undergoing primary CABG, could not demonstrate any differences in graft 
patency between aprotinin and control patients. These results were confirmed 
(HAVEL et al. 1994; KALANGOS et al. 1994). Recent large multicenter studies 
also demonstrated the effectiveness of high-dose aprotinin in reducing post
operative bleeding tendency without increasing the risk of myocardial infarc-
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tion in repeat cardiac surgery (LEVY et al. 1995). The largest study addressing 
this issue is the international, multicenter randomized IMAGE trial in 870 
patients undergoing primary coronary surgery with CPB. Graft angiography 
was attempted in all patients a mean of 11 days after surgery. In 796 assess
able patients aprotinin reduced thoracic drainage volume by 43% (p < 0.0001) 
and requirements for red blood cell administration by 49% (p < 0.0001). After 
adjustment for risk factors (female gender, lack of prior aspirin therapy, small 
and poor distal vessel quality) the aprotinin versus placebo risk ratio for graft 
occlusion was 1.05 (90% confidence interval 0.6-1.8). Aprotin did not affect 
the occurrence of myocardial infarction (aprotinin 2.9%, placebo 3.8%) or 
mortality (1.4% vs. 1.6 %, respectively) (ALDERMAN et al. 1998). 

Aprotinin is reabsorbed in the proximal tubules of the kidney. Therefore, 
the possibility exists that kidney function might be affected by the use of apro
tinin. It could be shown that the excretion of al-microglobulin is increased in 
aprotinin-treated patients (FEINDT et al.1995; FRAEDRICH et al.1989). However, 
large studies (BIDSTRUP et al.1993a; DIETRICH et al. 1992) did not find any asso
ciation between aprotinin treatment and impaired postoperative renal failure. 
On the other hand, SUNDT et al. (1993) reported a high incidence of renal 
failure in 20 patients undergoing operations of aortic aneurysms in hypother
mic cardiac arrest. This was not a controlled study and used a historical control 
group. These results could not be confirmed in pediatric patients undergoing 
correction of congenital heart disease in deep hypothermic circulatory arrest 
(DIETRICH et al. 1993). Therefore, it is conceivable that aprotinin causes tran
sient renal dysfunction, which is clinically not significant. 

Since aprotinin is a polypeptide derived from bovine lungs, it possesses 
antigenic properties (WEIPERT et al. 1997). Therefore, the possibility of an 
adverse reaction to this agent exists, especially in patients reexposed to this 
drug. Allergic reactions after reexposure have been described (DEWACHTER et 
al. 1993; DIEFENBACH et al. 1995; SCHULZE et al. 1993). The incidence of hyper
sensitivity reactions in one study was 2.8% in 248 patients re-exposed to apro
tinin (DIETRICH 1997). A time dependency for the risk of adverse reactions 
exists: the shorter the time interval between the two exposures the higher the 
risk of a reaction. Therefore, the drug should not be given within 6 months of 
the last exposure. It is advisable to delay the first bolus injection of aprotinin 
until the surgeon is ready to commence CPB. Under these precautions a re
exposure to aprotinin, after an interval of more than 6 months, in patients with 
high risk of bleeding seems justifiable (DIETRICH 1998). 

Aprotinin is well tolerated by the majority of patients. The main side effect 
is the risk of an anaphylactic reaction in patients sensitized by prior exposure 
to this drug. 

D. Conclusion 
The efficacy of antifibrinolytic drugs has now been widely documented. Major 
differences do exist between agents with regard to the pharmacokinetics, the 
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pharmacodynamics, the hemostatic potency, and the side effects. These differ
ences have to be considered when the physician has to choose one molecule 
rather than another. However, aprotinin probably has the highest benefit/risk 
ratio and should therefore be preferred in many clinical situations; its only 
drawback is its high price. New fields are about to be investigated with these 
products. Antifibrinolytic agents, and especially aprotinin, will be useful tools 
in the near future to control the bleeding risk and reduce the transfu
sion requirements in orthopedic, urologic, vascular, gynecologic surgery, or 
neurosurgery. 

List of Abbreviations and Acronyms 

ACT 
APTT 
ATIII 
CABG 
CPB 
EACA 
EMSALT 

HIV 
IMA 
IMAGE 
KIU 
OLT 
TA 
tPA 

activated clotting time 
activated partial thromboplastin time 
antithrombin III 
coronary artery bypass graft 
cardiopulmonary bypass 
t:-aminocaproic acid 
European Multicentre Study on Aprotinin in Liver 

Transplantation 
human immunodeficiency virus 
internal mammary artery 
International Multicenter Aprotinin Graft patency Experience 
kallikrein inhibitory units 
orthotopic liver transplantation 
tranexamic acid 
tissue-type plasminogen activator 
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- antigenicity 12 
- features 14 (table) 
- in acute myocardial infarction 

189-193,213 (table) 
- in peripheral arterial occlusion 367 
anistreplase see above and APSAC 
annexin II 31,124,144 (table), 

148-149 
antibody 59D8 486 
antibody-plasminogen activator 

conjugates 
- characterization 476-479 
- - antifibrin-scuPA conjugates 478 
- - antifibrin-tPA conjugates 477 
- - antifibrin-UK conjugates 477 
- - antiplatelet-scuPA conjugates 

478-479 
- purification 476 
- synthesis 475 
anticoagulation, oral 3 
antifibrinolytic agents 559-576 
antioxidants 309 
antiplatelet agents 305-308 
antithrombin III 123,292,293 (fig.) 
- deficiency 7 
anti thrombotic therapy 296-309 
- antiplatelet agents 305-309 
- thrombin inhibition 296-305 
apolipoprotein, fibrinolysis, model 

112 (fig.), 113 (table), 125 
aprotinin 559 
- anaphylactic reaction 575 
- clinical use 

Subject Index 

- - efficacy 571-572 
- - elective liver resection 572-574 
- - history 568-569 
- - mode of action 569-571 
- - orthopedic surgery 574 
- - orthotopic liver transplantation 

572-574 
- - side effects 574-575 
- "Hammersmith" dosage 569 
- pharmacokinetics 568 
- pharmacology 567-568 
- serine proteases inhibited 567 

(table) 
- structure 567 
APSAC (acylated plasminogen

streptokinase activator complex) 
213 (table), 425 

- in acute myocardial infarction 
189-193,213 (table) 

- in peripheral arterial occlusion 367 
AR-H029953XX 543 
arachidonic acid 290 (fig.) 
Arg-Gly-Asp 484 
arg-vasopressin (AVP) 
- abdominal surgery 539 
- postural hypotension 539 
ARGAMI-2 study 304-305 
argatroban 301 (fig.), 304-305 
arterial neointima formation 111 
aspirin 213 (table), 263-264, 289, 

296-297,300,305-306 
- bleeding, postoperative 571-572 
- ISIS-2 11 
- tPA secretion, regulation 542 
ASSENT-l 507 
ASSENT-2 508 
Astrup test 57-58 
atheromatous plaque, rupture 

188-189,209,221,261 
atherosclerosis, PAI-l levels 7 
atherosclerotic plaque 3 
- rupture 188-189 
ATLANTIS 407 
autogenous grafts, occlusion 365-366 

Barthel index 391,404 
f3-amyloid 456 
f3-blockers 309 
f3-thromboglobulin, release 11 
BIBU-I04xx 306 
BIBU-52ZW 306 
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bifunctional antibodies 475-484 
- antibody-plasminogen activator 

conjugates 475-479 
- antifibrin antibodies 474 
- antifibrin-plasminogen activator 

fusion proteins 481-484 
- antiplatelet antibodies 474-475 
- fusion proteins or chemical 

conjugates 475 
- thrombin inhibitor hirudin to fibrin, 

targeting 486-487 
- thrombus targeting 473-487 
- bispecific (Fab')2 480 
bleeding risk, thrombolytic therapy 

358-359 
blood 
- cadaver 57 
- coagulation 3 
- fibrinolytic activity 5 
- viscosity, increased 175 
blood transfusion 559,565 
- cardiac re-operations 571 
body mass index 9 
Bowes cell line 214 
bradykinin 3,535-536 
- tPA secretion, regulation 541-542 

C'1-inhibitor 4,69 (table), 123 
- deficiency 4-5 
C-reactive protein 118-119 
calcium 288 (fig.), 536 
calcium channel blocking agents 309 
cAMP 525-526 
- tPA secretion, regulation 542 
carboxypeptidase(s) 126,146 (fig.), 

147 (fig.), 235 
- fibrinolysis, model 112 (fig.), 113 

(table) 
cardiac index, pulmonary embolism 

343 
cardiac surgery, antifibrinolytic agents 

562 
Carlsberg Foundation Research 

Institute 57 
carotid territory ischemia, 

plasminogen activators 394-408 
celite-activated clotting time 570 
central venous catheters, thrombosis 

357 
cerebral blood flow, regional 390 
cerebrovascular accidents 379-380 
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chimeric plasminogen activators 359, 
510-512 

cholera toxin 525 
chromaffin cells, tPA storage 533 
circle of Willis 388 
Cleveland vascular registry 363 
clopidogrel 308 
clot, dissolution 176 
clot lysis test 94 
clotting cascade 32 
coagulation cascade, intrinsic/extrinsic 

systems 288 (fig.), 290 (fig.) 
coagulation, laboratory tests 357-358 
COBALT trial 222, 298 
codeine sulfate 343 
collagen 
- types I and III 287 
- type IV 31 
COMPASS trial 244 (table), 245 
complement system 170 
- activation 10 
congenital X-linked diabetes insipidus 

540 
conjunctive therapy in acute 

myocardial infarction 296-309 
coronary angiography, thrombotic 

lesions 3 
coronary artery bypass grafting 

(CABG) 261,278-279 
- aprotinin treatment 572 
coronary artery reocclusion incidence, 

reduction 221-222,287-309 
coronary catheterization 178 
coronary heart disease, impaired 

fibrinolysis 9 
coronary thrombolysis, regimens see 

also acute myocardial infarction 
212, 213 (table) 

corrected TIMI frame count (CTFC) 
181,307,507 

cryoprecipitate 379 
cyclooxygenase 290 (fig.) 
cyproterone acetate 528 
cytokeratin 8-like protein 31,70,144 

(table) 
cytokines 6, 72, 122, 153 

D-dimer assay 176 
D DA VP (desmopressin: I-deamino-8-

D-arginine vasopressin) 5,7-8, 
536-541,561 
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- nephrogenic diabetes insipidus 540 
- tPA secretion, regulation 539-541 
deep venous thrombosis 3,349-359, 

565 
- fibrinolytic activity, decreased 7 
- hypofibrinolysis, acquired association 

7-9 
- incidence rate 8, 349 
- thrombolytic therapy 
- - benefit to risk balance 351, 353, 

553-554 
- - bleeding, treatment 358 
- - efficacy, improving 355-356 
- - hemorrhagic risk, reduction 

354-355 
- - immediate effects 350-352 
- - indications, possible 358 (table) 
- - laboratory monitoring 357-358 
- - late effects 352-353 
- treatment regimens 349-350 
- upper limbs 356 
Desmodus rotundus (common vampire 

bat) salivary plasminogen activator 
(DSPA) 451-468 

desmopressin see DDAVP 
Diaemus youngi 453 
digitalis glycosides 343 
Diphylla ecaudata 453 
dipyridamole 297 
disseminated intravascular coagulation 

(DIe) 114 
distal embolization 380 
diuretics 343 
DMP-754 306 
dural sinus thrombosis, thrombolytic 

treatment 410 

ECASS study 390,403,405-406,411 
ecchymoses 73 
efegatran 305 
elderly patients, thrombolytic therapy 

12-13,187,272-273,279 
elective liver resection, aprotinin use 

572-574 
electroconvulsive therapy 539 
eledoisin 535 
EMERAS study 183 
Eminase see APSAC 
EMIP study 192 
endothelial cells 4 (fig.) 
- plasminogen activator activity 43 

- uPA production 3-4 
endothelin 535 
endothelin-1 532 
endotoxin 118 
- PAI-1, levels 119 
enoxaparin 301,565 
epinephrine 535 
epistaxis 73 
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epitopes, fibrin-specific 68 
£-amino caproic acid 116,379 
- chemical structure 560 (fig.) 
- clinical use 559-561 
- - adverse effects 562-564 
- - cardiac surgery 562-563 
- - liver transplantation 562 
- - oral surgery 561-562 
- - urology surgery 561 
- pharmacology 559-561 
eptifibatide 306 
Erythrina latissima protease inhibitor 

454 
ESCALAT study 305 
euglobulin lysis time 8-9,58, 176 
European Collaborative Study Group 

262 
extracellular matrix proteins 31 

factor V 173,176,209,210 (fig.), 234, 
288,425 

- degradation 10 
factor VII 176 
factor VIla 296 
factor VIII 176,209,210 (fig.), 234, 

288,425 
- degradation 10 
factor IX 173,287,288 (fig.) 
factor X 287,288 (fig.) 
factor Xa 296 
factor XI 569 
factor XIa 32 
factor XII 569 
- activation 4, 6 
factor XIIa 32 
factor XIII 177 
familial thrombophilia 124 
femoro-popliteal grafts, occlusion 

365 
fibrin 31 
- formation 5-6 
- selectivity 12,210 (fig.), 458, 474, 

477,481-483 
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- agar plate test 94 
- clot lysis assay 465 
- fragment E 232-235 
- plate assay 175 
- plate test 94 
- specificity 426 (fig.), 432-435, 451, 

456,458,503 
fibrinogen 3,288 (fig.) 
- degradation 10,174,175 (fig.) 
- degradation products 176, 215, 293, 

456 
-levels, normal 175-176 
- plasma viscosity 175 
- proteolysis 174 
fibrinolysis 111 
- biochemical markers 293 (fig.) 
- clot, surface 6 
- impaired, coronary heart disease 9 
- intravascular 521-522 
- model 112 (fig.) 
- plasma, endothelium involvement 

523-524 
- plasminogen activation, mediation 

234-235 
fibrinolytic system 
- inhibitors 111-127 
- pathophysiology 7-9 
- protease inhibitors, other 123-124 
- receptors 6 
- scheme 3,4 (fig.), 210 (fig.) 
- triggering conditions in men 57 
Fibrinolytic Therapy Trialists (FTT) 

Collaborative Group (1994) 180, 
183,185,266-267,291 

fibrinopeptide A 10,176,293 (fig.), 
436 

- acute myocardial infarction, patient 
treated with streptokinase 294 
(fig. ) 

- levels 293-294 
fibrinopeptide B 176, 293, 486 
fibrolase 512 
fibronectin 31,288 (fig.), 297 
focal cerebral ischemia 
- hemorrhagic transformation 

389-390 
- neurological outcome 390-392 
- thrombolytic treatment 392-410 
- tissue salvage, considerations 

388-389 
Fogarty balloon catheter 363 

forskolin 525, 536 
"fourth state of blood coagulation" 

57 
fradafiban 306 
fragment X 174,175 (fig.), 458 
fragment 1.2 176,292,293 (fig.) 
fresh frozen plasma 379 

GAUS study 240,242 (table) 
GISSI trial 182 (table), 183, 186 
GISSI-2 213 (table), 220, 264-268, 

299,467 

591 

glomerular thrombosis 562 
Glu-plasminogen (Glu1-pg) 12,25,26 

(fig.), 66-67, 100, 142,234 
Gly-Pro-Arg peptide 485 
glycoprotein IIblIIIa receptor 287, 

288 (fig.), 474 
glycoprotein IIblIIIa receptor 

antagonists 221,296,306-308 
GREAT trial 192 
GRECO study 499 
growth factors 6 
GUSTO trial 13-15,213 (table), 222, 

290,292,299-300,425-426,451-452 
GUSTO-I trial 180,261,268-281,294 
- angiographic sub study 274-278 
- design 268-271 
- results 
- - analysis 278 
- - primary 271-274 
- studies, other 278-280 
GUSTO-IIA 186,303 
GUSTO III 500-501 

hemophilia 561 
hemorrhage, major/minor 379 
hemostasis, antifibrinolytic agents 

560 
Hageman factor (factor XII) 569 
HART II, trial 301 
heparin 263-264,296-300 
- bleeding risk 175, 186, 303, 305, 

351,506-507 
- coronary thrombolysis 213 (table) 
- deep venous thrombosis 3, 349 
- disadvantages 296-297 
- low-molecular-weight 300-301 
- pro-urokinase, combined with 

248-249 
- protamine neutralization 358 
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- resistance 297 
- subcutaneous, doses 296 
- thrombin inactivation/inhibition 10, 

296-300 
hereditary angioneurotic edema 5 
HERO-1 trial 304 
high-molecular-weight kininogen 

(HMWK) 4 (fig.) 
hirudin 221,296,301-304 
- bleeding risk 303 
- thrombus growth 293 
hirugen 301 (fig.) 
hirulog 296,301 (fig.), 304 
histamine 535-536 
histidine-rich glycoprotein (HRGP) 

113 (table), 124-125 
- fibrinolysis, model 112 (fig.) 
histone deacetylase, inhibitors 

529-530 
HIT-I trial 302 
HIT-III trial 303 
HIT-4 trial 303 
human immunodeficiency virus (HIV) 

559 
hyperfibrinolysis 559 
hypertension 118 
- thrombolytic therapy, elderly 

patients 13 
hypertriglyceridemia, PAL -1 levels 

7 
hypofibrinolysis, acquired associated 

with deep venous thrombosis 7-9 
hypogonadothrophinic hypogonadism 

528 
hypoxemia 343 

ICOPER registry 340 
IMAGE trial 575 
impedance plethysmography 332 
INJECT study 500 
insulin resistance syndrome 
- PAI-l levels 7,118 
- acute myocardial infarction 9 
Integrilin 306 
interleukin-1 118 
6th International Congress on 

Fibrinolysis (Lausanne) 58 
International Committee on 

Thrombosis and Haemostasis 92 
intracellular signaling pathways 103, 

525-526 
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intrauterine fetal growth retardation, 
PAI-1!2 levels 122 

ISAM study 182,289,297 
ISIS-2 13, 182 (table), 183, 185,213 

(table), 218, 287, 289, 297, 299 
ISIS-3 188-189,213 (table), 264-268, 

287,299 
isoproterenol hydrochloride 343, 

538 

kallikrein 4, 6, 232 
- activation 10 
- bradykinin release, hypotension 

188 
- fibrinolysis, model 112 (fig.) 
- inhibition by aprotinin 567-575 
kallikrein inhibitor units 567 

lamifiban 306 
laminin 31 
lanoteplase (nPA, SUN9216) 12,71, 

495-496 
- characteristics 509 (table) 
LATE study 221-222 
lefradafiban 306 
leptomeningeal anastomoses 388 
levarterenol bitartrate 343 
LIMITS study 249 
lipoprotein(a) 6,125-126,143 
liver transplantation 562 
- aprotinin use 572-574 
lotrafiban 306 
low-molecular-weight heparin 

300-301 
lysis 234,289 (fig.) 
- intraoperative 372 
- in vitro, rate 176 
"lytic factor" 58 
"lytic state" 176, 425 

magnesium 309 
MAPPET registry 340 
mas pin 69 (table) 
MAST-E trial 400-401 
MAST-I 403 
metacholine, tPA secretion, regulation 

541 
middle cerebral artery, end-arterioles 

388 
MINT study 305 
MITI trial 192 
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monteplase (E6010) 12, 494, 509 
(table) 

morphine sulfate 343 

N-succinimidyl 3-(2-pyridyldithio) 
propionate (SPDP) 474 

nausea, apomorphine induced 539 
nicotine 533 
nicotinic acid, tPA secretion, 

regulation 542 

"open artery" hypothesis 180,209, 
291 

ophthalmic circulation, retrograde 
388 

orbafiban 306 
orthopedic surgery, aprotinin 

treatment 574 
oxygen therapy, pulmonary embolism 

343 

P-selectin 11,484 
PAF 535-536 
PAlMS study 262 
pamiteplase (YM866) 12,71, 

501-502,509 (table) 
PARADIGM trial 308 
PATENT study 247 
peptonizing enzymes 57 
percutaneous trans luminal coronary 

angioplasty (PTCA) 193,218,261, 
278-279,297 

perfusion lung scans, thrombolytic 
therapy 328-329 

- pulmonary embolism, massive 330 
(fig.) 

peripheral arterial occlusion 363-381 
- adjuvant treatment 378-379 
- surgery vs. thrombolytic treatment 

374-378 
- thromboembolectomy 363 
- thrombolytic treatment 
- - administration, local low-dose 

intra-thrombotic 369 
- - administration, pulse-spray 

370-371 
- - administration, systemic 368-369 
- - comparative results, various 

thrombolytic agents 373-378 
- - complications 379-381 
- - contraindications 366-367 

- - dose regimens 373 (table) 
- - drugs available 367-368 
- - high dose bolus 369-370 
- - indications, current 364-366 
- - intraoperative 372 
- - results, long-term 378 
- - staphylokinase 440-441 
- - techniques used 368-373 
- - thrombolysis, enclosed 371 
perlecan 31 
PET studies, "penumbra" 388 
phentolamine 537 
phenylephrine 538 
phlegmasia cerulea dolens 356 
phorbol ester 118 
phospholipase C 289 
plasma viscosity 175 
plasmin 3,209,232 
- arantiplasmin, inhibition of 11 
- factor V degradation 174 
- factor VII, activation 176 
- fibrin( ogen) degradation 175 
- formation 25 
- platelet activation 295 
- platelet mediator release and 

activation 560 
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- proteolytic state, induced 174-176 
plasminogen 3,25-29,26 (fig.) 
- activation by 3,29-43,112 (fig.), 

425,426 (fig.) 
- - desmodus rotundus salivary 

activator 456-459 
- - interactions involved 30 (fig.) 
- - pro-urokinase 234-235 
- - single-chain urokinase 35-36 
- - staphylokinase 42-43, 429-432 
- - streptokinase 36-42 
- - systemic 246 
- - two-chain urokinase and tPA 

33-35 
- activators, general 3-4 (fig.), 210 

(fig.) 
- deficiency, spontaneous and induced 

phenotypes 43-44 
- gene organization 28-29 
- molar concentration 5 
- primary structure 25,26 (fig.), 27 
- "steal" syndrome 246 
plasminogen-plasmin system 4 (fig.), 

521 
- embryogenesis 5 
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plasminogen activator inhibitor type 1 
(PAL-I) 4 (fig.), 69 (table), 114-119, 
232-233 

- acute phase response 118-119 
- AD MIT trial 363 
- atherosclerosis 9 
- cell migration, role of 116-117 
- complex with tPA 59 
- deep venous thrombosis 7 
- deficiencies 73, 116 
- fibrinolysis, model 112 (fig.), 113 

(table) 
- gene regulation 118 
- gene structure 114-115 
- marker for vascular and arterial 

disease 118 
- obesity 7 
- platelets 6 
- pregnancy 7 
- protein structure 115-116 
- septicemia 119 
- target enzyme specificity 116 
- therapeutic applications 122-123 
- thrombolysis 295-296 
- thrombosis, postoperative 9 
- in vivo, distribution 117 
plasminogen activator inhibitor type 2 

(PAI-2) 69 (table), 119-121 
- fibrinolysis, model 112 (fig.), 113 

(table) 
- gene and protein structure 119-

120 
- gene regulation 121 
- physiological role 121 
- target enzymes 120 
- therapeutic applications 122-123 
- in vivo, distribution 120 
platelet( s) 
- activation 6, 11,246,287-289,290 

(fig.), 295-296, 560, 569 
- - release of PAL -1 6, 177 
- - role in pathogenesis of myocardial 

infarction 11,287-289 (fig.) 
- - role of plasmin 295 
- - role of thrombin 287-289 (fig.) 
- - inhibition by aspirin 11,305-306 
- - inhibition by glycoprotein IIblIIla 

receptor antagonists 306-308 
- aggregation 289 
- aprotinin effect 571 
- coagulation 288 (fig.) 

Subject Index 

- dysfunction, cardiopulmonary bypass 
560 

- resistance to thrombolytic therapy, 
role in 295-296 

- stimulation of fibrinolysis by pro
urokinase/urokinase 237-238 

- thrombus formation, role in 
287-289 

PLATSAK (platelet-antithrombin-
staphylokinase) 485 

popliteal aneurysm 
- lysis, intraoperative 372 
- thrombosis 366 
positron emission tomography 178 
postthrombotic syndrome 349 
preeclampsia, PAl-l/2levels 122 
pregnancy, plasminogen activator 

inhibitors 121-122 
PRIMl trial 243-244 (table) 
pro-urokinase (pro-UK, see also 

single-chain uPA) 231-232 
- acute myocardial infarction, studies 

241-245 
- - bolus administration 248 
- - heparin 248-249 
- biochemistry 232-233 
- fibrinolysis 234-235 
- intrinsic activity 233-234 
- mutants and variants 493--494 
- peripheral arterial occlusion 368 
- pharmacokinetics 238-239 
- platelets 237-238 
- second generation 249-250 
- tPA, contrasting properties 235-237 
PROACT-I and II trials 396-397 
procarboxypeptidase U or B 6, 126 
procollagenase 31 
progressive autonomic failure 539 
promyelocytic leukemia 15,564 
propranolol 537 
prostacyclin 11,295-296,308-309, 

536 
prostatectomy, postoperative bleeding 

561 
protamine 358 
protease inhibitor units (aprotinin) 

567 
protease nexin 69 (table) 
protein C 288, 512 
- deficiency 7 
- pathway 6 
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protein C inhibitor 69 (table) 
protein kinase C 525-526 
protein S 288, 532 
- deficiency 7 
proteoglycans 31 
proteolysis 74 
proteolytic state 174-176, 188,209, 

220,243,496 
prothrombin time 174 
prothrombinase complex 289 (fig.) 
pulmonary angiography 3 
- thrombolytic therapy 328 
pulmonary capillary blood volume 

332 
pulmonary diffusing capacity 332 
pulmonary embolism 
- adjunctive therapy 343 
- embolectomy 341-342 
- mortality 326 
- spontaneous recanalization 3 
- surgical therapy 341-342 
- thrombolytic therapy 325-343 
- - clinical effects 328-336 
- - mortality rate 334-335 
- - new thrombolytic regimens 

336-340 
- - streptokinase 327-334 
- - tPA thrombolysis trials 337-338 

(tables) 
- - urokinase 334-334 
- - UKEP trial 336 
- - UPET trial 327 
- - USPET trial 327 

RAPID-2 study 500 
recombinant fusion proteins 475 
recombinant pro-UK (rpro-UK) 

232 
recombinant single chain urokinase

type plasminogen activator mutants 
and variants 493-494 

recombinant tPA 214-215 
recombinant uPA forms 92 
reteplase (rPA) 12,71 
- acute myocardial infarction 

499-501 
- characteristics 497, 509 (table) 
retinal artery occlusion 565-566 
retinoic acid 118,527 (fig.) 
retinoids 526-528 
ridogrel 308 
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Ro-13-7410 (TTNPB) 526,527 (fig.) 
Ro-44-9883 306 
Ro-48-3657 306 
roxifiban 306 

salbutamol 538 
saliva, fibrinolytic activity 561 
saruplase 92 
- acute myocardial infarction 

243-245 
SB-214857 306 
SC-54684A 306 
SC-57099B 306 
SCATI study 299 
secretagogues 533 
septicemia, PAI-1levels 119 
serpin(s), general 113 (table) 
- global circulating 6 
- tPA interactions with 68-70 (table) 
SESAM study 244 (table), 245 
sibrafiban 306 
single chain urokinase type 

plasminogen activator (sc-uPA, see 
also pro-urokinase) 13, 92, 
209-210,231-232,425 

- clinical trials 
- - in acute myocardial infarction 

242-245 (tables) 
- - in acute stroke 396-397 
- features 14 (table) 
- human plasminogen activation 

35-36 
- mode of action 100-101,234-235 
single-proton-emission computed 

tomography (SPECT) 400 
sodium butyrate 529,530 
staphylokinase 10,209,359,425,444 
- features 14 (table) 
- fibrin-specificity 432-435 
- fibrinolytic potency and fibrin 

specificity 435-436 
- gene structure 427-428 
- immunogenicity 442-443 
- peripheral arterial occlusion 368 
- pharmacokinetic properties 

441-442 
- plasminogen activation 42-43, 

431-432 
- plasminogen, interaction with 429, 

431 
- production 426, 427 
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- protein structure 428-429 
- species-specificity 437 
- thrombolytic therapy 
- - acute myocardial infarction 

439-440 
- - peripheral arterial occlusion 

440-441 
steroid hormones 528, 529 
STILE trial 365, 376 
streptokinase (SK) 10, 13,209,210 

(fig.), 425, 451 
- amino acid sequence 37-38 (table) 
- clinical thrombolytic trials 
- - acute myocardial infarction (AMI) 

13,177-189,213 (table), 261-263 
- - bleeding complications in AMI 

185-187 
- - deep venous thrombosis 13, 

349-356 (tables) 
- - mortality reduction in AMI 

182-183 
- - patient selection, contraindications 

in AMI 187-188 
- - peripheral arterial occlusion 

364-379 (tables) 
- - pulmonary embolism 327-334 

(figs.) 
- - rethrombosis in AMI 188-189 
- - side effects in AMI 188 
- - stroke 393-395 (table), 401-403 

(tables) 
- - treatment delay in AMI 183-

185 
- - vs. tPA in AMI 261-278 
- features 14 (table) 
- functional regions 41-42 
- human host-derived 39-41 
- pharmacology 173 
- plasminogen, activation 36-41 
stress, fibrinolytic activity 539 
stroke, acute 394-409 
- elements important to outcome 

388 
- hemorrhagic transformation 389 
- PAI-l levels 7 
- thrombolytic trials 393-409 (tables) 
- tissue salvage 388 
stromelysin 31 
substance P, tPA secretion, regulation 

541-542 
SUTAMI study 245 
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T-686 544 
TAFI (thrombin-activatable 

fibrinolysis inhibitor) 6,147,564 
TAMI-1 294 
TAMI-3 264 
Task Force of the International 

Society and Federation of 
Cardiology 212, 213 (table) 

tenascin-C 31 
tenecteplase 71,503-510 
- characteristics 509 (table) 
- clinical trials in acute myocardial 

infarction 505-510 (table) 
testosterone 528 
thallium scintigraphy 178 
thiazolobenzodiazepines 530-531 
thioredoxin 32 
thrombin 3, 535 
- actions 288,289 (fig.) 
- formation, biochemical markers 

293 (fig.) 
- generation 6, 10 
- inhibition, anti thrombotic therapy 

296-305 
- - direct inhibitors 10,301 (fig.) 
- reocclusion 10 
- resistance to thrombolytic therapy, 

role in 292-294 
- thrombus formation, role in 

287-289 
thrombin-antithrombin complex 

(TAT) 176,292,436 
thrombin-cleaved pro-urokinase 233 
thrombocytopenia 188 
Thrombolysis in Myocardial Infarction 

(TIMI) Study Group 216-218, 
261-263 

Thrombolysis in Myocardial 
Infarction-1 (TIMI-1) 176,180-181, 
294 

Thrombolysis in Myocardial 
Infarction-2 (TIMI-2) 180 

Thrombolysis in Myocardial 
Infarction-3 (TIMI-3) 180 

Thrombolysis in Myocardial 
Infarction-5 (TIMI-5) 302 

Thrombolysis in Myocardial 
Infarction-6 (TIMI-6) 302-303 

Thrombolysis in Myocardial 
Infarction-9a (TIMI-9a) 303 

thrombolytic therapy 
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- acute myocardial infarction 13-15 
- - contraindications 181 (table) 
- - coronary reocclusion after 287, 

309 
- - adjunctive therapies, heparin and 

aspirin 263-264 
- - angiographic patency trials, tPA vs. 

SK-3 261 
- - comparative trials 264-268 
- - contraindications 11,354 (table) 
- - efficacy, evidence 289-296 
- - infarct related artery, achieving 

patency 290-292 
- - limitations 29 
- - resistance to therapy, role of 

platelets and thrombin 292-296 
- - treatment delay 10 
- - elderly patients 12-13 
- - TIMI grade 2 and 3 flow rates 

181 (tables) 
- agents 10-13 
- deep venous thrombosis 349-356 
- features 14 (table) 
- fibrin specificity 11-12, 433-436, 

456-459,509 (table) 
- fibrin-specific agents 425 
- future 15 
- non-fibrin-specific agents 425 
- peripheral arterial occlusion 

363-381 
- platelet activation 11 
- proteolytic state and bleeding 

complications 10 
- pulmonary embolism 327-340 

(figs., tables) 
- rationale 261 
- stroke 392-409 
- thrombin generation and reocclusion 

10 
thrombomodulin 6, 233 
thrombophilia 7 
thrombosis 292 
- antibody targeting, principle 

474-475 
- pericatheter 380 
- postoperative, predictive markers 9 
- treatment 209 
thrombotic cerebrovascular disease 

387-411 
thromboxane 11,289 
- platelet activation 290 (fig.) 

thromboxane synthase 290 (fig.) 
thrombus 
- age 355 
- coronary, thrombolysis 3 
- dissolution 57 
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- formation, thrombin and platelets, 
role in 287-289 

- function, primary 3 
- growth, hirudin inhibition 293 
- lysis 
- - factors influencing 176-177 
- - mechanism 5-7 
- "red-tail" 295 
- "white-head" 295 
tick anticoagulant peptide 296 
ticlopidine 296 
TIMIKO study 241,242 (table) 
tirofiban 306 
tissue factor pathway inhibitor 296, 

532 
tissue necrosis, mediators 246 
tissue type plasminogen activator 

(tPA) 3,4 (fig.), 13,57-75,209-222, 
425,521 

- angiographic patency trials, vs. 
streptokinase 261-263 

- atherosclerosis 9 
- characteristics 509 (table) 
- circulation, clearance 522-523 
- clinical trials 
- - acute myocardial infarction 

216-222 (tables), 245, 247, 264-280 
(tables) 

- - deep venous thrombosis 350-352 
(tables) 

- - dural sinus thrombosis 410 
- - peripheral arterial occlusion 368, 

370,372-373 (table), 375 
- - pulmonary embolism 336-339 

(tables) 
- - retinal vascular occlusion 409 
- - stroke 398-407 (tables) 
- development 212-216 
- - cloning and expression 214-215 
- - isolation and purification 212-214 
- enzymatic properties 66-68 
- exercise, strenuous 5 
- finger and epidermal growth factor 

domains, deletion 495-496 
- gene structure 60-62 
- inhibition by PAI-1 543-544 
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- lanoteplase mutant 495-96 
- metabolism 59-60 
- monteplase mutant 494-495 
- mutants 494-503 
- pamiteplase mutant 501-502 
- pathophysiology 72-75 
- - intravascular function 72-74 
- - other functions 74-75 
- plasminogen activation 33-35, 112 

(fig. ) 
- pro-UK, contrasting properties 

235-237 
- protein structure 62-66 
- - glycosylation 65-66 
- - primary amino acid sequence 

62-65 
- - protease domain, crystal structure 

65 
- receptors 70-72 
- - activation receptors 70-71 
- - armacroglobulin receptor/LRP 

72 
- - clearance receptors 71 
- - mannose receptor 71-72 
- recombinant TNK-tPA mutant 

503-510 (fig.) 
- research, milestones 57-58 
- reteplase mutant 497-501 (fig.) 
- secretion, regulation 
- - cellular mechanisms involved 

535-536 
- - circulatory regulation 532-534 
- - endothelial tPA storage 

compartment 532-534 
- - general 531-532 
- - man, compounds affecting 

536-543 
- serpins, interactions with 68-70 
- sources 58-59 
- synthesis, regulation 
- - general 524-525 
- - histone de acetylase inhibitors 

529-530 
- - intracellular signaling and protein 

C activation 525-526 
- - retinoids 526-528 
- - sodium butyrate 529-530 
- - steroid hormones 528-529 
- - triazolobenzodiazepines 530-531 
- unglycosylated protease domains 

510 

Subject Index 

TOPAS trial 376 
tranexamic acid 116,559 
- adverse effects 565-567 
- cardiac surgery 565 
- chemical structure 560 (fig.) 
- non-cardiac surgery 565 
- non-surgical applications 564-565 
- pharmacology 564 
transforming growth factor f3 (TGF-f3) 

118 
trapoxin 529 (fig.), 530 
trichostatin 529 (fig.), 530 
trypsin 567 
tumor necrosis factor (TNF) 118 
two-chain urokinase-type plasminogen 

activator (tc-uPA) 33-35,92 
- activity 
- assay 93 
- sources 93 

U-34599 530,531 (fig.) 
U-41695 530,531 (fig.) 
U-51477 530,531 (fig.) 
UKEP study 336 
UPET study 328-329 
urinary-type plasminogen activator 

(uPA) 3,91-103,373 (table), 425, 
451,521 

- assay 93-94 
- biochemistry 94-100,232-233 
- - activity 99-100 
- - gene 94-95 
- - non-protein components 97-98 
- - proteolytic conversions 98-99 
- - structure 95-97 
- clinical trials 
- - acute myocardial infarction, 

controlled trials 239-241,242 
(table) 

- - deep venous thrombosis 350-352 
(tables) 

- - dural sinus thrombosis 410 
- - peripheral arterial occlusion 

368-369,372-278 (tables) 
- - pulmonary embolism 327-336 

(figs.), 337-338 (tables) 
- - retinal vascular occlusion 410 
- - stroke 394-397,401 (table), 

408-409 (table) 
- forms, nomenclature 92, 232 
- history 91-92,231-232 
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- inhibition by PAIs 114 (table), 116, 
120 

- malignant tumors, prognostic marker 
94 

- pharmacokinetics 238 
- physiology 100-103 
- plasminogen, activation 33-36, 112 
- receptors 150-157 
- role in tissue remodelling 102 
- sources 93 
urokinase see urinary-type 

plasminogen activator (uPA) 
US PET study 328-329 

Vampire Bat Salivary plasminogen 
activator 10, 12, 425, 451-468 

- animal studies 461-463 
- bleeding models 463-464 
- clinical studies, phase lIII 466-467 
- cloning and expression 454-455 
- clot lysis, in vitro 459-461 
- enzymology 456-459 
- features 14 (table) 
- heterologous host cells, gene 

expression 455-456 
- natural history 453 
- pharmacology 464-466 
- protease domain, three-dimensional 

structure 456 
- purification 453-454 
- toxicology 466 

"vascular activator" 58 
vasofiux 301 
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vasopressin, tPA secretion, regulation 
539 

vena cava syndrome 
(superior/inferior) 356 

venography 3,101,173 
venous thrombosis, unusual 

localization 356-357 
vertebrobasilar territory ischemia 

408-409 
vitamin A 526 
vitronectin 297 

Weibel-Palade bodies 532 
von Wille brand disease 561 
von Wille brand factor 173, 287-288, 

290 (fig.), 297, 532, 535-536, 539-540, 
565 

- degradation 10 
World Heart Federation 212, 213 

(table) 
wound healing 57, 111 

xemilofiban 306 
XR-1853 543-544 
XR-334 543-544 
XR-5082 543-544 
XR-5118 543-544 

zinc 235 
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