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Abstract: The thrombolytic efficacy of recombinant single-chain urokinase-type plasminogen
activator (rscu-PA) was studied in an open-chest canine model of coronary artery
thrombosis. Dogs (n=16) were anesthetized, a left thoracotomy performed, and a
two cm segment of the left circumflex coronary artery was isolated and instrumented
with an electromagnetic flow probe, an intracoronary stimulation electrode, and an
adjustable mechanical occluder. Anodal direct current (100 JLA) was applied to the
stimulation electrode until thrombosis occurred (n=14). After 30 min of thrombotic
occlusion, rscu-PA was administered intravenously. Dogs were sacrificed either 6 h
after thrombolysis or 6.5 h after initiation of rscu-PA when thrombolysis did not
occur. In group A (30-50 pg/kg bolus rscu-PA + 20-40 pg/kg/min infusion rscu-PA
for 30 min, n=5) thrombolysis occurred in one case (20%) and this artery
reoccluded. In group B (250 pg/kg bolus rscu-PA + 25 pg/kg/min infusion rscu-PA
for 30 min, n=6) all reperfused and only one reoccluded (16.6%). In group C (200
pg/kg bolus rscu-PA + 100 pg/kg/min rscu-PA infusion for 30 min, n=2) both
reperfused and neither reoccluded. Infarct size, determined as a percentage of left
ventricle, was smaller when thrombolysis was followed by persistent reperfusion
(n=7), than when reperfusion did not occur (n=4): 16.9 + 3.7% vs 31.3 + 2.2%,
respectively (mean +SEM, p<0.02). If thrombolysis was followed by reocclusion,
infarct size was 27.0 * 10.0%. In this study thrombolysis occurred when changes in
prothrombin time, partial thromboplastin time, fibrinogen and fibrin split products
were suggestive of systemic finbrinogenolysis. In conclusion, effective
thrombolysis with rscu-PA appears to limit infarct size and to be accompanied by
evidence of systemic fibrinolysis.
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Introduction

Thrombolytic therapy in the early stage of evolving myocardial infarction has been shown to be
beneficial clinically (1-4). However, defining the optimal dose regimen which would provide
rapid thrombolysis and prevent reocclusion without significant bleeding complications has been
difficult (5). The clot specific fibrinolytic agents, tissue-type plasminogen activator (t-PA) and
recombinant single-chain urokinase-type plasminogen activator (rscu-PA), were expected to be
more effective and safer thrombolytic agents.

The mechanism of action for clot-specific thrombolysis is different for t-PA and rscu-PA. Specific
plasma inhibitors of t-PA may limit its action in the absence of fibrin (6). The clot specificity of
t-PA is due to its affinity for plasminogen in the presence of fibrin (7). The fibrin selective clot
lysis of scu-PA is due to activation of plasminogen bound to fibrin in the lys-plasminogen-like
conformation, while the usual circulating glu-plasminogen form is spared (8). Plasma inhibitors of
scu-PA have not been demonstrated. However, different forms of single-chain urokinase are to be
expected to have different half-lives and enzyme activities (9).

In experimental studies, scu-PA and rscu-PA were found to be effective thrombolytic agents which
did not induce systemic fibrinolysis unless a dose wasused which exceeded the relative threshold
of specificity (10-16). Species variability in fibrinolytic responses to rscu-PA has been reported

(15), as has fibrinogenolysis with high doses of rscu-PA (15,16). When used in a canine model of
coronary artery thrombosis, both t-PA and rscu-PA were effective without inducing systemic
fibrinolysis when the thrombus was generated with a copper coil (11,12,17). However in humans
and in the canine model of coronary artery thrombosis that was used in this study, rscu-PA and
rt-PA caused systemic fibrinolysis when administered in a sufficient dose to achieve effective
thrombolysis (18-21). Whether or not these laboratory findings predict clinically significant
bleeding complications has yet to be established.

We investigated rscu-PA in a well-defined canine model of coronary artery thrombosis (22) to
determine its (a) thrombolytic efficacy, (b) ability to maintain vessel patency after initial
thrombolysis, (d) systemic fibrinolytic effects, and (e) influence on infarct size after
thrombosis/thrombolysis and reperfusion myocardial injury.

Methods

Surgical Preparation: Sixteen male mongrel dogs (14-21 kg) were anesthetized with pentobarbital
sodium (30 mg/kg i.v.), intubated and ventilated with room air at a tidal volume of 30 ml/kg and a
frequency of 12 breaths/min (Harvard respirator). The left carotid artery and internal jugular vein
were exposed and catheters were inserted for monitoring arterial pressure (Statham P23DC
pressure transducer) and infusion of drugs, respectively. A left thoracotomy was performed in the
fifth intercostal space and the heart was suspended in a pericardial cradle. A two cm section of
the left circumflex coronary artery was isolated proximal to the first marginal branch and
instrumented proximal to distal as follows: electromagnetic flow probe (Carolina Medical
Electronics Model 501), stimulation electrode and a teflon screw-occluder. The stimulation
electrode consisted of a 25-gauge hypodermic needle tip attached to a 30-gauge Teflon-insulated
silver-coated copper wire (Figure 1). The occluder was adjusted to decrease the reactive hyperemic
flow by 50-70% without affecting mean resting coronary blood flow (23) (Figure 2). The small
intervening coronary branches over the 1-2 cm segment were ligated. Continuous recordings of
blood pressure, the standard lead II electrocardiogram, mean and phasic left circumflex coronary
artery blood flow were recorded on a Grass Model 7 polygraph. Zero flow and hyperemic flows
were determined by occluding the circumflex coronary artery distal to the flow probe for 10 sec.
The flow probe was calibrated using heparinized whole blood. Dogs were allowed to stabilize after
the surgical procedure for 30 min before the electrical stimulation was started. If thrombosis
occurred, 30 mg of lidocaine hydrochloride was given intravenously. Six hours after thrombolysis
or 6.5 h after thrombotic occlusion (if no thrombolysis occurred), the dogs were euthanized and
the hearts removed quickly for postmortem quantification of infarct size and determination of
thrombus mass (mg).



Vol. 51, No. 1 rscu-PA, THROMBOLYSIS & THROMBOSIS 65

;. In order to determine the thrombus mass, it was
necessary to dissect and remove a portion of the coronary artery. Therefore quantification of the
area at risk for infarction with the dual staining technique was not possible (24). Rather, the heart
was cut into six equal sections, 1.0-1.5 cm thick, perpendicular to the apex-base axis and
immersed in 1.5% triphenyltetrazolium hydrochloride in 20 mM potassium phosphate buffer (pH
7.4, 38°C) for 5 min. The presence of dehydrogenase enzymes in viable myocardial regions leads
to reduction of tetrazolium salt and the development of a red formazan precipitate in the heart
tissue. Infarcted tissue did not reduce tetrazolium salt and remained pale tan in color (25, 26). The
sections were trimmed of right ventricular, valvular, and fatty tissue and weighed. Infarct size was
determined using computer-assisted planimetry. Infarct size was expressed as percentage of the
total left ventricle.

Coagulation Studies: The prothrombin time (PT) was determined with thromboplastin C [dried
rabbit brain thromboplastm with calcium (Becton, Dickinson and Co., Rutherford, NJ 07070)}
The maximum time measured was 60 sec. Activated partial thromboplastm time (PTT) was
determined using calcium chloride (0.02 M) and activated cephaloplastin reagent [liquid rabbit
brain cephalin with plasma activator (Becton, Dickinson and Co., Rutherford, NJ 07070)]. The
maximum time measured was 150 sec. Fibrinogen levels were determined with thrombin reagent

[lyophilized bovine thrombin, 100 NIH units/ml (Becton,Dickinson and CO., Rutherford, NJ
07070)] and Owren's veronal buffer M sodium barbital in 0.125 M NaCl, pH 7.35). The

minimum amount measurable was 15 mg/dl. Control plasma for the PT, PTT, and fibrinogen
assays was a lyophilized preparation of human plasma [Ci-Trol Coagulatlon Control Level [

(American Dade, Aguada, Puerto Rico 00602)]. Fibrin(ogen) split products (FSP) or degradation
products (FDP) were measured with immunological methods observing the agglutination of Latex
Anti-Fibrinogen [0.6% suspension of polystyrene latex particles coated with rabbit anti-human
fibrinogen in buffer (American Dade, Aguada, Puerto Rico 00602)] and Sorensen's glycine buffer
(0.1 M glycine and 0.1 M saline, pH 8.2). Sample tubes for FSP assays contained thrombin (20
NIH units) and soy bean trypsin inhibitor [approx. 3600 NF units (Wellcome Laboratories,
Beckenham,U.K.)]. Vaccutainer tubes for PT, PTT and fibrinogen contained 0.5 ml of 3.2%
buffered sodium citrate (Becton Dickinson, Rutherford, N.J.). Platelet counts were determined
using a J.T. Baker MK/4Hc platelet counting system.

Drugs: Recombinant single-chain urokinase-type plasminogen activator, a gift from Griinenthal
GmbH (Aachen, West Germany, Drs. Flohe and Giinzler), was produced from E. coli sources
(M, 47,000) and contained 0.09% double chain urokinase activity. Lidocaine hydrochloride was

purchased from Sigma (St.Louis, Mo.).

Statistical Analysis: The data are expressed as the mean *+ SEM (standard error of the mean). The
groups were compared using one way analysis of variance and Student's t-test. A p value less than
0.05 was considered significant. Changes within groups were established by repeated measures of
ANOV A and significance between means was determined using Scheffe's test.

Experimental Protocol: After surgical preparation, the dogs were allowed to stabilize and then the
electrical stimulation was initiated. If complete occlusive thrombus was not established within 4 h
the dogs were excluded from the study. If coronary artery thrombosis occurred, as assessed by
zero coronary blood flow and ST segment-elevation in the lead II electrocardiogram, then electrical
stimulation was discontinued 30 min after thrombotic occlusion and thrombolytic treatment was
initiated. Blood samples for coagulation studies were taken initially and at 5 and 30 min after the
bolus was given and 1, 3 and 6 h after the initiation of the treatment. Three rscu-PA treatment
groups (varying dose schedules) were studied:
Group A: 30-50 pg/kg bolus + 20-40 pg/kg/min infusion over 30 min

(total dose = 0.64-1.25 mg/kg, n=5)
Group B: 250 pg/kg botus + 25 pg/kg/min infusion over 30 min

(total dose =1 mg/kg, n=6)
Group C: 200 pg/kg bolus + 100 pg/kg/min infusion over 30 min

(total dose = 3.2 mg/kg, n=2)
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Figure 1. Instrumentation of the left circumflex coronary artery.
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Figure 2: Phasic coronary blood flow before and after adjustment of the critical stenosis. The
hyperemic response is reduced approximately by 50%, whereas the mean basal flow is unaffected.

Results

A total of 16 dogs were used in the study. Two dogs were excluded because they did not develop
coronary artery thrombosis after 4 h of electrical stimulation. Since postmortem examination of the
vessel revealed that the wire had been in place, it was concluded that the lack of thrombus

formation was due to initial low platelet counts (<50,000/mm3). One dog was excluded because
the infusion was accidently started 30 min after the bolus. Interestingly, reperfusion was achieved
in this case. Since group C is small (n=2), the results of this group will be presented separately.
The following paragraphs compare the results of groups A and B.

ight: There was no significant difference
between groups A and B with respect to the time required to develop a fully occlusive thrombus
(75.2 + 24.3 min vs 98.8 + 26.5 min, respectively). In group A, thrombolysis occurred in1/5
(20%) and this was followed by reocclusion. In group B, thrombolysis occurred in all 6, and only
1/6 (16.6%) reoccluded. The time necessary to achieve thrombolysis for the one case in group A
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was 25 min and for all 6 cases in group B was 16.3 £ 4.3 min. The difference in thrombus weight
between the two groups nearly reached significance (30.2 £ 7.0 mg group A vs 10.9 £ 5.7 mg
group B, p=0.06). In group A, reocclusion occurred 95 min after thrombolysis (n=1); whereas
only 1/6 vessels reoccluded in group B and this occurred after 20 min. Reocclusion developed
gradually and was not accompanied by oscillations in coronary blood flow as has been described
by Schumacher et al (26).

Hemodynamics and coronary blood flow: In the beginning of the expenments there was a tendency
towards higher mean arterial pressure (MAP) and heart rate (HR) in group B compared to group A.
These differences however became less prominent over the course of the experiment and final
values were not different. Left circumflex coronary blood flow (CBF) was similar before
thrombosis (20.512.2 ml/min group A vs 27.315.5 ml/min group B). Neither the administration
of a low dose or high dose bolus, nor the 30 min infusion had an effect on MAP, HR or CBF. In
group A thrombolysis occurred in one dog, whereas in group B thrombolysis occurred in all

[initial reperfusion CBF: 18 ml/min (n=1) vs11.743.7 ml/min (n=6), respectively]. In the patent
vessels of group B, CBF was 15.4+3.6 ml/min (n=5) after 6 h of reperfusion, a trend toward
increasing CBF over time. By this point in time, the one patent vessel had reoccluded in Group A.

; In preliminary experiments it was established that the soy bean trypsin
inhibitor successfully inhibits activation of plasminogen to plasmin while the sample was being
processed. This was essential to ensure that the measured fibrin/ogen split or degradation products
(FSP or FDP) were not an artifact that occurred in the test tube due to ongoing activation by a
tissue-type plasminogen activator (27). When samples were taken 5 min after bolus injection there
was no detectable difference in prothrombin time (PT), partial thromboplastin time (PTT), FSP or
fibrinogen measured initially or after several hours, thus indicating that plasminogen activation in
the test tube was negligible and that the soy bean inhibitor was effective in preventing proteolysis
of fibrinogen by plasmin. Compared to normal human plasma, the values in dogs for PT and PTT
were 50% shorter, fibrinogen was similar, and FSP were minimally elevated after thoracotomy.
The values for PT, PTT, fibrinogen and FSP were similar between the two groups before
treatment (baseline values were taken after thoracotomy). Platelet counts were similar for the two
groups (data not shown).

The PT for group B (42.3 + 11.2 ) was prolonged at 30 min after the onset of treatment compared
to group A (p<0.02) and there was a significant change over time within group B. Over time there
were no changes detected in the PT for group A. The PTT in group B (104.1 £ 29.0) was
prolonged at 30 min and this was a significant increase compared to baseline. Fibrinogen was
lower in group B than group A 3 h and 6 h after starting therapy (p<0.05 and p<0.02,
respectively). Within both groups there were significant decreases in fibrinogen over time: in
group A at 30 min, 1 hand 3 h and in group B from 30 min throughout 6 h. The FSP were
increased in group B compared to group A at 6 h (p<0.05). Within the groups significant increases
for FSP were present over the course of the experiments: in group A at 3 h and in group B at 1 h.

It seems that abnormalities in the coagulation pathway were necessary for thrombolysis to occur.
There was a tendency to normalization of the abnormal coagulation parameters towards the end of
the experiments. The lack of differences within and between groups and the large SEM with
respect to coagulation parameters was an indicator of the variability of the dog's response to
fibrinolytic agents. Statistical analysis of the data for PT and PTT may have been influenced by
arbitrary upper limits of sensitivity of the assays (60 sec and 150 sec, respectively). It is important
to note that none of the dogs exhibited substantial bleeding, even though an open-chest model was
used. A summary of the findings in regard to coagulation parameters is given in figure 3.

Infarct size: Although measurements of infarct sizes, especially when the area at risk is not defined
and when collateral blood flow is not measured, have to be noted with caution, postmortem infarct
sizes can still be regarded as a reasonable estimate of myocardial tissue injury. Infarct size,
expressed as percentage of the left ventricle, was smaller in groups B than group A (19.0£3.4% vs
34.44+3.6%, respectively, p<0.02). This finding suggested that thrombolysis occurring early in
evolving myocardial infarction reduced infarct size. Whether or not there were additional
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Figure 3: Coagulation profile over the time of the experiment. 1=Baseline, 2=5 min after bolus,
3=30 min after bolus, 4=1 h after bolus, 5=3 h after bolus, 6=final. *=p<0.05, **=p<0.02,
a=differences within Group A compared to baseline, b=differences within group B compared to
baseline (a+b p<0.05 with Scheffe's test).

mechanisms for protecting ischemic myocardial cells when a fibrinolytic agents was employed in
order to restore coronary blood flow needs further investigation. Infarct sizes from groups A, B,
and C were analyzed according to whether thrombolysis occurred, and if so did reocclusion occur,
the smallest infarct size was found in the group with initial thrombolysis and persistently patent
vessels (16.9 + 3.7%, n=7, Figure 4) and this was significantly smaller than the infarct sizes when
thrombolysis never occurred (p<0.02). In the computation of infarct sizes according to patency the
dog where the infusion was started late was included.

: In the two dogs that received 3.2 mg/kg total dose of rscu-PA, extensive
bleeding occurred necessitating significant crystalloid replacement to maintain hemodynamic
stability. Changes in the measured coagulation parameters were profound 30 min after initiation of
treatment: PT (>60 % 0 sec), PTT (>150 % 0 sec), fibrinogen (<15 + 0 mg/dl) and FSP (4608.0 +
3584.0 ug/ml). The PT and PTT are dependent upon fibrinogen from the plasma sample, and
when it is depleted (< 15mg/dl) as in these studies, all three tests will be abnormal. The increased
FSP suggest that the low fibrinogen was induced by systemic fibrinogenolysis. By the end of the
experiments, the values showed a tendency towards normalization: PT 36.5+23.5 sec, PTT
84.4165.7 sec, fibrinogen 15.510.5 mg/dl, FSP 409630 pg/ml. Systemic fibrinogenolysis
resulted in a time to induce reperfusion which was short (12.623 min), infarct size which was
small (12.9 + 4%) and thrombus mass which was small (1.3 * 1.3 mg). Since group C was small
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Figure 4: Myocardial infarct size grouped according to the incidence of thrombolysis with
persistently patent vessels, thrombolysis with reocclusion, and thrombosis due to failure of
thrombolytic therapy . ( ** = p<0.02)

(n=2), any conclusions based on these data must be considered cautiously.
Di .

Clinically, effective thrombolytic therapy used early (<4h after onset of symptoms) in acute
myocardial infarction has been shown to improve myocardial function and patient survival (1-4).
Streptokinase was the first thrombolytic agent used and it is the only agent where data exist to
support the hypothesis that long-term mortality is reduced (3). Because of several problems with
streptokinase, i.c. bleeding, antigenicity and rethrombosis, there is now a wide-spread interest in
the second-generation thrombolytic agents which are more clot specific. Recombinant human
tissue-type plasminogen activator (rt-PA) has been used for coronary thrombolysis in acute
myocardial infarction and the results from several multicenter studies are available (4,28-30).
Effective thrombolysis in humans according to those studies is accompanied by systemic
fibrinolysis. In an animal study carried out in this laboratory, 1 mg/kg bolus tPA +1 mg/kg tPA
infused over 3 hours (5.5 pg/kg/min) was an effective coronary thrombolytic agent in 78% of
cases (7/9 dogs) and systemic fibrinolysis also was noted (18).

Systemic fibrinolysis was not detected in previously reported preliminary experiments with
scu-PA. However, there are now data available suggesting, that in humans the dose necessary to
induce coronary artery thrombolysis also causes systemic fibrinogenolysis (20,21). Again, the
dose found to be effective (31), was similar to the dose that was effective in the study reported
herein. Systemic fibrinogenolysis was detected in our study and there may be several reasons for
this: (1) effective doses are high enough to exceed the relative threshold of specificity of scu-PA
and (2) inactivation of plasmin by alpha-2 antiplasmin was exceeded by the excessive formation of
plasmin in the model.

One of the striking results of this study is the finding that the same total dose administered in
different regimens does produce remarkably different efficacy. Based on a one compartment
model in dogs and an estimated t1/2 of 7.5 min for rscu-PA both regimens (group A and B) reach
plasma concentrations of more than 100 nM. According to a report from Colien et al (32) in vitro
lysis of a human plasma clot was achieved within 1h when scu-PA was present at a concentration
of 32 nM, Neglecting the interspecies differences one would assume that thombolysis should occur
in both groups A and B described in this study. Based upon the results of this study one might
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conclude the following: (a) there is a dose dependency of the velocity of the activation of
plasminogen by rscu-PA and (b) the sigmoid dose response that was found by Collen et al (32)
may be valid for actual plasma concentrations in an in vivo system. It is possible that the fibrin
present in the thoracic wound in this model binds part of the administered fibrinolytic agent which
results in a higher total dose needed to lyse the coronary artery thrombus.

At this point it is important to discuss the differences between the canine model used in this study
and other studies. Collen et al (11,12) describe effective thrombolysis being achieved without
systemic fibrinogenolysis at a dose that was approximately three times smaller than the dose used
in our study (0.3mg/kg vs 1mg/kg, respectively). Thrombosis induced with an intracoronary
copper coil in the model used by the Leuven group and thrombosis induced via electrical
stimulation of the coronary artery intima as in this study generate different types of thrombi with
respect to the composition of the clot. Romson et al. studied the electrically induced thrombus and
found that it resembles the platelet-rich thrombi found in postmortem studies of humans with
coronary artery disease (22). Differences between the experimental models may account for the
different findings with rt-PA . Lysis in our canine model was accompanied by systemic
fibrinogenolysis (18) and the dose needed for thrombolysis was approximately three times higher
than that used by the Leuven group (17). In a recent study, histology of the thrombi revealed the
crucial role of the platelets as well as the changing composition of the thrombi over a short period
of time which led to significant reduction of effective thrombolysis with urokinase (33). It is of
interest that the doses necessary to induce thrombolysis in our model are similar to those proven to
be effective in humans for both rt-PA and rscu-PA and that systemic fibrinolysis is present with
both recombinant agents. Although the drugs were not studied simultaneously, it can be suggested
that rt-PA and rscu-PA are both effective in this model of coronary artery thrombosis/thrombolysis
and that thrombolysis is usually achieved in the presence of systemic fibrinolysis. In these studies,
the laboratory evideince of systemic fibrinolysis did not correlate with overt bleeding in the
open-chest model and severe blood loss only occurred at a total dose three times higher than
necessary to achieve effective reperfusion with rscu-PA.

The mechanism of reocclusion after thrombolytic therapy is not fully understood. It is conceivable
that platelets play a role in this phenomenon. In the protocol employed in this study, coronary
blood flow is monitored continuously, thus the pattern of coronary blood flow leading to
reocclusion can be observed. Oscillations in coronary blood flow have preceded reocclusion in
studies using this model with other thrombolytic agents (18, 26). The observed oscillations are
similar to those seen when a circumferential coronary artery stenosis is present and occlusion
occurs, and these oscillations can be abolished with ketanserin (34). With electrially induced
thrombosis, prolonged vessel patency after streptokinase improved with prostacyclin and heparin

(35), and initial thrombosis could be prevented with ibuprofen (23) or thromboxane synthetase
inhibition (36). Streptokinase and t-PA have been reported to cause hyperaggregation of platelets
in rabbits (37). Although platelet activation has not been studied in dogs in this model, it could be
contributing to the oscillations or cyclic flow variations in coronary blood flow which precede
reocclusion. These findings indicate that the mechanisms of thrombosis and thrombolyis involve a
complex interaction involving the vascular endothelium, circulating cellular elements and plasma
clotting factors and their inhibitors. To our knowledge rscu-PA has not been reported to cause
platelet hyperaggregability. The presence of platelets in a thrombus has, in fact, been reported to
augment rscu-PA induced lysis (38). Since in this study there was a low rate of reocclusion and
the flow pattern preceding reocclusion was different from studies with streptokinase and t-PA, it
will be important to investigate the rheological and platelet activating properties of rscu-PA and
other proposed thrombolytic agents.

Conclusions: Recombinant single-chain urokinase plasminogen activator is an effective
thrombolytic agent in this model of coronary thrombosis at doses comparable to those necessary
for thrombolysis in humans. The high initial bolus (1/4 of the total dose) is impressive in its ability
to promote early thrombolysis. When a small initial bolus is used with a similar total dose, it is

not effective. Further investigation is needed to resolve the following questions: 1) Should a
loading dose which is 25% of the total dose be used as the clinical therapeutic regimen? (2) Should
different methods of measuring coagulation factors be developed in order to distinguish between
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lytic states that endanger patients and those that merely indicate effective thrombolysis?

References

1.SIMOONS, M.L., BRAND, M., DE ZWAAN, CD., VERHEUGT, FW.A., REMME, W.J,
SERRUYS, P.W_, BAR, F,, RES, J., KRAUSS, X.H.,, VERMEER, F., LUBSEN, IJ.

Improved survival after early thrombolysis in acute myocardial infarction. Lancet, 2, 578-582,
1985.

2.GRUPPO ITALIANO PER LO STUDIO DELLA STREPTOCHINASI NELL'INFARTO
MIOCARDICO (GISSI). Effectiveness of intravenous thrombolytic treatment in acute myocardial
infarction. Lancet, 1, 397-401, 1986.

3.MATHEY, D.G., SCHOFER, J., JUSTEN, M., KREBBER, H.J., SHEEHAN, F.J,,
BLEIFELD, W. Verbesserte Uberlebensrate bis zu 4 Jahren nach erfolgreicher Thrombolyse. Z
Kardiologie, 76, Suppl 1, 20, 1987.

4 SHEEHAN, F.H., BRAUNWALD, E., CANNER, P, DODGE, H.T., GORE, J.,, VAN
NATTA, P., PASSAMANI, E.R., WILLIAMS, D.O., ZARET, B. AND
CO-INVESTIGATORS. The effect of intravenous thrombolytic therapy on left ventricular
function: a report on tissue-type plasminogen activator and streptokinase from the Thrombolysis in
Myocardial Infarction (TIMI Phase I) Trial. Circulation, 75, 817-829, 1987.

5.VERSTRAETE, M., COLLEN, D. Thrombolytic therapy in the eighties. Blood, 67,
1529-1541, 1986.

6. SPRENGER, E.D., KLUFT, C. Plasminogen activator inhibitors. Blood, 69, 381-387,
1987.

7.COLLEN, D. Molecular mechanisms of fibrinolysis and their application to fibrin-specific
thrombolytic therapy. J Cell Biochem, 33, 77-86, 1987.

8.PANNELL, R., GUREWICH, V. Pro-urokinase: a study of its stability in plasma and of a
mechanism for its selective fibrinolytic effect. Blood, 67, 1215-1223, 1986.

9.FLOHE, L. Single-chain urokinase-type plasminogen activators: new hopes for clot-specific
lysis. Eur HeartJ, 6, 905-908, 1985.

10.GUREWICH, V., PANNELL, R, LOUIE, S., KELLEY, P., SUDDITH, L., GREENLEE,
R. Effective and fibrin-specific clot lysis by a zymogen precursor form of urokinase
(pro-urokinase): A study in vitro and in two animal species. J Clin Invest, 73, 1731-1739,
1984.

11.VAN DE WEREF, F,, JANG, LK., COLLEN, D. Thrombolysis with recombinant human
single-chain urokinase-type plasminogen activator (rscu-PA): dose-response in dogs with coronary
artery thrombosis. J Cardiovasc Pharmacol, 9, 91-93, 1987.

12.COLLEN, D., STUMP, D., VAN DE WEREF, F,, JANG, 1.K., NOBUHARA, M., LIINEN,
H.R. Coronary thrombolysis in dogs with intravenously administered human prourokinase.
Circulation, 72, 384-388, 1985.

13.COLLEN, D., STASSEN, J.M., BLABER, M., WINKLER, M., VERSTRAETE,
M. Biological and thrombolytic properties of proenzyme and active forms of human urokinase-
III. Thrombolytic properties of natural and recombinant urokinase in rabbits with experimental



72 rscu-PA, THROMBOLYSIS & THROMBOSIS Vol. 51, No. 1

jugular vein thrombosis. Thromb Haemostas, 52, 27-30, 1984.

14 FLAMENG, W., VANHAEKE, J., STUMP, D.C., VAN DE WERF, F., HOLMES, W,
GUNZLER, W.A_, FLOHE, L., COLLEN, D. Coronary thrombolysis by intravenous infusion
of recombinant single chain urokinase-type plasminogen activator or recombinant urokinase in
bagoo;s: E9f§e6ct on regional blood flow, infarct size and hemostasis. J Am Coll Cardiol, 8,
118-124, 1986.

15.LIINEN, H.R., DE WREEDE, K., DEMARSIN, E., COLLEN, D. Biological and
thrombolytic properties of proenzyme and active forms of human urokinase- IV. Variabilty in

fibrinolytic responses of plasma of several mammalian species. Thromb Haemostas, 52, 31-33,
1984.

16.ZAMARRON, C., LIINEN, H.R., VAN HOEF, B., COLLEN, D. Biological and
thrombolytic properties of proenzyme and active forms of human urokinase-1. Fibrinolytic and
fibrinogenolytic properties in human plasma in vitro of urokinase obtained from human urine or by
recombinant DNA technology. Thromb Haemostas, 52, 19-23, 1984.

17.VAN DE WEREF, F., BERGMANN, SR, FOX, K.A.A,, DE GEEST, H., HOYNG, CF,,
SOBEL, B.E., COLLEN, D. Coronary thrombolysis with intravenously administered human
tissue-type plasminogen activator produced by recombinant DNA technology. Circulation, 69,
605-610, 1984.

18.MICKELSON, J.K., SIMPSON, P.J., LUCCHESI, B.R. Thrombolysis and systemic
fibrinolytic effects of intravenous tissue type plasminogen activator and streptokinase in a canine
model of coronary artery thrombosis. Fed Proc, 46, 940, 1987.

19.THE TMI STUDY GROUP. The thrombolysis in myocardial infarction (TIMI) trial: phase I
findings. N EnglJ Med, 312, 932-936, 1985.

20.VAN DE WEREF, F., VANHAECKE, J., DE GEEST, H., VERSTRAETE, M., COLLEN,
D. Coronary thrombolysis with recombinant single-chain, urokinase-type plasminogen avtivator
in patients with acute myocardial infarction. Circulation, 74, 1066-1070, 1986.

21.BODE, C., SCHWARZ, F., SCHULER, G., KUBLER, W. Intravenose Thrombolytische
Therapie Durch Prourokinase Bei Akutem Myokardinfarkt Ist Effektiv Und Spezifisch. Z
Kardiol, 76, Suppl 1, 20, 1987.

22.ROMSON, J.L., HAACK, D.W., LUCCHESI, B.R. Electrical induction of coronary artery
thrombosis in the ambulatory canine: a model for in vivo evaluation of anti-thrombotic agents.
Thromb Res, 17, 841-853, 1980.

23.SCHUMACHER, W.A., BUDA, A.l., LUCCHESI, B.R. Streptokinase thrombolysis in
experimental coronary artery thrombosis: pattern of reflow and effect of a stenosis. IntJ Cardiol,
6, 615-627, 1984.

24 ROMSON, J.L., BUSH, L.R., HAACK, D.W., LUCCHESI, B.R The beneficial effects of
oral ibuprufen on coronary artery thrombosis and myocardial ischemia in the conscious dog. J
Pharmacol Exp Ther, 215, 271-278, 1980.

25.VIVALDI, M.T., KLONER, R.A., SCHOEN, R.F. Triphenyltetrazolium staining of the
irreversible ischemic injury following coronary artery occlusion in rats. Am J Path, 121, 522-528,
1985.

26.FISHBEIN, M.C., MEERBAUM, S., RIT, J., LANDO, U., KANMATSUE, K,
MERCIER, J.C., CORDAY, E., GANZ, W. Early phase acute myocardial infarct size
quantifications: validation of the triphenyl tetrazolium chloride tissue enzyme technique. Am Heart



Vol. 51, No. 1 rscu-PA, THROMBOLYSIS & THROMBOSIS 73

J, 101, 593-600, 1981.

27.MOHLER, M.A., REFINO, C.J.,, CHEN, S.A., HOTCHIKISS, A. J.D-phe-pro-arg
-chloromethylketone: Its potential use in inhibiting the formation of the in vitro artifacts in blood
collected during tissue-type plasminogen activator thrombolytic therapy. Thromb Haemost, 56,
160-164, 1986.

28.COLLEN, D., TOPOL, E.J., TIEFENBRUNN, A.J., GOLD, HK., WEISFELDT, M.L.,,
SOBEL, B.E., LEINBACH, R.C., BRINKER, J.A., LUDBROOK, P.A., VASUDA, T,
BULKLEY, B.H.,, ROBINSON, AK., HUTTER, AM., BELL, W.R,, SPADARO, J.J,,
KHAW, B.A., GROSSBARD, E.B. Coronary thrombolysis with recombinant human tissue-type
plasminogen activator: a prospective, randomized placebo-contolled trial. Circulation, 70,
1012-1017, 1986.

29.VERSTRAETE, M., BERNARD, R., BORY, M., BROWER, R.W., COLLEN, D., DO
BONO, D.P., ERBEL, R.,, HUHMANN, W., LENNANE, R.J., LUBSEN, J., MATHEY, D.,
MEYER, J., MICHELS, H.R., RUTSCH, W., SCHARTL, M., SCHMIDT, W., UEBIS, R.,
VON ESSEN, R. Randomized trial of intravenous recombinant human tissue-type plasminogen
activator versus intravenous streptokinase in acute myocardial infarction. Lancet, 2, 842-847,
1985.

30.WILLIAMS, D.O., BORER, J., BRAUNWALD, E., CHESEBRO, J.H., DALEN, J.,
DODGE, H.T., FRANCIS, C.K., KNATTERUD, G., LUDBROOK, P., MARKIS, J.E,
MUELLER, H., DESVIGNE-NICKENS, P., PASSAMANI, E.R., POWERS, E.R., ROA,
A K., ROBERTS, R, ROSS, A., RYAN, T.J.,, SOBEL, BLE., WINNIFORD, M., ZARET, B.,
AND CO-INVESTIGATORS. Intravenous recombinant tissue-type plasminogen activator in
patients with acute myocardial infarction : a report from the NHLBI thrombolysis in myocardial
infarction trial. Circulation, 73, 338-346, 1986.

31.MATHEY, D.G., SCHOFER, J.,, HAMM, C., BLEIFELD, W., ERBEL, R,
DIEFENBACH, C., V. OLSHAUSEN, K. Reperfusionsrate nach intravenoser Prourokinase-
Gabe Bei Patienten Mit Akutem Myokardinfarkt: 40 Versus 80 MG - Eine Kooperative Studie. Z
Kardiol, 6, Suppl 1 39, 1987.

32.COLLEN, D, DE COCK, F., LIINEN, HR., STUMP, D.C. Absence of synergism
between tissue-type plasminogen avtivator (t-PA), single-chain urokinase-type plasminogen
activator (scu-PA) and urokinase on clot lysis in a plasma milieu in vitro. Thromb Haemost, 56,
35-39, 1986.

33.TOMARU, T., UCHIDA, Y., MASUO, M., KATO, A., SUGIMOTOT, T. Experimental
canine arterial thrombus formation and thrombolysis: A fiberoptic study. Am Heart J, 114,
63-69, 1987.

34. BUSH, L.B., CAMPBELL, W.B,, KERN, K., TILTON, G.D., APPRILL, P., ASHTON,
J., SCHMITZ, J., BUJA, M., WILLERSON, J.T. The effects of alpha-2-adrenergic and
serotonergic receptor antagonists on cyclic blood flow alterations in stenosed canine coronary
arteries. Circ Res, 55, 42-652, 1984.

35.SCHUMACHER, W.A., LEE, E.C., LUCCHESI, B.R . Augmentation of
streptokinase-induced thrombolysis by heparin and prostacyclin. J Cardivasc Pharmacol, 7,
739-746, 1985.

36.SIMPSON, P.J., SMITH, C.B.,, ROSENTHAL, G., LUCCHESI, B.R. Reduction in the
incidence of thrombosis by the thromboxane synthetase inhibitor CGS 13080 in a canine model of
coronary artery injury. J Pharmacol Exp Ther, 238, 497-501, 1986.

37.0HLSTEIN, E.H., STORER, B., FUJITA, T., SHEBUSKI, R.J. Tissue-type plasminogen



74 rscu-PA, THROMBOLYSIS & THROMBOSIS Vol. 51, No. 1

activator and streptokinase induce platelet hyperaggreabilty in the rabbit. Thromb Res, 46,
575-585, 1987.

38.GUREWICH, V., PANNELL, R. A comparative study of the efficacy and specificity of tissue
plasminogen activator and pro-urokinase: Demonstration of synergism and of different thresholds
of non-selectivity. Thromb Res, 44, 217-228, 1986.



