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ABSTRACT

Since the discovery of platelet-rich thrombus, within the 
coronary arteries of people dying suddenly, attempts have been 
made to modify platelet behaviour. Aspirin may be only partially 
effective, is often poorly tolerated, and increases bleeding time. 
Non-specific thrombin inhibition by heparin is widely practised; 
this has some benefits but prolongs clotting and bleeding times. 
Using a canine model of critical coronary stenosis and endothelial 
damage, a number of anti-platelet agents were studied.

The specific thrombin inhibitor r-Hirudin caused increases in 
bleeding, thrombin and partial thromboplastin times but was 
relatively inneffective in preventing intracoronary platelet 
thrombosis. Trimetazidine is a drug which may prevent 
intracellular calcium entry. This abolished or reduced thrombosis 
without affecting bleeding or coagulation. The next target was 
the platelet serotonin SHTg receptor. Experiments with the 
selective SHTg antagonists MDL 11.939 and LY 53,857 completely 
abolished intracoronary platelet thrombosis without evidence of 
coagulopathy. The pattern of flow restoration suggested 
thrombolytic activity. Further studies of the use of these drugs 
(and ICI 170,809, another selective 5 HT2 antagonist) in 
combination with the thrombolytic agent rt-PA confirmed the 
effectiveness of these agents. There were no adverse effects on 
coagulation or bleeding times.

During experiments in which intracoronary pressure was 
measured, it was noted that, despite a severe proximal stenosis, 
post-stenotic coronary resistance changed in response to 
increase in flow; these changes were accentuated by the presence 
of platelet thrombosis.

The selective 5 HT2 antagonists, some of which have undergone 
unsuccessful trials for the treatment of migraine, anxiety and 
depression, show the greatest promise for the treatment of acute 
coronary syndromes in humans. The effectiveness of these 
compounds, and trimetazidine, which do not adversely affect 
coagulation, suggests that the two processes are not inextricably 
linked.
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CHAPTER 1 

Introduction

Mechanism of coronary thrombosis and its controi

One mechanism by which coronary artery disease manifests itself 

acutely is thrombosis. The presence of platelet aggregates in 

people dying suddenly and unexpectedly from coronary artery 

disease [Haerem, 1972], suggests an important role for platelets 

in the pathogenesis of acute coronary obstruction. It has also 

been established that platelets are distributed mainly in the 

mural portion of blood flowing within arterioles [Tangelder et al., 

1985]. These findings have interested clinicians and 

experimenters since the problem was first recognised, and 

attempts to modify blood coagulation have had their place among 

manifold treatment strategies. It is possible that, previously 

unknown anti-platelet effects of standard treatments by nitrates 

and 8-blockers have contributed to their success [Folts, Stamler 

& Loscaizo, 1991; Schwencke et al., 1991; Karlberg et al., 1992]. 

Direct anti-platelet therapy, which has been the mainstay of 

chronic prophylaxis, has been used acutely following 

thrombolysis or angioplasty. The logic is that endothelial damage 

initially provokes platelet adherence followed by aggregation 

which then involves the coagulation pathways. The final common 

pathway of thrombus formation is the platelet GP llb/llla (or 

fibrinogen) receptor. The endothelial damage and fissuring of the 

diseased arterial wall following angioplasty results in a large 

exposure of collagen, fibronectin, lipoproteins and cholesterol; 

all of these are strong stimuli to platelet aggregation. The same



situation pertains after successful thrombolytic therapy. The 

initial thrombogenic stimulus is re-exposed and the process of 

thrombotic occlusion restarted. Other mechanisms have been 

invoked, including increased levels of circulating plasminogen 

activator inhibitor (PAI) [Fujii, Abendschein & Sobel, 1991], or 

increased thrombin activity [Eisenberg et al., 1987(b)]. The 

platelet cell membrane presents a variety of receptor sites which 

respond in different ways to different stimuli. These receptors 

and their function can be modified, in their turn, by events 

occurring at adjacent sites and also by changes in platelet shape. 

In addition, interactions with the coagulation pathways are 

manifold, as well as contact effects from red cells and neutrophil 

derived leukotrienes.

T h e re fo re , a fte r enzym atic  d issolution of throm bi, 

anticoagulation is stated to prevent or reduce coagulation 

activation [ISIS-3 study group, 1990]. Antiplatelet therapy is now 

also routine and of demonstrable benefit [ISIS-2 study group, 

1988]. The possibility of adjunctive mechanical disruption has 

also been put forward [Tomoda, 1988]. The probability of 

thrombosis being involved in earlier stages of the disease may be 

implied from its abolition in hyperlipidæmic pigs which also have 

von Willebrand's disease [Fuster et al., 1986].

Re-occlusion follows thrombolysis in up to 45% of cases. The 

consequences of reocclusion are to increase morbidity, to double 

mortality and to diminish ventricular function [Ohman et al.,

1990]. This is despite heparin and aspirin. In order to show 

benefits from aspirin, large scale trials have been required [ISIS- 

2 study group, 1988], but there is general agreement that 

cardioprotection by aspirin generally is far from complete [Lewis



et al., 1983; Cairns et al., 1985], even though the benefits of 

secondary prevention are more clear cut [Hennekens et al., 1989]. 

Therefore there is considerable research effort to find ways to 

im prove the perform ance of throm bolytic  therapy. 

Anticoagulation with heparin is the standard treatment. Dosage 

schedules are not universally agreed, neither is the type of 

heparin; nonetheless coagulation is usually affected with 

doubling of the partial thromboplastin time and therefore the 

presumptive risk of hæmorrhage [GISSI-2 study group, 1990; 

ISIS-3 study group, 1990]. The dose of heparin that is required to 

affect the platelet thrombin receptor is 30 times higher than that 

of a specific thrombin inhibitor [Hanson & Marker, 1988; Weitz et 

al, 1989]. The addition of aspirin can be expected to worsen this 

bleeding diathesis; the combination may render emergency 

interventions far more difficult and be associated with greater 

morbidity. Attention has been directed at the platelet surface, 

with most recent emphasis on the fibrinogen and thrombin 

receptors. The other approach has been modification of the 

thromboxane pathway. This has attracted interest as studies of 

biochemical markers of platelet activation such as thromboxane 

Bg (a more stable metabolite of thromboxane Ag) and 6-keto 

Prostaglandin F^a have shown increases following myocardial 

infarction or other acute coronary syndromes [Fitzgerald et al., 

1986; Hamm et al., 1987; Jin, Yan & Xu, 1989].

Thromboxane Ag is not stored but is synthesised in repense to 

activation [Fitzgerald, 1991]. Direct inhibition of thromboxane 

synthetase [Bush et al., 1984(a)], and/or the thromboxane Ag 

receptor has been widely investigated [Ashton et al., 1986(a); 

Yasuda et al., 1991]. These agents are successful in reducing 

platelet aggregation both in vitro and in vivo, but are also



implicated in increased blood loss. This approach also possesses 

an intriguing Achilles' heel: namely the continued production of 

prostaglandin Dg which is anti-aggregatory for platelets and 

causes arterial wall relaxation. If aspirin (or indomethacin) is 

added, this production is suppressed by blockade of the 

arachidonate pathway. This may well result in promotion of 

thrombosis, because the benefits now available are reduced only 

to those produced by aspirin.

Serotonin: evidence for a role for 5HT in coronary artery 

d isease

Serotonin (5-hydroxy-tryptamine; 5HT) is stored in platelets in 

large amounts both as a saturated solution in the cytoplasm and 

also in the dense granules. It is released from the platelet after 

aggregation and contraction of the actin-myosin complex with 

destruction of the cell membrane. This released serotonin can 

itself cause further platelet aggregation by a positive feedback 

mechanism [De Clerck & Herman, 1983], and coronary artery 

spasm [Perez et al., 1983]. The local release of platelet contents 

results in transient very high concentrations of serotonin. This 

produces marked local effects due to concentrations of serotonin 

far higher than those that can be measured in peripheral arterial 

or coronary sinus blood. The platelet serotonin receptor is known 

to be of the 5HTg subtype [De Clerck et al., 1984]. More recently 

the receptors on the coronary arteries of man, that mediate 5HT 

induced spasm, have also been identified as 5HTg [Toda & 

Okamura, 1990]. The amplification reaction and subsequent 

evidence for the importance of serotonin as a mediator of 

platelet thrombosis has led to the formulation of a 'serotonin 

hypothesis'; in this it is postulated that far from being a minor



agent of platelet aggregation, serotonin is of great importance in 

acute coronary syndromes.

Four types of 5HT receptor have now been identified with a 

number of sub-types. The 5HT^ receptor is confined to the central 

nervous system and is protected by the blood-brain barrier. 

Intravascular serotonin administration results in a triphasic 

response [van Zwieten, Bauw & van Brummelen, 1990] involving 

the following mechanisms. The anæsthetised rat exhibits the von 

Bezold-Jarisch response which is mediated by SHTg receptors; 

the reflex appears weak in the dog. Coronary artery 

vasoconstriction is mediated by vascular SHTg receptors; this 

should not be confused with the weak sympathomimetic actions 

which can be observed following 5HT adm inistration. 

Prejunctional effects of 5HT displace noradrenaline from the 

nerve terminal by interference with its removal process 

[Humphrey, Feniuk & Watts, 1983]. In the normal dog heart, 

vasodilatation is triggered by the stimulation of vascular 5HT^- 

like receptors.

The importance of 5HT as an agonist of platelet aggregation in 

vivo remains to be elucidated.

In vitro 5HT is considered to be a weak agonist which is easily 

reversible. In contrast to this, the effects of pure SHTg 

antagonists on the inhibition of platelet thrombosis in vivo 

appear to be dramatic, and virtually irreversible. These drugs 

seem to be as effective as selective blockade of the GPIIb/llla 

receptor [Coller et al., 1986], and more effective than a 

thromboxane synthetase inhibitor alone, or in combination with a 

thromboxane-prostaglandin Hg receptor antagonist. Ashton et al.



[1986(b)] showed that, after ketanserin administration which had 

abolished cyclic flow reductions, the cyclic flow reductions could 

be re-established by infusion of serotonin; it was also 

demonstrated that tissue serotonin levels were raised 18-fold in 

stenosed coronary artery segments compared to control 

segments; however, catecholamine levels were not measured; this 

is important as serotonin infusion is known to raise 

catecholamine levels both due to reflex ' effects and due to 

displacement by 5HT of noradrenaline from nerve terminals 

[Humphrey, Feniuk & Watts, 1983]. In contrast, ritanserin induced 

abolition of cyclic flow reductions could not be restored by 

serotonin infusion [Torr, Noble & Folts, 1990].

Adrenaline is commonly used to re-institute cyclic flow 

reductions after their abolition [Keller & Folts, 1990; Torr, Noble 

& Folts, 1990; Yao et al., 1990]. Cox et al. [1991(a)] abolished 

cyclic flow reductions using ICI 170,809. Dose-response curves 

were constructed after adrenaline infusions were given to 

restore cyclic flow reductions. After this, a further dose of ICI 

170,809 was given and the process repeated. These adrenaline 

infusions were at rates far in excess of any used therapeutically. 

Our experience with MDL 11,939 was that small doses abolish 

cyclic flow reductions completely, and that adrenaline infusion at

0.4 pg.kg Tmin'^ does not restore cyclic flow reductions [Belcher 

et al., 1992]. From this and the considerable body of work on 

thromboxane synthetase inhibition and receptor blockade [Yao et 

al., 1990; Humphrey et al., 1990], it may be assumed that there 

are multiple pathways to platelet activation, the relative 

importance of which remain undetermined but synergistic 

activity has been suggested [Golino et al., 1988]. The effect of 

serotonin itself on platelet aggregation in vivo is not yet fully



established.

Vascular responses to serotonin: effects of serotonin  

SHTg receptor antagonism

The interest in drugs for the prophylaxis of migraine has resulted 

in the production of pure SHTg receptor antagonists. During the 

eight year period of development, improvements resulted in 

increased potency of the agents and, coincidentally, an increasing 

body of evidence that platelets, the vasculature and SHTg

receptors were implicated in coronary artery disease. The role of 

aspirin in the treatment of vascular disease has been emphasised, 

but its benefits are not clear cut. Thromboxane synthetase 

inhibitors are another approach to the prevention of platelet 

activation, but may be less effective than aspirin and, when 

combined with aspirin, unable to act. Consequently SHTg 

antagonists would be more likely to act synergistically with

aspirin in coronary artery disease.

5HT appears to be a potent constrictor of epicardial vessels, but 

has no significant effect on resistance vessels when compared

with phenylephrine [Bove & Dewey, 1983]. The concentration of

serotonin may also play a part [McFadden et al., 1991]. The 

constrictor response of the vessel wall may be augmented by the 

presence of atheroma or other damage to the endothelium [Brum 

et al., 1984; Lamping, Marcus & Dole, 1985; Chilian et al., 1990; 

Golino et al., 1991]; this may be acute, or chronic, with evidence 

of damaged endothelium possessing a 'memory' [Azuma et al., 

1990; Pearson, Schaff & Vanhoutte, 1990]. Other chemical factors 

such as oxidised low density lipoproteins may also potentiate 

agonist-induced vasoconstriction [Fetkovska, Fedelesova &
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Dzurik, 1989; Galle, Bassenge & Busse, 1990]. This effect has also 

been noticed after transplantation in man and appears to be 

related to rejection [Mullins et al., 1992].

There appear to be differences in the vascular response to intra

coronary administration of serotonin depending on whether the 

vessel is diseased or not. Lower doses will cause vasodilatation 

in normal coronaries with constriction at higher doses; in 

contrast, in the diseased coronary artery, lower doses of

serotonin result in vasoconstriction and angina with 

electrocardiographic changes [Golino et al., 1991 ; McFadden et al.,

1991]. The authors raised the question of whether endothelial 

reactivity was different in the diseased artery, or whether the 

smooth muscle constrictor response was augmented. In view of 

the findings of Ashton et al. [1986(b)] and others [Torr, Noble & 

Folts, 1990; Cox et a l.,1991(b); Golino et al., 1989], an 

explanation for this effect may be that the endothelial damage is

causing platelet activation in these circumstances; this will

result in much higher local concentrations of 5HT which will then 

exert the constrictor effect previously seen at the higher 

infusion rates. Alternatively, the endothelium may possess a

'memory' which makes it respond differently after having been 

damaged in some way. The use of the 5HT^p sub-type selective 

agonist, sumatriptan, in the treatment of migraine has been 

reported to cause nitroglycerine resistant coronary vasospasm 

[Willett et al., 1992]. There is one other report of the 5HT^ 

receptor sub-type being involved in the coronary vacoconstrictor 

response [Chester et al., 1990]; however, the highly artificial ex  

vivo conditions in which this study was carried out make its 

relevance unclear. The mechanism is obscure as sumatriptan has 

only been demonstrated to constrict durai vessels. However, a



predilection towards vasospasm may reflect prior endothelial 

damage causing loss of nitric oxide release, or possibly, the drug 

possesses SHTg agonist activity which is masked in the absence 

of vascular disease.

Can the released 5HT be a major mediator of platelet aggregation 

considering its presumed lack of potency as a mediator in vitro 

[Packham, 1983]? This problem may be resolved by consideration 

of the effects of the disease process on sensitivity to 5HT. In 

healthy blood vessels the response to 5HT is a mixture of 5HT^ 

receptor-mediated endothelium-dependent relaxation, and SHTg 

receptor-mediated direct constrictor action on the smooth 

muscle of the arterial wall. However, the atherosclerotic process 

leads to damage and loss of endothelial tissue. Experimental 

studies, in vivo [Orlandi et al., 1990], have shown an enhanced 

arterial constrictor response to 5HT following endothelial cell 

loss and that, even after complete regeneration of the endothelial 

lining, the ability of the regenerated endothelium to synthesise 

and release endothelium-derived relaxing factor is still impaired 

[Azuma et al., 1990]. This impairment of endothelium dependent 

relaxation has been shown to apply to activation, either by 

aggregating platelets, or to 5HT itself [Pearson, Schaff & 

Vanhoutte, 1990]. Therefore the endothelial cell damage that 

occurs during the disease process may be assumed to promote 

constrictor responses to 5HT, mediated by the SHTg receptor. This 

raises the possibility that in these circumstances, 5HT may be a 

more important agonist of platelet aggregation than previously 

thought.

Other features of the atherosclerotic process have also been 

shown to modify responses to 5HT. Important constituents of the
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atheromatous plaque, such as low density lipoprotein or its 

oxidated derivative, have been reported to promote contractile, 

and to reduce relaxatory responses to 5HT [Galle, Bassenge & 

Busse, 1990; Tanner et al., 1991]; 5HT induced platelet 

aggregation is also reported to be amplified [Fetkowska, 

Fedelesova & Dzurik, 1990]. The result, therefore, of the 

increased response of the diseased vessel to 5HT, associated 

with an increased platelet aggregatory response will lead to even 

more 5HT being released. The net effect of all these factors 

means that studies of 5HT in healthy tissue may have 

underestimated its activity.

Results from models of the disease process

Using an atheromatous model in the cynomolgus monkey, 5HT did 

not influence coronary resistance in controls; however, in 

atherosclerotic animals, both large artery and microvascular 

resistance were significantly increased [Chilian et al., 1990]. 

Similar results have been obtained in the stenosed canine 

coronary artery where the receptor involved was also shown to be 

the SHTg subtype [Woodman, 1990].

Although evidence for the importance of 5HT itself is growing, 

other mediators of platelet aggregation such as thromboxane Ag 

are also involved. A very important feature of this is the 

suggested synergism between these agonists [van Neuten et al., 

1987]. Therefore blocking the effects of either might be expected 

markedly to reduce the effects of the combination. This has been 

shown [Golino et al., 1989] in experiments on the anaesthetised 

dog prepared after the manner of Folts, Crowell & Rowe, [1976]; 

in Golino's study, either a SHTg receptor antagonist (LY 56,807,
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Eli Lilly), or a thromboxane Ag-Prostaglandin Hg receptor 

antagonist (SQ 29,548, Squibb) were capable of abolishing the 

reductions in coronary blood flow that are a feature of the Folts' 

model. These findings were later confirmed in conscious dogs 

[Eidt et al., 1989b].

In addition to this large body of information from experimental 

studies and animal models of coronary artery disease, evidence is 

emerging that supports the role of 5HT in human coronary artery 

disease [McFadden et al., 1991; Noble & Drake-Holland, 1990]. It 

has been suggested that 5HT (and thromboxane Ag) may also be 

involved in the coronary vasoconstriction that occurs in 

ischaemic heart disease during exercise [Hess et al., 1990]. The 

potentiating effect of low density lipoprotein on 5HT induced 

platelet aggregation has been shown to be more pronounced in 

platelets from patients with essential hypertension than those 

from matched normotensive subjects [Fetkowska, Fedelesova & 

Dzurik, 1990]; these were ex vivo studies however. Nonetheless, 

platelet hyper-reactivity has been shown to be a marker for 

prediction of coronary events and mortality in survivors of 

myocardial infarction [Trip et al., 1990]. In another study of 

patients with acute myocardial infarction, plasma 5HT was found 

to be the most sensitive predictor for the severity of the infarct 

[Jin, Wan & Xu, 1989]; this was judged by the occurrence of 

subsequent complications and peak serum creatine kinase levels.

Other markers include the thromboxane Ag m etabolite- 

thromboxane Bg [Fitzgerald et al., 1986; Hamm et al., 1987] 

although this finding is not universal [Jin, Wan & Xu, 1989]. 

Experimentally, thromboxane synthetase inhibitors have been 

shown to reduce infarct size in the dog probably by prostaglandin
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-mediated effects on neutrophils [Mullane & Fornabio, 1988].

Other evidence of the involvement of 5HT in human coronary

artery disease has been the results of infusion of 5HT into the

coronary arteries of patients during cardiac catheterisation

[McFadden et al., 1991; Golino et al., 1991]; these studies showed 

increased reactivity of diseased vessels to 5HT and a possible 

role in Prinzmetal's angina. Another study has demonstrated a 

transcardiac increase in plasma 5HT levels collected from the 

coronary sinus in patients with triple vessel disease [van den 

Berg et al., 1989]; this suggests that platelet activation is 

occurring in the diseased coronary arteries. The only direct 

evidence supporting the concept of 5HT mediated events in 

patients with coronary artery disease comes from a trial of 

ketanserin versus aspirin in those awaiting a medical or surgical 

intervention; there were significantly fewer cases of myocardial 

infarction in the ketanserin treated group (one fatal case), 

compared to the aspirin group [Noble & Drake-Holland, 1990]. 

Therefore, if platelets and platelet-derived 5HT are involved in 

coronary artery disease, then an antagonist to the SHTg receptor 

subtype should provide therapeutic benefit.

The effectiveness of other SHTg receptor antagonists in 

preventing thrombosis in the dog model has been well 

demonstrated and will be dealt with in more detail in Chapters 

5,6 and 7.

Pure SHTg antagonists are preferable to ketanserin which 

possesses potent a.,-antagonist effects. Ketanserin also has 

adverse effects on the QT interval with recorded instances of 

torsade des pointes. These effects may well have been due to
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chronic potassium depletion caused by long-term diuretic 

administration [PACK study group, 1989]. Another important 

observation from the studies of ICI 170,809 was that the drug 

could exert its effects in the presence of large amounts of 

aspirin, the effect of which had been abolished by increasing the 

severity of the coronary stenosis [McAuliffe et al., 1992].

The importance of the degree of stenosis has been emphasised by 

Benedict [Benedict & Todd, 1991] who demonstrated that the 

effects of aspirin in prevention of platelet thrombosis were no 

longer present when the degree of stenosis was 85% or greater; 

at this point, a SHTg antagonist was shown to be effective.

Intended Investigation

The questions raised by these considerations which are addressed 

in this thesis are:

1. What part does the thrombin receptor have in the 

accummulation of platelet-rich thrombus?

2. What role does platelet calcium stability play in prevention of 

intravascular platelet thrombosis?

3. What is the role of the platelet SHTg receptor in maintenance 

of thrombus integrity?

4. What are the important factors in reocclusion after 

thrombolysis?

5. What effects does platelet thrombosis have on the distal 

coronary circulation?
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CHAPTER 2 

Methods of investigation

The model

Models used to investigate intra-coronary thrombosis rely on the 

postulate that initiation of the thrombotic process is by the 

formation of a platelet-rich thrombus upon which a fibrin-rich 

thrombus proliferates. Attention has therefore been directed at 

modification of platelet behaviour in canine coronary arteries 

which have undergone endothelial damage with addition of an 

external stenosis. The Folts' model which is now in widespread 

use [Folts, Crowell & Rowe, 1976; Torr, Noble & Folts, 1990; Yao 

et al., 1990] was adopted. The conditions of high shear stress (von 

Willebrand Factor-mediated [Peterson et al., 1987]) and collagen 

and fibronectin exposure result in platelet activation and 

thrombosis with gradual reduction in flow leading to occlusion or 

near-occlusion. This platelet-rich thrombus often spontaneously 

embolises with restoration of flow; the cycle then repeats itself.

SURGICAL PREPARATION, INSTRUMENTATION AND 

MONITORING EQUIPMENT

All animals were weighed immediately before anæsthesia and 

this was recorded. The dogs used were beagles of either sex.
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A naesthesia .

P re m e d ic a t io n  was not used in order to avoid phenothiazine 

derivatives which might have affected platelet function.

In d u c t io n  was by the intravenous administration of sodium 

pentabarbitone, through an 18 gauge indwelling cannula, at an 

initial dose of 30mg.kg \  The animal was then intubated with an 

uncut cuffed endotracheal tube (Portex, England). This was 

connected to a volume-cycled ventilator (Bleese-Manley, England) 

using a standard Bain's circuit. The inspired gas mixture was 50%  

oxygen and 50% nitrous oxide.

M a i n t e n a n c e  of anaesthesia was by boluses of sodium 

pentabarbitone at a dose of 1.5 mg.kg'^, every 30 minutes. Blood 

samples were taken at intervals throughout the procedure for 

blood gas analysis using an ABL II blood gas analyzer (Radiometer, 

Copenhagen). During the period of intermittent positive pressure 

ventilation, end-tidal CO2 was measured continually using an IL 

End-tidal 200 instrument (Instrumentation Laboratories, USA). In 

the light of these last two measurements, appropriate ventilatory 

adjustments were made to maintain oxygen and carbon dioxide 

partial pressures, and pH in the physiological range, and to keep 

the alveolar COg around 5%. Using these observations to maintain 

homeostasis, metabolic acidosis did not occur and thus 

administration of sodium bicarbonate was unnecessary.

Adequacy of anaesthesia was recognised as freedom from 

involuntary movement, despite painful stimulation in the absence 

of muscle relaxants, and the abolition of eyelid reflexes.
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Surg ical p reparation .

The animal was placed on heating blankets in the right lateral 

decubitus position. The limbs were arranged to provide access to 

the left chest and to both sets of femoral vessels.These were 

exposed by longitudinal skin incisions.

In s t ru m e n ta t io n .

(i) Electrocardiograph: lead II of the standard leads was recorded 

continuously using a Life-Trace 12 instrument (Albury 

instruments, England) with integral rate counter and display.

( ii)  Temperature: rectal temperature was recorded using a 

thermocouple connected to a galvanometer (Ellab instruments, 

England).

(iii) Aortic blood pressure was measured using a 16 gauge teflon 

cannula (Abbott Hospitals Ltd, Ireland) inserted into the 

abdominal aorta via the right common femoral artery. This was 

connected via a fluid filled line to a Statham P23Db tranducer. 

The cannula was also used for sampling for blood gas analysis.

(iv )  The right femoral vein was cannulated with a 16 gauge 

teflon cannula (Abbott Hospitals Ltd, Ireland) and connected to a 

three way tap and an intravenous fluid administration set. 

Physiological (0.9%) saline was given at a rate of 2ml.kg \h r  \  

Anaesthetic and other intravenous drugs were given by this route.
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Surgical approach.

The heart was approached by a left thoracotomy through the bed 

of the un resected 6th rib. The left lung was retracted by packs 

and the pericardium opened parallel to the left phrenic nerve 

which was also divided; two incisions were made at right angles 

to this first incision at both ends of it. This produced two flaps 

of pericardium which could then be sutured to the wound edge to 

restrain the lung without displacing the heart. The left atrial 

appendage was cannulated with a fluid-filled 16 gauge teflon 

cannula (Abbott Hospitals Ltd, Ireland) for drug administration, 

where appropriate. This was secured by a circumferential 

ligature which was also used to retract the atrial appendage 

posteriorly.

The circumflex coronary artery was exposed in the left 

atrioventricular groove by incision of the overlying epicardium. 

Considerable care often needed to be taken to avoid damage to the 

accompanying coronary sinus. Any obstructing venous tributaries 

were divided after ligation or diathermy coagulation. The artery 

was then freed from its anterolateral branch over about 2.5 cm 

until a large lateral branch (or branches were encountered). This 

usually necessitated division of two small ventricular and one 

left atrial branch after ensuring haemostasis. The mobilised 

vessel was treated as follows:

(i) A 1.5 or 2 mm electromagnetic flow probe, connected to a 

Transflow 601-system (Skalar, Netherlands), was applied to the 

proximal portion of the artery and secured to the left atrial 

appendage.
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(Ii) A 1 mm internal diameter constrictor, approximately 5 mm 

long, was placed around the artery about 1 cm distally.

(ill)  Beyond this a No 1 mersilene tie was placed around the 

artery and both ends passed through a polythene snugger. This was 

used for temporary complete occlusion of the artery to balance 

the flow probe.

( iv )  Most distally, a 22 gauge teflon cannula (Abbott) was 

inserted into the coronary artery and connected by a fluid filled 

line and an EM 750 (Series 2011, Elcomatic, England) pressure 

transducer. This line was used to monitor distal circumflex 

coronary artery pressure, to check for pulsatility when flow was 

low, and for sampling purposes; it, also, was secured to the left 

atrial appendage and the wound edge.

(v) After this the constriction was adjusted to abolish reactive 

hyperæmia following temporary complete occlusion. This was 

accomplished by the insertion of a tapered nylon fly fishing line 

(Selectacast-Leeda, England) through the constrictor. This works 

as a variable resistor.

(v i) Finally the artery was damaged. The constrictor was moved 

distally and the artery was crushed where the constriction would 

normally lie. Three temporally and spatially separate 10 second 

crushes were administered and the occluder replaced over the 

now damaged area.

(vii) Drugs were given either via the intra-venous or intra-atrial 

routes. These were given as boluses, or were continually infused 

by these routes using a syringe pump (Perfusor-Braun, Melsingen
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AG, Germany).

Electromagnetic 
flo v  probe

External
constrictor

Snare

Circum flex
coronary

a rte ry

FIGURE 2.1: Folts model for assessment of intracoronary thrombosis. The 
external constrictor overlies an area of endothelial damage caused by crushing.

Pressure and flow measurements

The systemic blood pressure, coronary blood flow, coronary blood 

pressure and end-tidal COg signals were displayed visually, and 

recorded on paper roll on a Gould ES2000 recorder. In some cases 

the experiment was also recorded on magnetic tape using a high 

fidelity tape recorder (Racal Electronics, England). Temperature 

and heart rate were recorded at specified intervals. Blood flow 

and pressures were also continuously displayed on an SE Medic 

oscilloscope.

An illustration of a typical experimental trace during cyclic flow
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reductions is shown below in Figure 2.2,

'go
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FIGURE 2.2: Typical trace of cyclic flow reductions. This shows a relatively 
narrow phasic trace indicating the presence of a tight stenosis and abolition of 
reactive hyperæmia. The release of thrombus is accompanied by a rapid rise in 
flow. Platelet thrombosis then recurs and flow declines at a steady rate. The 
phenomenon is repeatable and the slope of the cyclic flow reductions is used as an 
index of thrombosis rate.
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Measurement of the cyclic flow reductions was made when the 

flow had decreased from the control state to 8-12 ml.min \  as 

determined from the mean coronary blood flow trace. The slope 

of the cyclic flow reduction was calculated by drawing a tangent 

to the mean coronary flow tracing at the decreased level. The 

angle between the tangent and the base line (zero flow) was 

measured and the tan of the angle was taken as the cyclic flow 

reduction. This method of measurement of the cyclic flow 

reductions has been found to be reproducible and reliable [Keller 

& Folts, 1988; McAuliffe et al., 1992], and obviates the 

difficulties of reconciling the rate of cyclic flow reduction 

occurrence with minimum blood flow [Bush & Shebuski, 1990]. In 

the experimental procedure, the thrombus often had to be 

manually displaced to re-introduce coronary blood flow after the 

vessel had gone to occlusion.

A d ren alin e  in fus ions

The dose range of adrenaline (0.4-1 .Gpg.kg Tmin-^) was chosen to 

test the potency of the antithrombotic agent at pathologically 

high levels of adrenaline at the upper level and beyond even those 

found during myocardial ischæmia.

Clotting studies

C oaguiation  variab les

The coagulation variables were measured using an SOL 

coagulation system (Instrumentation Laboratories, USA). 2 ml 

samples for prothrombin time, partial thromboplastin time.
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thrombin time and fibrinogen were collected into tubes 

containing 3.5%  citrate. The coefficients of variation for 

prothrombin, thrombin and partial thromboplastin times are less 

than 2%, and less than 6% for the fibrinogen estimation.

B leeding tim e

Buccal mucosal bleeding time was assesssed using a Simplate II 

device (Organon, Teknika; Belgium); this measurement is 

particularly sensitive to aspirin administration in humans 

[Babson & Babson, 1978]. Testing in dogs has shown the 

responsiveness of this index to various disease states and the 

presence of aspirin [Jergens et al., 1987].

General course of experim ents.

(I) After setting up the preparation and establishing cyclic flow 

reductions, baseline measurements were made and a number of 

control cyclic flow reductions observed. After the preparation 

had been shown to be stable and cyclic flow reductions to be 

reproducible, the drug under investigation was given in 

accordance with the experimental protocol. Its effects on the 

measured variables were observed and recorded.

(II)  If cyclic flow reductions were not abolished, further drug 

was given.

( i l l )  After abolition of cyclic flow reductions, adrenaline 

infusions were started in order to re-establish cyclic flow 

reductions. The initial and standard dose, which was in the 

physiological range, was 0.4pg.kg-\m in \  In some experiments
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this was increased to 0.8 and then 1 .Gjig.kg'^ .min'^ ; exceptionally, 

the infusion rate was increased tenfold to 4|ig.kg \m in '^ .

(iv ) Following the re-establishment of cyclic flow reductions, on 

some occasions, the adrenaline infusion was continued at a 

constant rate while further doses of the drug under investigation 

were given; the effect on cyclic flow reductions was then 

observed.

(v) The animal was then killed with an overdose of sodium 

pentobarbitone.

Data analysis

Cyclic flow reductions can be analysed in various ways. The 

simplest method is whether they are present or absent. Another 

method [Aiken, Gorman & Shebuski, 1981] scores drug effects 

from 0 (no effect) to 3 (fully effective); the intermediate score 

of 1 is for slowing of cyclic flow reduction frequency which still 

proceed to full occlusion, and 2 indicates non-occlusive thrombi. 

Change may also be assessed from the frequency of cyclic flow 

reductions [Bush et a l.,1984(a)] and the degree of occlusion, 

gauged from the average low point of flow before restitution. 

This method was not relied on in the studies because they depend 

on whether mechanical manipulation is needed to embolise any 

thrombi that form. The slope of cyclic flow reductions has also 

been used to indicate rate of thrombus formation [Cox et al., 

1991a; Keller & Folts, 1988; Belcher et al., 1992]. This index has 

been shown to be stable and reproducible.
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Statistical Methods

The data were grouped and examined for normality. In general, 

paired t-tests were used. However there were often varying 

distributions at different stages; changes in grouped variables 

were therefore assessed by distribution free methods (Wilcoxon 

signed rank test). Possible correlations were assessed by linear 

regression after inspection of the paired data points, and, if 

necessary, suitable transformations. Comparisons between 

unpaired data sets were by Mann-Whitney or unpaired t-tests 

depending upon data distribution.

Critique of Method

Are cyclic flow reductions a function of thrombus formation or 

varospasm? This question has been answered by Folts [Folts, 

Gallagher & Rowe, 1982]. The reason that the cyclic flow 

reductions, as measured by the final slope, are only a function of 

thrombus growth is as follows:- flow is dependent solely on the 

proximal stenosis which is fixed (a plastic ring) rather than on 

the bulk of the arterial wall, which is constant, according to the 

assumption of the constant volume of matter. Vasospasm of the 

convoluted artery within the lumen of the rigid constrictor 

cannot change the cross-sectional area of arterial wall (only its 

length and thickness). Therefore vasospasm of this constrained 

arterial wall cannot influence the cross-sectional area of 

arterial lumen within the stenosis. This is proved by the lack of 

effect of vasodilators applied locally to the constricted segment. 

Physical shaking of a vasospastic artery does not cause a sudden 

and immediate relaxation; such sudden relaxations do not occur 

spontaneously. This feature during cyclic flow reductions (Figure
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2.2) is due to embolisation of the growing thrombus [Folts, 

Gallagher & Rowe, 1982]. Increasing stenosis and further flow 

reduction has been shown histologically to be due to thrombus.
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CHAPTER 3

The use of the specific thrombin inhibitor, 
r-Hirudin, in a canine modei of coronary artery

disease

INTRODUCTION

Thrombin inhibition has historically been the mainstay of acute 

anticoagulation therapy. Heparin has been demonstrated to 

improve results of thrombolysis overall [ISIS-3 study group, 

1992], and experimentally has been shown to increase speed of 

thrombolysis and to prevent rethrombosis thereafter [Nichols, 

Smith & Koster, 1991]. The mechanism of action is not 

straightforward, as the dose of heparin required to inhibit the 

platelet thrombin receptor is approximately thirty times that 

used in clinical practice [Weitz et al., 1990; Hanson & Harker, 

1988]. Nonetheless, the generation of thrombin during 

thrombolysis is potentially an important cause of platelet 

activation and aggregation [Chesebro, Zoldhelyi & Fuster, 1991; 

Owen et al., 1988]. A more specific approach to inhibition of the 

platelet thrombin receptor was therefore made.

Recombinant hirudin (r-Hirudin, Ciba-Geigy) is known to bind 

virtually irreversibly to the platelet thrombin receptor and has 

been shown experimentally to prevent reocclusion after in vitro 

thrombolysis [Faivre et al., 1991]. The influence of this compound 

on platelet-rich intracoronary thrombosis was therefore tested 

in the Folts model.
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METHODS

Seven beagle dogs of average weight 18.4±3.3 kg were 

anæsthetised. The surgical preparation was set up as described in 

Chapter 2. The experimental protocol was as follows:

1. Anæsthesia and surgical preparation.

2. Establishment of a regular pattern of cyclic flow reductions.

3. Intravenous administration of an infusion of recombinant 

hirudin at a dose of 1.6pg.kg \m in'^ for 30 minutes.

4. Assessment of effects of r-Hirudin infusion.

RESULTS 

Circumflex coronary artery blood flow

During the control period, the highest blood flow that was seen in 

the artery, during cyclic flow reductions, averaged 24.6+11.1 

ml.min'^ (Table 3.1). After r-Hirudin had been infused at a rate of 

1 .6 m g .k g -\m in '^  for 30 minutes, mean flow was 27.2+11.1 

ml.min'^ (p NS).

Intracoronary thrombosis rate

The slopes of the cyclic flow reductions in the control state 

(Table 3.1) averaged 4.7+1.5 ml.min'^. The effect of r-Hirudin was 

to abolish cyclic flow reductions in three animals, but four 

remained unaffected (Figure 3.1).
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FIGURE 3.1: Effect of r-Hirudin at 1.6 mg.kg-i .m in-i on the slopes of cyclic 
flow reductions. The change was not significant overall.

The average rate of cyclic flow reduction in these dogs was 

5.7±2.9 ml.min'2. Overall the mean of the slopes of the cyclic 

flow reduction slopes was 3.3±3.7 ml.min'^ (p NS) These data are 

also shown below in Table 1.

H em odynam ics

Blood pressure and heart rate were unchanged by r-Hirudin; these 

data are displayed in Table 3.1. After stopping r-Hirudin, no 

further changes were seen. The slight decrease in blood pressure, 

while not significant, is a reflexion of the age of the preparation.
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Table 3.1 Effects of r-Hirudin on circumflex coronary 
artery blood flow

Variable Control r-Hirudin infusion 

at 1.6pg/kg/min
Hirudin off 

for 30 minutes

M ax im u m 2 4 .6 2 7 .2 2 3 .7
flo w  (m l/m in ) ±11.1 ±11 .1 ± 1 2 .4

M in im u m oa 7.sh 5 .4C

flo w  (m l/m in ) ± 1 0 .3 ± 7 .4

Slope of cyclic 4 .6 3 .3b 3 .4C

flow  reductions ± 2 .9 ± 3 .7 ± 3 .7
( m l / m i  n / m i n )

Blood pressure 131 1 2 4 121
(mm Hg) ± 2 8 ± 2 2 ± 2 0

Heart rate 1 69 1 7 4 1 7 7
( b e a t s / m i n ) ± 3 2 ± 3 2 ± 3 6

KEY: a All vessels went to occlusion at the control stage, 
b Three animals had cyclic flow reductions abolished, 
c Cyclic flow reductions present in five dogs.

Hem atological variables and bleeding times

Using the apparatus available (SCL coagulation system), there 

were difficulties in coping with the low control times for 

prothrombin time, thrombin time and partial thromboplastin time, 

in the dog.

Thrombin time averaged 12.4±1.7 seconds in the control state. 

After administration of r-Hirudin this variable became too
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prolonged to be measurable on the SCL apparatus (greater than 

165 seconds). This variable remained immeasurably elevated 

throughout the rest of the experiment (Table 3.2).

Table 3.2 Response of hæmatological variables to 
r-Hirudin infusion

Variable Control r-Hirudin infusion 

at 1.6mg/kg/hr
Hirudin 

off for 30 minutes

P r o t h r o m b i n 7 9 7
tim e (secs) ± 2 ± 3 ±1

P a r t i a l 1 7 3 5 * * 2 3
th ro m b o p la s tin ± 5 ±1 2 ± 8
tim e (secs)

T h r o m b i n 1 2 > 1 6 5 * * >165
tim e (secs) ± 2

B leeding 2 .4 4 . 8 * 2 . 8 *
tim e (m ins) ±0 . 8 ± 2 . 0 ±0 . 8

KEY: * p<0.05 vs. previous state. **p<0.01 vs. previous state

Prothrombin time was not significantly altered by infusion of r- 

Hirudin.

The partial thromboplastin time was significantly elevated by r- 

Hirudin. Because this variable is used as an indicator of thrombin 

inhibition by hirudin and heparin, its values were compared with 

the slopes of the cyclic flow reductions occurring at control 

(Figure 3.2), and during infusion of r-Hirudin (Figure 3.3).
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FIGURE 3.2: Relation between rethrombosis rate and coagulation in the control 
period. With normal coagulation, the rate of rethrombosis (slope of cyclic flow 
reductions) appears to correlate with partial thrombolastin time.

This finding should be contrasted with the complete lack of 

association seen after infusion of r-Hirudin in Figure 3.3 below.
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FIGURE 3.3: Lack of correlation between thrombosis rate and coagulation 
during r-Hirudin infusion. r-Hirudin infusion rate was 1 .6 m g .k g ' \h r ' \  
Despite significant derangement of coagulation (Table 3 .2 ), the rate of 
rethrombosis (slope of cyclic flow reductions) is clearly not related.
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DISCUSSION

The findings in the present study confirm that r-Hirudin will 

prolong thrombin, partial thromboplastin and bleeding times. The 

immediate prolongation of thrombin time confirms the selective 

inhibition of thrombin by this agent. These increases did not 

appear to correlate well with the effects seen on cyclic flow 

reductions.

Thrombin inhibition by heparin has long been used to prevent 

intracoronary platelet thrombosis. Heparin is in widespread use 

in the treatment of unstable angina and in the prevention of 

thrombosis during coronary interventions. Heparin has been shown 

to accelerate and enhance thrombolysis [Cercek et al., 1986], and 

also to prevent rethrombosis after thrombolytic therapy. 

However, the dose required to block the platelet thrombin 

receptor, found by a mixture of ex vivo and In vitro techniques, 

is 30 times higher than that of a specific thrombin inhibitor 

[Weitz et al., 1990; Hanson & Harker, 1988]; despite this finding, 

the dose of heparin which is used, maintains the activated partial 

thromboplastin time at 150-200% of baseline; this level has been 

demonstrated to improve vessel patency after thrombolysis [Hsia 

et al., 1992]. Heparin, at standard dosage has been shown to 

increase the thrombolysis rate by streptokinase, urokinase and 

rt-PA [Chesebro, 1990].

Thrombolysis has been shown to increase platelet activation 

[Fitzgerald et al., 1988]. This appears to be an indirect effect of 

plasminogen activation rather than direct effects of t-PA or 

plasmin on the platelets themselves [Torr et al., 1990]. The
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demonstrated increase in thrombin production by thrombolysis 

[Faivre et a!., 1991], has also been shown to cause further 

platelet activation and aggregation [Chesebro, Zoldhelyi & Fuster, 

1991]; indeed, thrombin so generated has been shown to be more 

thrombogenic, in these circumstances, than a grade III arterial 

injury [Badimon et al., 1991].

In order to maintain conditions of normocalcæmia during ex vivo 

assessment of platelet function [Packham et al., 1990], thrombin 

inhibitors are used in the preparation of platelet-rich plasma. 

However, species differences have emerged which make an agent 

such as D-phenylalanyl-L-prolyl-L-arginyl chloromethyl ketone, 

prothrombogenic in rodents due to lack of releasable calcium ions 

in the platelet. This effect is not present in the dog or man. The 

effect of low calcium ion concentration on human platelets is to 

exaggerate the importance of thromboxane A2 as a platelet 

agonist [Packham, Kinlough-Rathbone & Mustard, 1989].

A number of thrombin inhibitors have now been tested and been 

shown to be effective in the prevention of intracoronary platelet 

thrombosis. Argatroban has been shown to reduce time to 

reperfusion by 40-50% after thrombolysis [Yasuda et al., 1990(b)]. 

Inhibition by argatroban of the endothelium -dependent 

vasodilatation due to thrombin is also noted [Winn, Jain & Ku, 

1991]; in the circumstances of endothelial damage associated 

with arterial injury it is probably safe to ignore this effect. 

Another platelet thrombin receptor antagonist (DuP714, Du Pont) 

has been shown to improve the time to reperfusion and to reduce 

the incidence of reocclusion in a dog model of coronary occlusive 

disease [Knabb, Kettner & Reilly, 1991].
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Heparin and other thrombin inhibitors exert their actions 

according to their structure [Eisenberg, 1990]. Heparin is a 

complex polysaccharide glycosaminoglycan which inhibits 

thrombin activity by formation of complexes with antithrombin 

III. Thrombin binds specifically to fibrin during clot formation; 

this process is relatively inaccessible to antithrombin III which 

limits the efficacy of heparin as an anticoagulant. In addition, 

clot bound thrombin is capable of releasing fibrinopeptide A from 

fibrinogen despite the presence of physiological concentrations 

of antiproteinases [Eisenberg, Sherman & Jaffe, 1987]. Also clot- 

bound thrombin is relatively protected from inactivation by 

heparin, but is susceptible to inhibition by antithrombin Ill- 

independent inhibitors [Weitz et al., 1990]. Thrombin is also a 

potent activator of platelet aggregation and plays an important 

role in the conversion of fibrinogen to fibrin [Eidt et al., 1989(a)]. 

Heparin has been shown in two major studies to improve 

thrombolysis rates and prevent reocclusion [GISSI-2 study group, 

1990; ISIS-3 study group, 1992] but this is not a universal 

finding [TIMI study group, 1985]. Because these effects are not 

clear cut efforts to improve the performance of thrombin 

inhibitors have been made. Despite qualitative differences in 

post-thrombolytic performance, the overall effect of thrombin 

inhibition is to increase bleeding time and partial thromboplastin 

time [Sitko et al., 1992].

The effects of heparin in the Folts model are limited. Folts 

himself could show no influence of heparin on cyclic flow 

reductions in the canine coronary artery [Folts, Gallagher & Rowe, 

1982]; the detection of cyclic flow reductions in the human 

coronary artery despite the presence of heparin [Eichhorn et al., 

1991] tends to confirm this finding. This is in keeping with the
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observation that shear-induced platelet aggregation is not 

influenced by heparin in vitro [Mustard, Packham & Kinlough- 

Rathbone, 1990]. Cyclic flow reductions, in the present study, 

were not universally affected by administration of r-Hirudin. This 

finding does not agree entirely with that of Eidt et al., [1989(a)] 

who demonstrated a more complex state of affairs, also using the 

Folts model; in his study, heparin decreased or abolished cyclic 

flow reductions shortly after they had been induced, but did not 

do so once cyclic flow reductions were established; the authors 

also found a similar effect with the pure thrombin inhibitor MCI- 

9038. This is despite the demonstration of in vitro platelet 

inhibition, and in vivo elevation of the activated partial 

thromboplastin time and activated clotting time by heparin and 

MGI-9038. The explanation for this phenomenon is obscure, but 

the authors suggest that thrombin may play a less important part 

in platelet activation after prolonged periods of cyclic flow 

reductions. This may be due to a decrease in thrombin generation. 

A natural corollary of this is that interference with the 

coagulation system does not necessarily influence platelet 

behaviour, and need not be instrumental in the prevention of 

intracoronary thrombosis. In the study described in this chapter, 

cyclic flow reductions were not allowed to proceed for such long 

periods (up to two and one half hours) before intervention. The 

cyclic flow reductions, in this study, can be regarded as early by 

Eidt et al.'s classification [1989(a)], but exhibited divergent 

behaviour in response to specific thrombin inhibition by 

recombinant hirudin, thus showing both features described.

The relative weakness of heparin as an antiplatelet agent has 

been confirmed by comparison to hirudin on thrombolysis rate 

[Rudd et al., 1992]. The effectiveness of heparin by itself after
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thrombolysis remains controversial but it is becoming clearer 

that when combined with aspirin, there are definite benefits from 

its administration [ISIS-3 study group, 1992; Nichols, Smith & 

Koster, 1991].

The effects of hirudin on the coagulation system are marked; the 

drug, at a dose of 1-2 mg.kg \h r  \  has been used successfully for 

anticoagulation for cardiopulmonary bypass [Bakhos et al., 1991]. 

Hirudin has been shown to inhibit Factor Xa and markedly to increase 

bleeding time [Sitko et al., 1992]. Hirudin binds to the platelet 

thrombin receptor in an irreversible fashion which is due its 

hirudin-like domain [Hung et al., 1992]. In an ex vivo shunt 

preparation, hirudin has been shown to be more effective than rt-PA 

alone or in combination with aspirin or heparin [Rudd et al., 1992]; 

heparin was the next most effective adjunct. The combination of 

pretreatment by aspirin and heparin has been shown to optimise the 

thrombolytic profile of rt-PA. The effectiveness of heparin in 

improving thrombolysis has been confirmed, and shown to be 

enhanced by hirugen, another specific thrombin inhibitor [Yao et al., 

1992(a)]. Argatroban has also been shown to decrease fibrinopeptide 

A levels [Garabedian et al., 1991(b)]. Despite these considerations, 

the use of r-Hirudin in the Folts model, as described in this chapter 

was disappointing. An approach which was not receptor-mediated 

was therefore tried.
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CHAPTER 4

Prevention of intracoronary thrombosis by 
trimetazidine

iNTRODUCTiON

The many factors involved in the process of platelet thrombosis 

in arteries have led to as many potential therapeutic possibilities 

in its control. Due to the incompleteness of protection by aspirin 

[Lewis et al., 1985], major studies have been undertaken on 

inhibition of the platelet receptors to serotonin [Bush, 1987], PAF 

[Torr et al., 1991; Apprill et al., 1985], thromboxane Ag [Ashton et 

al., 1987], thrombin [Eidt et al., 1989a], llb/llla [Coller et al., 

1986; Yasuda et al., 1991], and ADP receptors [Yao et al., 1992(b)]. 

Only inhibition of the first two receptors has not been associated 

with prolongation of the bleeding time, with or without 

derangement of coagulation factors. There is a greater need for 

methods to control thrombosis which do not cause bleeding.

Activation of platelets is mediated by intracellular release of

calcium ions [Charo, Feinman & Detwiler, 1976; Feinstein, 1980]. 

The possibility of stabilising calcium homeostasis was therefore 

considered. One of the piperazine class of cell protective

compounds which act through calcium stabilisation in many cell

types [Flameng et al., 1984; Wood et al., 1985; Maridonneau-Parini 

& Harpey, 1985] was selected. Such a drug, trimetazidine (1- 

(2,3,4 trimethoxy benzyl) piperazine hydrochloride) has been

demonstrated to have effects on both in vitro and ex vivo 

platelet function. In patients with ischæmic heart disease, given
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trimetazidine for twelve weeks, ADP and adrenaline induced 

aggregation was studied ex vivo. There was a reported decrease 

in ADP and adrenaline induced aggregation both at rest and after 

exercise [Higuchi et al., 1981]. The release of serotonin by 

platelets in response to collagen and the calcium ionophore A- 

23187 is also reported to be inhibited [Shirahase et al., 1988]. 

The pharmacology and applications of this compound have been 

well reviewed by Harpey [Harpey et al., 1989]

The canine model used in the present study relies on thrombosis 

in a critically stenosed coronary artery. Thrombus formation is 

associated with endothelial damage. The model was first 

described by Folts & Rowe [1974], who demonstrated  

radiologically and histologically, that the thrombi formed were 

composed mainly of platelets, and that vasospasm was not an 

important contributor to the process [Folts, Gallagher & Rowe, 

1982]. In the present study, the effect of trimetazidine on 

thrombus growth in this model was assessed.

During the first part of the study above (Series (!)), the drug 

caused no obvious bleeding, and coagulation remained unchanged 

in the only animal studied for these variables. Despite interest in 

trimetazidine as an anti-anginal drug [Michaelides et al., 1987; 

Brochier et al., 1986] or platelet modifying agent [Higuchi et al., 

1981], no formal study of its effects on bleeding time or 

coagulation has been undertaken. It was therefore considered that 

additional studies were appropriate (Series (ii)), with 

investigations of coagulation and bleeding which might help 

confirm or deny the impression that trimetazidine does not carry 

a risk of bleeding.
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METHODS 

Series (I):

Eight beagle bitches with a mean weight of 13.6 ±2.0 kg (range 

11-16.5 kg) were prepared according to the standard Folts model 

protocol which is described in Chapter 2. When a pattern of cyclic 

flow reductions had been established and recorded (as in Figure

2.2), the placebo (solvent for the trimetazidine) was given 

parenterally, at a dose of O.Sml.kg-^, and the cyclic flow 

reductions again m onitored. T rim etazid in e  was then 

administered, initially at a dose of 1.0 mg.kg-^ (except in one dog. 

Experiment 4, which received O.Smg.kg-^ as the initial dose), with 

further increments of 0.5-1 mg.kg'”* as the protocol required. 

After completion of trimetazidine administration, adrenaline was 

infused via a femoral vein, at a dose of 0.4pg.kg-i.m in'^ in an 

attempt to re-establish cyclic flow reductions. If no cyclic flow 

reductions occurred, the rate of adrenaline infusion was 

increased to 0.8 and then to 1.6|ig.kg-\m in-i and any cyclic flow 

reductions recorded. Each dose of adrenaline was infused either 

until cyclic flow reductions were restored, or for 30 minutes. The 

half-life of trimetazidine is 6 hours; thus additional doses of the 

drug are cumulative. This is taken into account in expression of 

the results. A period of 15 minutes was allowed to elapse from 

the last dose before a further dose of trimetazidine was given. 

One dog (Experiment 5) underwent a further drug intervention; 

this is described in Chapter 6.

Series (II).

A further six dogs of a similar weight (range: 12-21 kg, mean 18 ±
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3kg) underwent investigation, under chloralose anaesthesia, of 

buccal mucosal bleeding time [Jergens et al., 1987] and blood 

coagulation. After baseline measurements of fibrinogen levels, 

prothrombin, activated partial thromboplastin and thrombin 

times, trimetazidine was given intravenously at a dose of 3.0 

mg.kg \  This relatively high dose of trimetazidine was chosen as 

it was double the average dose required to abolish cyclic flow 

reductions in 6 of 8 animals (Series (!)), and was the dose 

beyond which little effect was seen in the 2 others. The 

measurements of blood coagulation markers were repeated after 

30 and 60 minutes. Aspirin at a dose of S.Omg.kg  ̂ was then 

given intravenously and the investigations repeated at 30 to 60 

minutes.

Statistical analysis was mainly by distribution-free methods. 

The group data are presented as mean ± 1 standard deviation (SD).

RESULTS

S e rie s  (I): Cyclic Flow Reductions

Cyclic flow reductions were present in all animals. After the 

administration of the placebo, the slopes of the cyclic flow 

reductions averaged 8.8 ±3.2 ml.min \  The range of trimetazidine 

that was given was 0.5-5.0mg.kg \  The results of all the dose 

ranges given are shown in Table 4.1.

After giving I.Omg.kg i of the drug, cyclic flow reductions were 

abolished immediately in three animals, with delayed abolition in 

another one (this was the animal which had originally been given 

only O.Smg.kg'^). There were four dogs which did not have cyclic 

flow reductions abolished by trimetazidine at this dose of
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I.Omg.kg'"'; however, in these four dogs, the cyclic flow reduction 

slopes were decreased in three, but virtually unaltered in the 

fourth. The administration of a second dose (1 .Omg.kg"'’) resulted 

in a very low cyclic flow reduction slope in one dog; the cyclic 

pattern then disappeared without further additional doses of the 

drug. Another animal required 4.0mg.kg'^ before disappearance of 

the cyclic flow reductions. The remaining two animals were 

resistant, but at a dose of S.Omg.kg-^, the slopes of the cyclic 

flow reductions were approximately halved. Therefore an effect 

of the drug was demonstrated in all animals. Cyclic flow 

reductions were abolished in six, and reduced in two. From Table 

1 it can be seen that cyclic flow reductions are abolished in 5 of 

the 8 dogs by a dose of Z.Omg.kg-^, or less, of trimetazidine. 

After this, increased doses appear to be relatively ineffective in 

those that are resistant. Thus cyclic flow reductions were 

abolished in 4 animals by a dose of I.Omg.kg'^ or less (Figure 4.1).

Mean rate of 
thrombosis in  

ci rcumflex 
coronary 

arte ry  
(m 1 /m in /m in )

p < 0 .0 1

0 1 2  3 5

Cumulative dose of trim etazidine ( m g/ky)

FIG U R E 4.1: Additive effects of trimetazidine administration. Result of 
increasing doses of trimetazidine on slope of cyclic flow reductions (mean rate of 
tfirombosis). Tfie slope was significantly reduced by Img.kg'^ of trimetazidine. 
Tfiereafter numbers became too small for statistical comparisons.
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Table 4.1. Effects of trimetazidine on the siopes of the 
cyciic fiow reductions (mi/m in/m in) in the canine 

circumfiex coronary artery

Dose of trimetazidine used to aiter cyciic flow reductions 

Expt No Placebo <1mg/kg 2mg/kg 3mg/kg 5mg/kg

1 4.9 0 - -

2 9 0 -  - -  -  -  -

3 4.3 0 -  - -  -  -  -

4 1 0 8 ( 0 ) * -  - - -  -  -

5 8.3 7 6.8 0 # #  - -
6 14.5 1 4 1 5 1 0 7
7 9.8 8 1 ( 0 ) # -  -  -  -

8 9.8 7.5 5 5 .8  5 .2

KEY: * Slope of cyclic flow reductions after 0.5 mg.kg i .  (Cyclic flow reductions 
abolished after Img.kg
# slope of cyclic flow reductions became zero 18 minutes after administration of 
the second 1mg.kg-1 bolus of trimetazidine.
## 46 minutes after 4mg.kg  ̂ of trimetazidine had been given, cyclic flow 
reductions ceased. Bolus administration of trimetazidine at Img.kg'^ or less, 
completely abolished cyclic flow reductions in four of the eight dogs, 
considerably decreased the slope in two, slightly decreased it in one, and did not 
change it in one. Increasing the dose resulted in complete abolition in three 
further animals, and decreased slope in two others. This table disguises a time 
effect seen in dogs number 5 and 7; here, despite no further drug being given, 
cyciic flow reductions are aboiished after a delay. In dog No. 5, an adrenaline 
infusion was given to determine whether the slopes of the cyclic flow reductions, 
which appeared refactory to trimetazidine, could be increased. After withdrawal 
of adrenaline, cyclic flow reductions were abolished.

The results of the adrenaline infusions, which were given in order 

to re-establish cyclic flow reductions, are given in Table 4.2. An 

infusion rate of 0 .4;ig .kg-\m in-i was used in seven dogs. This 

dose of adrenaline restored cyclic flow reductions in one dog in 

which they had been abolished by 1.0 mg.kg'^ trimetazidine. In 

one of the two dogs in which cyclic flow reductions had not been 

abolished by 1 .Omg.kg-^ trimetazidine, the slope of the cyclic 

flow reduction had actually decreased during the adrenaline



43

infusion of 0.4^ig.kg \m in '^ . This may represent a delayed 

beneficial effect of trimetazidine. When the dose of adrenaline 

was increased to O.Gpg.kg \m in "^ , there was an increase in the 

slope in 6 of the 7 animals (p<0.05). Further doubling of the rate 

of adrenaline infusion resulted in a further increase in the slope 

of the cyclic flow reductions which was also significant (p<0.05).

Table 4.2. Slopes of cyclic flow reductions 
(ml/min/min): effects of trimetazidine 

administration, and adrenaline infusions

Expt No. Placebo Trimetazidine Adrenaline Adrenaline Adrenaline
0.5-5mg/kg 0.4pg/kg/min O.Spg/kg/min 1.6pg/kg/min

1 4 .9 0 0 -  - 6 .7
2 9 0 0 8 .7 1 7
3 4 .3 0 0 0 6
4 1 0 0 14.5 2 0 3 2
5 8.3 0 0 1 7 1 5
6 14.5 1 4 8.5 1 6 2 3
7 9.8 4 4 1 8 •  -

8 9.8 5 - - 3 21 . 5

Mean 8 .8 3.1 3 .8 11.8 17.3
± SD 3.2 4.8 5 .7 7 .9 9.2

p value vs. - <0.01 MS <0.05 <0.05
last state (Wilcoxon)

KEY: -- denotes stage of Investigation omitted.

The dose of adrenaline that was infused has previously been 

correlated with measured plasma levels by McAuliffe et al. 

[1992]. These are comparable to other published results of 

baseline adrenaline levels in the dog at 0.8 nML*”* [Young, Hintze & 

Vatner, 1985].
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Trim etazid ine (1 mg.kg-i ) therefore abolished cyclic flow 

reductions in four dogs (Nos. 1,2,3,4) and although adrenaline 

(0.4|ig.kg-^.min'^) restarted cyclic flow reductions in one (No. 4), 

the remainder of the dogs showed no re-establishment of, or a 

decrease in the slope of the cyclic flow reductions, at that dose 

level. Higher doses of adrenaline did restore cyclic flow 

reductions and increase the slope in an apparently dose-dependent 

manner (Figure 4.2).

Mean rate of 
thrombosis in  

circum flex  
coronary 

arte ry  
(m l/m in /m in )

* p < 0 . 0 5

* * p < 0 . 0 1 TMZ Adr 
1-5m g 0.4pg

FIGURE 4.2: Restoration of cyclic flow reductions by increasing adrenaline 
concentration. TMZ = trimetazidine. Adr = adrenaline
Tfie first 2 bars recapitulate Figure 4.1. Adrenaline infusion at 0.4pg.kg-‘'.m in -i 
did not significantly increase tfie occurrence of cyclic flow reductions. However, 
furtfier increases in tfie infusion rate restored cyclic flow reductions and 
significantly increased tfie slope.

Maximum Blood Flow

Blood flow in the coronary artery declined with progressive 

platelet aggregation, and rose again after embolisation. The 

maximum circumflex coronary artery blood flow, attained after 

infliction of endothelial damage and the application of the
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external constrictor, was measured at the beginning of each 

cyclic flow reduction. After administration of the placebo the 

average flow obtained was 41.2 ± 11.4 ml.min \  The maximum 

blood flow remained essentially unaltered throughout the 

experiment; this indicates both the constancy of the degree of 

stenosis, and that trimetazidine can be said to have had no effect 

on this flow (Table 4.3).

Table 4.3 Maximum circumflex coronary artery blood 
flow (ml/min). Effects of trimetazidine 

administration and adrenaline infusions

Expt No Placebo Trimetazidine Adrenaline Adrenaline Adrenaline
0.5 mg/kg 0 .5-5mg/kg 0.4 0.8 1.6

1 4 3 6 4 4 2 -  - 4 7
2 6 0 4 4 4 8 3 8 9 6
3 2 4 3 0 3 8 4 8 1 5 *
4 3 7 3 0 31 3 6 4 8
5 3 0 41 4 5 5 2 5 5
6 4 5 4 4 4 0 5 0 6 2
7 5 0 4 5 4 0 4 5 -  -

8 41 4 5 -  - 3 9 5 0

Mean 41.2 42 . 9 40 . 6 44 . 0 5 3 . 3
± SD ±11 . 4 ± 1 0 . 6 ± 2 9 . 7 ± 6 . 4 ± 2 4 . 0

p value vs. - NS NS NS NS
last state

KEY; Adrenaline dosage in îg.kg  ̂.min ^.
-  denotes stage of investigation omitted in individual dog.
* flow severely restricted by very strongly adherent thrombus.

The adrenaline infusion did not cause a significant increase in 

systolic blood pressure until the highest dose given. Though there 

were slight increases in systolic blood pressure during the lower

doses of adrenaline these did not cause significant increases in
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the circumflex coronary artery blood flow.

Minimum Blood Flow

After the placebo had been given, the minimum blood flow 

recorded at the end of the cyclic flow reductions averaged 20.9 ± 

13.0 ml.min'^ (Table 4.4).

Table 4.4 Minimum circumflex coronary artery blood 
flow (ml/min). Effects of trimetazidine 

administration and adrenaline infusions

Expt No Placebo Trimetazidine Adrenaline Adrenaline Adrenaline
0.5 mg/kg 0.5-5mg/kg 0.4 0.8 1.6

1 3 0 5 7 4 2 - 3 0
2 4 4 4 4 4 8 2 0 6 0
3 1 6 3 0 3 8 4 8 9
4 1 5 3 0 9 4 0
5 3 41 4 5 1 5 2 2
6 2 2 1 8 1 5 2 3 2 4
7 2 8 2 0 1 2 1 3 - -

8 9 1 6 - ' 1 9 2 0

Mean 20.9 31 . 9 2 9 . 7 20 . 3 23 . 6
± SD ± 1 3 . 0 ±1 4 . 5 ± 1 7 . 2 ± 1 3 . 7 ± 1 8 . 9

p value vs. - - < 0 . 0 5 # NS NS NS
last state

KEY: Adrenaline dosage in p.g.kg i .min T
-- denotes stage of investigation omitted in individual dog.
# may be unreliable due to mechanical embolisation. See text.
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The minimum blood flow apparently increased significantly after 

the administration of trimetazidine. This finding should be 

regarded with caution as it was obviously dependent on whether 

the embolus had been separated spontaneously or whether 

mechanical assistance had been used. A similar argument applies 

to measurement of the frequency of cyclic flow reductions [Bush 

& Shebuski, 1990], an index which is of use if the manual release 

of thrombi is done in a reproducible way. The increase in 

minimum flow produced by trim etazidine could also be 

interpreted as a reduced quantity of residual thrombus in the 

lumen. Thereafter the minimum blood flow was not significantly 

altered by increasing doses of adrenaline.

Systemic Blood Pressure

This remained stable at 129 ± 19mmHg before and after the 

administration of trimetazidine (Table 4.5). The boluses given 

were in the range known not to alter hæmodynamics [Timour et 

al., 1987]. As mentioned above, adrenaline did not significantly 

alter systemic blood pressure until the infusion rate of 1 .Gpg.kg" 

 ̂.min"  ̂ was used, when the systemic blood pressure was elevated 

to 157 ± 33 mmHg (p<0.05).
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Table 4.5 Systemic blood pressure (mm Hg). Effects 
of trimetazidine administration and adrenaiine

infusions

Expt No Placebo Trimetazidine Adrenaline Adrenaline Adrenaline
0.5 mg/kg 0 .5 -5m g /kg 0 .4 0 .8 1 .6

1 9 8 9 0 8 6 - 1 2 2
2 1 23 124 1 2 4 1 18 1 3 2
3 1 34 130 1 3 0 1 30 1 4 0
4 1 46 144 151 1 32 1 5 4
5 141 132 1 32 131 1 5 2
6 1 18 118 1 3 5 1 65 1 8 6
7 118 114 1 1 6 1 28 -  -

8 1 57 148 -  - 1 8 0 2 1 5

Mean 129 125 1 2 5 141 1 5 7
± SD ±1 9 ± 1 8 ± 2 0 ± 2 3 ± 3 3

p value vs. - NS NS NS <0.05
last state

KEY: Adrenaline dosage in pg.kg-i .min*"'.
-  denotes stage of investigation omitted in individual dog.

Heart Rate

Administration of placebo and trimetazidine did not cause any 

changes in heart rate (Table 4.6). The initial dose of adrenaline 

had no effect on heart rate, but when the dose of adrenaline was 

increased from 0.4 to 0 .8 p g .k g -\m in -\ there was a decrease in 

the heart rate from 169 ± 2 2  bpm to 158 ± 17 bpm (p<0.05). There 

was no concomitant increase in systemic blood pressure. The next 

increase in the infusion rate of adrenaline produced no further 

significant increase in heart rate.
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Table 4.6 Heart rate (beats/min). Effects of 
trimetazidine administration and subsequent 

adrenaline infusions

Expt No. Placebo
0.5 mg/kg

Trimetazidine
0 .5 -5m g /kg

Adrenaline
0 .4

Adrenaline
0 .8

Adrenaline
1 .6

1 150 138 2 0 7 • 1 99
2 172 168 1 5 0 1 48 1 7 6
3 1 92 186 1 8 6 1 76 1 64
4 1 64 164 1 60 151 161
5 1 72 173 1 74 1 55 1 7 0
6 1 72 173 1 6 3 1 48 1 4 2
7 153 156 1 4 3 1 43 -  -

8 2 1 0 2 1 6 -  - 1 88 2 0 4

Mean 173 1 72 1 69 1 58 1 7 3
± SD ± 2 0 ± 2 3 ± 2 2 ±1 7 ± 2 2

p value vs. - NS NS <0.05 NS
last state

KEY: Adrenaline dosage in îg.kg i .min*^.
-- denotes stage of investigation omitted in individual dog.

The response of individual animals to alterations in adrenaline 

and trimetazidine doses was also studied and limited dose- 

response curves constructed. These data were derived from the 

study itself, or from additional procedures (over and above those 

described in the original protocol) which were carried out on the 

experimental preparation before humane killing. In two animals, 

the adrenaline infusion rate was further increased from 1.6 to 4.0 

pg.kg \m in  \  Owing to the numbers responding to low doses of 

trimetazidine and the relative resistance to adrenaline infusion 

shown (Table 4.2, Figure 4.2), data sets from individual dogs will
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be shown. In any case the group response to adrenaline has been 

well shown at each stage in Table 4.2.

Limited dose-response curves were constructed between the dose 

of adrenaline and the slope of the cyclic flow reductions. Figure 

4.3 demonstrates such a dose-response curve in Experiment No. 6 . 

The cyclic flow reductions increased until a maximum response 

was reached.

30

Slope of 
cyclic flo v  
reductions 20 - 

(m l/m in /m in )

0 1 2 3 4 5

Adrenaline infusion rate 
( lig /k g /m in )

FIGURE 4.3: Effect of increasing adrenaline concentration on slope of cyclic 
flow reductions. Data from Experiment 6. Tfie measured cyclic flow reductions 
just before and during adrenaline infusions are sfiown. Tfie double point at 
adrenaline infusion rate of 0.4pg.kg'^ .min'^ is after return to that level from 
the higher infusion rates. Total dose of trimetazidine given beforehand was 
Smg.kg’T  It can be seen that the maximum adrenaline effect has been closely 
approached.

In other dogs (numbers 2 and 4 in the experimental series) a 

similar increase in the slope of cyclic flow reductions was 

demonstrated. These are shown in Figures 4.4 and 4.5. In these 

experiments, the maximum response does not appear to have been 

reached, despite the very high rate of rethrombosis seen in
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Experiment 4 (Figure 4.5),

20
Slope of 

cyclic flo v  
reductions 

(m l/m in /m in )

0 -c> 
0 1 2

Adrenaline infusion rate 
( iig /k g /m in )

FIGURE 4.4: Increase of intracoronary thrombosis rate by adrenaline. Data, 
from Experiment 2, which demonstrate the effects of increasing adrenaline 
concentration on the slopes of cyclic flow reductions.
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FIG URE 4.5: Enhancement of cyclic flow reductions (thrombosis rate) by 
increasing adrenaline concentration. The findings from Experiment 4 are similar 
to those in Figure 4.4, but are less than the maximum response shown in Figure 
4 .3 .
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In the remaining dogs, as can be seen from Table 4.2, cyclic flow 

reduction slopes were re-established or increased significantly 

by adrenaline infusion. It can also be seen that experiments 1, 3, 

5, 7 and 8  present too few data points for illustrations.

Another approach is to keep the adrenaline infusion constant at a 

high rate (I.Gpg.kg'Tmin'^); the dose of trimetazidine can then be 

increased. Data from the same dog (No 4) are shown in Figure 4.6:

40

Slope of 
cyclic flo v  
reductions 30 - 

(m l/m ln /m ln )

20  -

2 3 4

Cumulative dose of trim etazid ine  
(m g/kg)

FIGURE 4.6: Additional trimetazidine during high dose adrenaline infusion. 
Further data from experiment 4. This demonstrates effects of increasing the 
cumulative dose of trimetazidine, in one dog, while an adrenaline infusion was 
continued at 1 .Gpg.kg'^ .m in '^ . The slope of the cyclic flow reductions decreases 
thus indicating continued activity of trimetazidine.

The response demonstrates continuing activity of trimetazidine 

at higher dosage. The drug is therefore capable of overcoming the 

effects of considerable stimulation of the platelet a g- 

adrenoreceptor.
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S e r ie s  ( il) :  Coagulation studies and bleeding times

The coagulation variables are shown in Table 4.7. Baseline values 

are comparable to our own laboratory normal values for dogs. 

There were no significant effects on prothrombin time, thrombin 

time, partial thromboplastin time or fibrinogen level, either due 

to trimetazidine administration, or with the addition of aspirin. 

Bleeding time at baseline was normal for our laboratory and close 

to a published value for dogs (2.62±0.49 mins) [Jergens et al., 

1987]. Thirty minutes after trimetazidine administration, there 

was significant shortening of bleeding time (p<0.05). Thirty 

minutes after intravenous aspirin at 5 mg.kg \  bleeding time was 

significantly prolonged and this effect was more pronounced by 

sixty minutes.

As bleeding time is measured to the nearest half minute, there is 

a potential inaccuracy of one minute. If this is taken into account 

for comparisons between the separate stages of the 

investigation, the following corrections can be made: 

first, if 1 minute is added to the bleeding time values at 30 and 

60 minutes after trimetazidine, no significant difference from 

control is seen. Second, despite this 'corrected' value, aspirin at 

60 minutes still caused a significantly (p<0.05) longer bleeding 

time than that seen following trimetazidine administration.
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Table 4.7 Effects of trimetazidine ± aspirin on 
bleeding time and coaguiation

VARIABLE
(normal values)

STAGE OF INVESTIGATION

Baseline TM Z+30 TM Z+60 ASA+30 ASA+60

Prothrombin 6 6 6 6 6
time (secs)
(6.0±0.05)

±0.1 ±0.1 ±0.1 ±0.1 ±0.1

Thrombin 11.6 11 .3 12 .4 1 2 .5 12 .4
time (secs)
(13.1±2.6)

±1.1 ± 2 .2 ±1.1 ± 0 .9 ±2.1

Partial throm 2 1 .5 20.1 2 0 .0 2 0 .6 2 0 .3
boplastin time 

(secs)
(18.6±4.7)

± 8 .3 ± 7 .4 ± 7 .7 ± 7 .3 ± 7 .8

Fibrinogen 2 .2 5 2.21 2 .1 6 2 .1 7 2.11

(g /d i)
(1.64:0.3)

± 0 .6 0 ± 0 .4 2 ± 0 .3 8 ± 0 .3 9 ± 0 .3 7

Bleeding 2 .5 1 .9 * 2 .0 3 .2 * 4 .1 #
time (mins)
(2.34:0.6)

± 0 .8 ± 0 .6 ± 0 .4 ± 0 .9 ± 0 .9

KEY: TMZ = trimetazidine. ASA = aspirin.

Stages TMZ+30 and TMZ+60 were 30 and 60 minutes respectively after
administration ot trimetazidine 3mg.kg’ 1.

Stages ASA+30 and ASA+60 were 30 and 60 minutes respectively after
administration of aspirin 5mg.kg-1.

* p<0.05 vs. last stage (Wilcoxon);
# p<0.05 vs. TMZ+60 (Wilcoxon)
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DISCUSSION

The main finding of the study described in this chapter was that 

trimetazidine was active in preventing platelet-rich thrombus 

formation in a dog model of coronary artery disease. A secondary 

finding was to confirm the clinical impression that the drug does 

not increase bleeding time or cause other clotting derangements.

Early work on antithrombotic agents concentrated on the effects 

of aspirin in three different species (dog [Folts, Crowell & Rowe, 

1976], rabbit [Hill, Smith & Folts, 1987] and monkey [Folts & 

Smith, 1985]) on periodic thrombus formation in coronary and 

carotid arteries. In all of these studies it was shown that when 

adrenaline was infused at 0 .2 pg.kg \m in  \  cyclic flow reductions 

which had been abolished by aspirin were restored in 75% of the 

experimental subjects. The mechanism by which the adrenaline 

caused the restoration of the cyclic flow reductions is considered 

to be through a release of calcium from the platelet membrane 

[Rao, Escolar & White, 1986]. This calcium release provides a 

'salvage pathway' for platelet activation by adrenaline, 

independent of the arachidonate pathway. If trimetazidine acts in 

the opposite way (by conservation of membrane bound calcium) it 

should provide more effective protection against adrenaline. The 

concentration of adrenaline used in this and other studies [Yao et 

al., 1990] produces plasma levels within the physiological range 

for dogs [Young, Hintze & Vatner, 1985]. The fact that cyclic flow 

reductions can be re-established at relatively low concentrations 

of adrenaline [Ashton et al., 1989] may explain why the protection 

provided by aspirin is only partial [Lewis et al., 1985]. It is
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important, therefore, that this protection be improved without 

adversely affecting hæmostasis, and that antithrombotic agents 

be tested against adrenaline.

The lack of effect of trimetazidine on coagulation and bleeding 

time contrasts with that seen following aspirin administration 

[Babson & Babson, 1978], and probably represents a different site 

of action [Shirahase et al., 1988]. This suggests also that there is 

no potent antiplatelet action produced by inhibition of the 

thrombin receptor[Eidt et al., 1989(a); Yao et al., 1992(a)], 

GPIIb/llla receptor [Yasuda et al., 1990(a); Coller et al., 1986], 

other effects on the arachidonic pathway, or prostacyclin-like 

activity [Kerins et al., 1992], all of which increase bleeding time.

The general cardiovascular effects of trimetazidine that were 

observed in this investigation were negligible. There were no 

adverse effects during or after the adm inistration of 

trimetazidine. The starting dose used in this study reflects the 

dosage schedule of 0.5-1.0 mg.kg \m in'^ used in humans [Kober et 

al., 1992; Higuchi et al., 1981]. Heart rate did not change, and the 

blood pressure fell only transiently in one dog, and this was after 

administration of the second 1.0 mg.kg"^ of the drug. This is in 

keeping with previous work in that intravenous doses of 2 . 0  

mg.kg'^ trimetazidine, had no significant effects on pulmonary or 

systemic vascular resistance [Timour et al., 1987]. In the three 

animals which received high doses of trimetazidine, there were 

no significant effects on systemic blood pressure at any stage.

The maximum blood flow in the critically stenosed circumflex 

coronary artery remained remarkably constant at the various 

stages of the investigation. This confirms the stability of the
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preparation and the critical nature of the stenosis. The maximum 

blood flow of the stenosed artery was not significantly raised 

until systemic blood pressure had been significantly raised by the 

higher infusion rates of adrenaline.

The methods used to score cyclic flow reductions in this study, 

have been described in Chapter 2. Trimetazidine, assessed by 

these methods, was regarded as successful in six of the eight 

dogs studied. This method of assessment was to measure the rate 

of decline of blood flow and call this the 'index of thrombus 

formation' [McAuliffe et al., 1992]; in McAuliffe et al.'s carefully 

controlled study, dose-response curves of the effect of several 

levels of adrenaline on the 'index of thrombus formation' were 

studied. From the results of this study it is possible to conclude 

that the 'index of thrombus formation' (slope of the cyclic flow 

reductions) was stable and reproducible enough to provide a 

single index of thrombus formation. By this second method of 

assessment, trimetazidine was also effective in that the slope 

was decreased or abolished in seven of the eight dogs.

The observation that flow restitution is almost instantaneous 

following embolisation would imply a mechanical explanation. It 

is possible that relief of vasospasm is the mechanism behind 

release of the thrombus. However, the same effect occurs after 

embolisation has been assisted by a gentle shake of the vessel. 

Progressive accumulation of platelet-rich thrombus occurs with 

concomitant decrease in recorded blood flow. The thrombus then 

embolises, often after the vessel has fully occluded; manual 

dislodgement of the thrombus may, however, be required. The 

cycle then repeats itself to form a pattern of cyclic flow 

reductions; these are repeatable and reproducible with a
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relatively constant slope in any given state. The rate of thrombus 

formation can be increased by adrenaline, an effect which is 

mediated by the ag-adrenoreceptor on the platelet [Yao et al., 

1990] This receptor is functionally separate from the 5HT2 and 

ADP receptors [Petty & Scrutton, 1989]. We have previously used 

this model to demonstrate the role of serotonin in thrombus 

growth [Torr, Noble & Folts, 1990; Belcher et al., 1992], 

confirming the effectiveness of serotonin antagonists in reducing 

platelet thrombosis in canine models of coronary artery disease 

[Ashton et al., 1987; McAuliffe et al., 1992; Morishima et al., 

1991; Golino et al., 1989; Bush, 1987; Benedict et al., 1986].

Some aspects of the cardiac actions of trimetazidine have been 

investigated. The studies fall into three categories. The first has 

been an experimental appreciation of the celullar anti-ischæmic 

effects of trim etazidine in terms of improved cellular 

performance following hypoxic injury [Lavanchy, Martin & Rossi,

1987; Gamier & Roulet, 1985; Renaud, 1988]. The second 

approach has been a clinical investigation of the actions of 

trimetazidine as adjunctive therapy in angina [Michaelides et al., 

1987; Brochier et al., 1986] and the third line of approach has 

been via the effects of trimetazidine on platelets [Higuchi et al., 

1981; Shirahase et al., 1988]. A review of the potential anti- 

ischaemic effects of trimetazidine [Lavanchy, Martin & Rossi,

1987] has focussed on possible inorganic phosphate accumulation 

during ischæmia and stabilisation of intracellular pH. These 

actions may help to prevent the deleterious effects of proton

accumulation [Gevers, 1977]. There is also a report on the effect

of the drug on calcium homeostasis [Kiyosue, Nakamura & Arita, 

1986]. All the effects of trimetazidine have not yet been 

elucidated, but it is tempting to infer that they may be similar to
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those of the piperazine group.

In humans, the effect of trimetazidine following angioplasty has 

been noted [Kober et al., 1992]. In this study the time to maximum 

ST elevation and the amplitude of the ST elevation were reported 

to be decreased following coronary occlusion by an intraluminal 

balloon. Trials of trimetazidine have claimed increased exercise 

tolerance in angina when combined with a B-adrenergic blocking 

agent [Michaelides et al., 1987], or with nifedipine [Brochier et 

a!., 1986]. The relevance of the present study may be that in the 

Folts model there is simulation of unstable angina (platelet 

thrombus formation and embolisation). If this is applied to man, 

it would imply that angina patients treated with trimetazidine 

might acquire a measure of protection from thrombotic 

complications. It is possible that the mechanisms of coronary 

thrombosis in man and the Folts model are different, but cyclic 

flow reductions have been dem onstrated in chronically 

instrumented dogs in response to exercise [Eidt et al., 1989(b)].

A direct action of trimetazidine on human platelets has been 

claimed with decreased platelet adhesiveness and aggregation 

[Higuchi et al., 1981]. A later study [Shirahase et al., 1988] on 

rabbit platelets has demonstrated that trimetazidine decreased 

platelet aggregation and the concomitant serotonin release and 

malondialdehyde production. It should be noted however, that 

rabbit platelets contain twenty-five times as much serotonin as 

human platelets [Dodds, 1978] and it is notoriously difficult to 

avoid platelet damage and thus serotonin release during blood 

collection. Studies of such rabbit platelets [Shirahase et al.,

1988], suggest that trimetazidine may inhibit the process 

preceding the cycloxygenase pathway in the arachidonic acid
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cascade. However, in vivo, the expected increase in bleeding 

time was not found in the present study. It should be noted that 

secondary platelet responses caused by weak agonists, such as 

ADP in citrated platelet-rich plasma, do not occur at 

normocalcaemia [Packham, Kinlough-Rathbone & Mustard, 1987]. 

In addition, rabbit platelets do not contain free cytosolic calcium 

ions and the postulate that trimetazidine can interfere with the 

handling of this ion remains tenuous [Packham et al., 1989].

The effect of trimetazidine on coagulation and bleeding time 

suggests that there is no potent antiplatelet action by inhibition 

of the thrombin or fibrinogen receptors. The lack of effect of 

trim etazidine on bleeding time contrasts with that seen 

following aspirin administration. The effect on bleeding time of 

aspirin seen in this study was greater than that seen by Jergens 

[Jergens et al., 1987].

In conclusion, trimetazidine has been shown to modify in vivo 

thrombus growth in the Folts' model of coronary artery disease. 

This is not associated with derangement of coagulation, or 

prolongation of the bleeding time.
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CHAPTER 5

Inhibition and dispersion of piateiet-rich 
intracoronary thrombus by MDL 11,939, a 

seiective SHTg antagonist

INTRODUCTION

Evidence for the importance of serotonin as a mediator of 

platelet thrombosis is accumulating [Bush et al., 1984(b); Golino 

et al., 1988; Eidt et al., 1989(b)] and various SHTg antagonists 

have now been assessed. Ketanserin, which also causes peripheral 

vasodilatation through its -adrenergic blocking effects, 

abolished cyclic flow reductions in some cases [Folts & Rowe, 

1974]. However because of the absence of a pure SHTg 

antagonism, firm conclusions could not be drawn. Ritanserin, a 

drug with only a weak a-adrenergic activity was next studied 

[Torr, Noble & Folts, 1990] and found to abolish cyclic flow 

reductions at a dose of 0.5 mg.kg"^ without alteration in blood 

pressure or heart rate. Adrenaline infusion, unlike after the 

abolition of cyclic flow reductions by aspirin, was far less 

effective in restoring cyclic flow reductions. This effect is 

curious, as serotonin by itself is documented [Packham, 1983] as 

a weak agonist of platelet aggregation; it is postulated to exert 

its effects by enhancement of other more potent agonists [De 

Clerck & Herman, 1988]. Torr, Noble & Folts [1990] produced four 

hypotheses to explain this:

1) Despite predicted behaviour from vascular pharmacological and 

receptor binding studies, ritanserin may have hitherto unrevealed 

effects on ag-receptors.
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2) Despite 5HT having no calcium antagonist activity, adrenaline 

may be prevented from enhancing Ca++ uptake by a non-specific 

membrane effect.

3) The adrenaline response itself requires 5HT as an amplifier.

4) The effect of adrenaline is to initiate platelet activation, 

presumably via a 2-receptors. However, the chain reaction leading 

to platelet thrombosis can still be suppressed by blocking the 

platelet-to-platelet mediator serotonin.

If this last hypothesis is true, the SHTg receptor may also be 

responsible for maintaining the thrombus. For this reason the 

emphasis of the experiments described in this chapter was on 

how a pure SHTg antagonist (MDL 11,939) abolished cyclic flow 

reductions and in what manner flow re-established itself. The 

interesting possibility that sero tonin -facilitated  p late let 

aggregation is more apparent under conditions of severe coronary 

stenosis has been raised [Benedict et al., 1991]. The stenosis 

applied in the present study was sufficient to ensure that 

thrombosis proceeded to complete occlusion of the vessel.

MDL 11,939 (a-phenyl-1-(2-phenyl-ethyl)-4-piperidine methanol) 

has been extensively investigated [Dudley et al., 1988] and shown 

to possess very pure SHTg antagonist activity.
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METHODS

Seven adult beagle dogs of either sex (M:F 6:1) weighing 8-19 kg, 

mean 14.2 ± 3.5kg), were prepared as described in Chapter 2 and 

cyclic flew reductions were established. One animal, at this 

point, showed no evidence of intraccrcnary platelet thrombosis. 

Because the protocol demanded an adrenaline infusion to be given 

if the drug was effective [Folts, Rowe & Rao, 1988], adrenaline 

infusion was therefore started. A regular pattern of cyclic flow 

reductions was thereby established. The effect of this protocol 

reversal was to enable the animal to be used for the experiment 

and not wasted. This and other points are illustrated and 

discussed further in this chapter.

Experim ental protocol

1 . Surgical preparation and establishment of cyclic flow 

reductions.

2. Intravenous administration of MDL 11,939. The initial dose was 

to be 0.5 mg.kg-^ but this was later decreased.

3. After discovery of whatever effect the drug had, adrenaline 

was to be infused intravenously at a rate of 0.4pg.kg L m in -\
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RESULTS

After dissection and instrumentation, and before administration 

of the SHTg antagonist, two or three cyclic flow reductions were 

allowed to occur (Figure 5.1). The slopes of these cyclic flow 

reductions for each animal are shown in Table 5.1.

Table 5.1 Slopes of cyclic flow reductions 
(ml/min/min) in the controi period

E xp t.
n u m b e r

CFR No 1 CFR No 2 CFR No 3

1 17 .0 9 .9 1 4 .2
2 7 .8 2 .2 3 .3
3 3 3 .8 2 5 .0 2 8 .8
4 5 .5 2 .7 ”  -

5 13 .0 10 .9 6 .5
6 6 .0 6 .0 -  -

7 4.1 4.1 3 .3

Mean ± SD 1 2 .5 ± 1 0 .5 8 .7 ± 7 .9 1 1 .2 ± 1 0 .8

p value vs. last 
state

<0.05 NS

KEY: CFR = cyclic flow reduction.
The slope of the control cyclic flow reductions varied with a small but significant 
decrease after the first slope. This may represent a residuum of platelets which 
become tightly attached initially to the vessel wall and thereby reduce the area of 
exposed collagen.
— denotes that the third cyclic flow reduction was not allowed to proceed.

The slope of the first cyclic flow reduction tended to be greater 

than the subsequent cyclic flow reductions and this was just 

statistically significant. In the first animal the dose was 0.5 

m g.kg*'' which resulted in complete abolition of cyclic flow
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reductions which could not be restored by adrenaline infusion. 

Because of this, two doses of 0.25 mg.kg'"' were given 

sequentially to the next animal in the series. The first dose 

abolished cyclic flow reductions completely. The drug therefore 

appeared extremely potent and the dose regimen was next altered 

to 0 . 2  mg.kg-^. The effects were precisely the same and 

thereafter the drug was given at 0 . 1  mg.kg'^, again with full 

abolition of cyclic flow reductions (Figure 5.2). Flow just before 

the drug was given averaged 24±13 m l.m in'^. This was 

significantly lower than any mean flow recorded at the beginning 

of cyclic flow reduction slopes.

Maximum blood flow

After application of the external constrictor and infliction of

endothelial damage, coronary blood flow still varied widely 

between animals. Maximum blood flow seen at the first cyclic

flow reduction averaged 28+14 ml.min"'*, at the second cyclic 

flow reduction it averaged 32±24 ml.min'^ (p NS), and at the 

third, mean maximum blood flow was 36±22 ml.min'^ (p NS). The 

highest blood flow recorded at any of these points averaged 

42+28 ml.min'T These values are shown in Table 5.5, and used for 

comparison with post-interventional flows.

Systemic blood pressure

Mean blood pressure at the beginnning of cyclic flow reductions 

was 80±12 mm Hg but fell slightly to 79±12 after the first 

cyclic flow reduction but not thereafter. The mean blood pressure 

at other stages of the investigation is shown in Table 5.2.
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Table 5.2 Mean blood pressure during drug 
interventions (mm Hg)

Experiment BP before BP before BP before BP after
number MDL 11,939 MDL 11,939 adrenaline adrenaline

(low flow) (full restitution)

1 8 0 8 4 7 9 61
2 80 8 0 8 0 9 0
3 7 7 7 8 7 8 7 8
4 5 5 5 5 5 5 5 5
5 8 0 8 4 # #
6 7 2 7 7 7 8 9 4
7 8 5 8 5 8 3 1 0 3

Mean ± SD 7 8 ± 1 0 7 8 ± 1 0 7 6 ± 1 0 8 0 ± 1 9

p value vs. last state: <0.05 NS NS
(W ilcoxon)

KEY: # Adrenaline given before cyclic flow reductions

The changes in mean systemic blood pressure during control 

cyclic flow reductions are shown in Table 5.3. These are mainly 

very small and are most pronounced during the first cyclic flow 

reduction.
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Table 5.3 Blood pressure changes during 
cyclic flow reductions (mm Hg)

Experim ent D uring D uring D uring
num ber CFR No. 1 CFR No. 2 CFR No. 3

1 - 3 - 1 0
2 - 3 0 + 1
3 - 3 0 0
4 0 + 1 - -
5 0 - 2 0
6 - 2 - 4 - -
7 0 0 0

Mean ± SD - 1 . 6 ± 1 .5 -0 .9 ± 1 .7 + 0 .2 ± 0 .4

p value <0.05 NS NS
(W ilcoxon)

KEY: -  denotes that a third cyclic flow reduction (CFR) did not take 
place. The values for BP (mean systemic blood pressure) changes are 
almost all less than 2% (see Table 5.2); this is within the error of 
the measurement. Therefore the true significance of the finding is 
minimal.

(p<0 .0 1 ) and was close to that recorded near the bottom of each 

cyclic flow reduction when thrombus was usually removed 

manually by agitation. This time the clot was not dislodged by 

shaking.

Flow was restored in a stepwise manner in all animals and is 

shown in Figure 5.1. In two dogs it was a single step but in five 

there were two distinct steps seen. A representative trace of 

this is shown in Figure 5.2.
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FIGURE 5.1: Stepwise flow restoration following serotonin 5HT2 antagonist. 
Schematic representation of the step increases in circumflex coronary artery 
blood flow seen following administration of MDL 11,939. First step p<0.01, 
second step p<0.05.

The first step (timed from drug administration) ranged from 35 

to 379 seconds (mean 158±114 seconds). The timing of the second 

step (where it occurred, n=5) ranged from 45 to 123 seconds 

(mean 88+36 seconds). These timess are displayed numerically 

within Table 5.4.

Table 5.4 Timing of flow restitution steps (seconds)

Experiment

No.
Time to 

first step

Time to 

second step
Total time to 

flow restitution

1 3 7 9 1 2 3 5 0 2
2 1 85 -  -  - 1 85

3 6 6 1 2 5 191
4 9 6 . . . 9 6

5 1 80 6 0 2 4 0

6 1 68 8 9 2 5 7

7 3 5 4 5 8 0

Mean ± SD 1 5 8 + 1 1 4 8 8 ± 3 6 2 2 2 ± 1 40
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The values of these blood flows and the final flow achieved are 

shown in Table 5.5 below.

Table 5.5 Circumflex coronary artery blood flow 
(ml/min): effects of administration of MDL 11,939

E x p e rim e n t
number

H ighest 
observed  
flow  during  
CFR's

Flow just 
b e fo re  

M DL  
1 1 , 9 3 9

F lo w
a f t e r
f i r s t
s tep

Flow
a f t e r

second
step

1 2 8 1 8 2 8 41
2 6 4 3 6 4 7 -  '

3 94 4 5 51 6 5
4 4 0 31 3 5 -  *

5 3 0 1 3 3 0 5 7
6 1 9 8 1 6 2 7
7 2 0 1 8 1 9 2 0

Mean ± SD 4 2 ± 2 8 2 4 ± 1 3 3 2 ± 1 3 4 2 ± 1 9
*  * ★ *

* #

KEY: CFR: cyclic flow reduction 
-  no second step; full flow restitution in one step.
*  p<0.05 * *  p<0.01 vs. previous column.

#  p=0.46 vs. highest flow.

Dogs number 3 and 5 showed single step flow rises. In dog number 

3 the scale that flow was recorded on, in addition to slow paper 

speed precluded better analysis of flow restoration. These step 

increases in flow were both significant (p<0.01 and p<0.05 

respectively), and, in contrast to the manual dislodgement 

required in 15 out of 19 control cyclic flow reductions, 

spontaneous. The flow finally achieved (42±19ml.min'^) was 

similar to the highest seen at the beginning of cyclic flow 

reductions (4 2 ± 2 8 m l.m in '‘‘ ) (p=46%). Overall time to total
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restoration of blood flow ranged from 80-512 seconds (mean 

229±138 seconds). Blood pressure rose slightly but significantly 

after this, presumably due to improved myocardial perfusion. 

Figure 5.2 illustrates a typical example of a two step flow 

restitution.

STEP 250m1/m1n I

- 5 0 m l /m in Phasic

STEP 1

Mean : Circum flex  coronary 
ar te ry  blood f lo w

1 minute

FIGURE 5.2: Dispersion of intracoronary thrombus by the selective serotonin 
5 H Ï 2  antagonist, MDL 11,939. Illustration of typical biphasic pattern of flow 
restitution of circumflex coronary artery blood flow following intravenous 
administration of a pure SHTg receptor antagonist.

Cyclic flow reductions were thus completely abolished as can be 

seen in Figure 5.3 below.
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FIGURE 5.3: Abolition of cyclic flow reductions in all animals. This illustrates 
the magnitude of cyclic flow reductions seen before administration of MDL 
11,939 and the resulting complete abolition of intracoronary platelet 
thrombosis.

Adrenaline infusion was then started in six of the dogs at a rate 

of 0.4 |ig.kg'\min"^. This caused no significant rise in mean blood 

pressure but flow rose significantly (p<0.05) and gradually 
without any apparent step (Figure 5.4). Cyclic flow reductions 

were not re-established at this level of adrenaline infusion. 
Higher infusion rates were not given, as this was already beyond 

the dose known to restore most cyclic flow reductions after the 

intravenous administration of Smg.kg i of aspirin [Keller & Folts, 
1990].
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FIG U R E 5.4: Coronary artery blood flow effects of adrenaline infusion. 
Adrenaline infusion at 0.4|ig.kg'^ .min'^ increased blood flow in all except one 
dog. The overall rise in flow is significant but small, thus indicating the critical 
nature of the stenosis.
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DISCUSSION

The study described in this chapter presents a new observation, 

namely complete release of thrombi from the coronary artery. 

There is total restoration of pulsatile flow by means of an 

interruption of the serotonin-mediated thrombosis pathway. 

Since Folts' original description of this model of cyclic coronary 

blood flow variation [Folts & Rowe, 1974], methods of 

establishing cyclic flow reductions and agents which modify 

them have been extensively investigated. Aspirin [Folts, Crowell 

& Rowe, 1976], indomethacin [Folts, 1982], prostaglandin Ig 

[Bertha & Folts, 1984], a monoclonal antibody (7E3) to the 

platelet glycoprotein llb /llla  receptor [Coller et al, 1986], 

ethanol [Keller & Folts, 1988; Keller & Folts, 1990] and garlic [De 

Boer & Folts, 1989] can all abolish cyclic flow reductions, a^- 

adrenergic antagonism by yohimbine has been shown to decrease 

frequency of cyclic flow reductions, but does not abolish the 

phenomenon [Bush et al., 1984(b)]. Conversely, the frequency of 

cyclic flow reductions may be increased by adrenaline [Cox et al., 

1991(b)] or cigarette smoke [Keller & Folts, 1988]. Adrenaline 

has also been shown to re-establish cyclic flow reductions 

abolished by aspirin [Keller & Folts, 1990]. This restoration of 

sensitivity depends on the availibility of a 2-adrenergic receptors, 

which is thought to be due to modulation of the cell membrane 

[Rao, Escolar & White, 1986].

The Folts model mimics coronary artery disease; the external 

constrictor causes turbulent flow and therefore increased shear 

stress which promotes von Willebrand factor mediated platelet
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aggregation. The endothelial damage with exposure of collagen 

and fibronectin, with relative local stasis, also causes platelet 

aggregation and release of thromboxane Ag and 5HT [Ashton et al., 

1986(a) & 1986(b)]; this in turn stimulates further platelet 

adherence and thrombin generation. At the same time circulating 

plasminogen is activated and this may be the mechanism of

spontaneous embolisation of the thrombi in the absence of a

mechanical cause [Miles & Plow, 1988].

The importance of serotonin as a mediator of platelet thrombosis 

has lately become better recognised. It appears now that of the 

three types of serotonin receptor, the SHTg variety mediates

many of the central and peripheral effects. The normal plasma 

level of serotonin is very low [Robertson & Andrews, 1961], the 

main source is from platelet activation. Studies, in vitro, of 

serotonin suggest only weak pro-aggregatory effects [De Clerck 

et al., 1984], but when combined with other agonists such as ADR, 

adrenaline, noradrenaline, collagen, or thromboxane Ag, there is 

marked amplification of their effects. Evidence for this includes 

studies of ketanserin, which inhibits these enhancement

reactions [van Neuten et al., 1986]. The release of serotonin from 

platelets works as a positive feedback mechanism further to 

propagate platelet thrombi. Raised transcardiac gradients of 

serotonin have been noted in patients with severe triple vessel 

disease [van den Berg et al., 1989].

The effects of serotonin antagonists, in vivo, have been more 

marked and there is some clinical evidence that they may be 

effective for the prevention of intracoronary events in patients 

[Noble & Drake-Holland, 1990]. Further evidence compatible with 

an important role for serotonin in human coronary
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pathophysiology is provided by the increase in serotonin 

concentration in the coronary sinus drainage from the heart as 

demonstrated in patients with limiting angina and complex 

lesions [van den Berg et al., 1989]. Serotonin has also been shown 

to cause vasoconstriction in patients with atherosclerosis but 

vasodilatation in those with normal coronary arteries [Golino et 

al.. 1991].

Other investigators have used the prototype SHTg receptor 

antagonist, ketanserin (which also has significant a  ̂- 

adrenoceptor antagonist activity [Fozard, 1982]) in the Folts 

model and shown that it reduces cyclic flow reductions without 

general derangement of the blood clotting system [Bush et al., 

1984(b); Ashton et al., 1987]. Subsequently, more specific SHTg 

antagonists, LY 53,857 [Golino et al., 1989] and ritanserin have 

been studied [Torr, Noble & Folts, 1990] in the Folts model and 

clear abolition of thrombus formation has been shown. (This does 

not occur with -adrenergic receptor blockade by prazosin, 

indicating that the effect of ketanserin on thrombus formation is 

not mediated through its a-adrenergic blocking properties [Bush 

et al., 1984(b)]).

Nonetheless, in the studies presented here, some cyclic flow 

reductions reappeared with adrenaline infusion, albeit to a lesser 

extent. The relation between a drug's specificity for a receptor 

and the action of other agonists needs careful assessment and an 

in vivo investigation recently completed [Cox et al., 1991(b)], 

attempts to define this for ICI 170,809, another specific 5 HT2 

antagonist. Using the Folts model the influence of adrenaline on 

the rate of cyclic flow reductions showed increasing thrombus 

formation with increasing adrenaline dose. Dose-response curves
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were constructed before and after the administration of 

increasing doses of ICI 170,809. This study demonstrated the 

potentiating effect of 5HT on the ability of adrenaline to cause 

the formation of platelet thrombi; this is an example of the 

functional expression of the amplification reaction between 

serotonin and adrenaline on platelets [De Clerck, Xhonneux & de 

Courscelles, 1988], and also confirms the functional separateness 

of the SHTg and the ag-adrenoreceptor. MDL 11,939 has been 

thoroughly assessed pharmacologically [Dudley et al., 1988], both 

in vitro and in vivo, and appears to be a potent and highly 

selective antagonist of serotonin receptors of the SHTg subtype. 

Human platelet studies in vitro of platelets treated with 5HT 

and ADP showed marked inhibition of aggregation by MDL 11,939 

pretreatment.

The coronary thrombi in the present study, until MDL 11,939 was 

given, needed mechanical removal in 6 of the 7 dogs. Only 2 or 3 

cyclic flow reductions were allowed to develop before drug 

administration. The slope of the first cyclic flow reduction was 

steeper than subsequent slopes; this may be due to activation- 

independent deposition of a thin monolayer of platelets 

[Piotrowicz et al., 1988] via the GPIc/lla fibronectin receptor, 

which then proceeds no further. It is possible, that endothelial 

damage inflicted in this study was not severe enough in itself to 

cause cyclic flow reductions when combined with a standard 70- 

75% stenosis and that the stenosis applied was proportionately 

greater. The severity of the stenosis may be a key factor in 5HT 

facilitated platelet aggregation. Both aspirin and LY 214,138  

(another highly selective SHTg antagonist) appear to be 

equipotent in the prevention of platelet thrombosis in the 

presence of a 50% stenosis. However, this ceases to apply after
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the stenosis is increased to 85%. At this point, aspirin was no 

more effective than placebo. Patency was maintained only by the 

SHTg antagonist [Benedict et al., 1991].

The present study adds to the evidence for serotinergic mediation 

of intracoronary thrombosis. Cyclic flow reductions in a stenosed 

coronary artery were inhibited by a platelet SHTg receptor 

antagonist:- MDL 11,939. The drug was extremely potent and only 

one fifth of the recommended dose was necessary completely to 

abolish cyclic flow reductions in the last 4 experiments. The 

effect persisted until the end of the experiment; cyclic flow 

reductions could not be restored by adrenaline infused at 0.4 

p g .k g -\m in  \  In one case, adrenaline infusion was required to 

start cyclic flow reductions occuring. Interestingly, the thrombi 

which then developed, needed to be shaken off as well. The 

significant rise in coronary blood flow (Figure 5.4) was not 

caused by an increase in systemic blood pressure (Table 5.3), thus 

indicating a distal coronary artery vasodilating effect on the 

coronary circulation.

The pattern of flow restoration after the administration of MDL 

11,939 was of particular interest in that it was stepwise. A 

single step rise in circumflex coronary blood flow in this 

preparation is taken to indicate embolisation and is the normal 

pattern of flow restitution. However, it could be argued that a 

two step restoration is more likely to indicate thrombolysis 

before embolisation. Despite the suggestion that ADP and 

thromboxane Ag may be involved more in the maintenance of 

aggregation than the initial generation of thrombus, the findings 

in the present study suggest that 5HT receptors are responsible 

for the integrity of the platelet thrombus and confirms the
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appropriateness of the model for the investigation of platelet- 

to-platelet interaction. In the present study, in 6 of 7 dogs, the 

thrombi at the end of each cyclic flow reduction required manual 

dislodgement by shaking before flow would re-establish itself. 

The fact that they were dispersed by MDL 11,939 without 

physical assistance is supporting evidence for the potency of this 

drug in prevention of intra-arterial platelet-rich thrombus 

proliferation. A possible mechanism is that the thrombolytic 

activity of circulating plasminogen activator continues  

unimpeded by rethrombosis.
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CHAPTER 6

Further experiments with 5 HT2 receptor 
antagonists: exploration of thrombolysis

INTRODUCTION

After the success of M DL11,939 in modifying cyclic flow 

reductions in the Folts model, and the finding of an apparent 

dispersive effect (see Chapter 5), a number of other experiments 

also using the Folts model were carried out to confirm this and to 

explore the activity of LY53,857, another selective SHTg 

antagonist. LY53,857 (6-m ethyl-1-(1 -methylethyl) ergoline-8- 

carb o xy lic  ac id  2 -hydroxy-1  - m eth y l-p ro p y l e s te r - (Z ) -2 -  

butenedioate (1:)), appears to be highly effective in abolishing 

cyclic flow reductions in the dog model [Golino et al., 1988; 

Golino et al., 1989; Yao et al., 1990], and also in the rabbit 

carotid artery [Wilson et al., 1991]; the presence of a dispersive 

effect remains unknown. Adrenaline infusions were also given to 

some of these animals in varying doses; once the result of the 

infusions had been seen, further doses of selective SHTg 

antagonist were given and the effects assessed after the manner 

of Cox [Cox et al., 1991(b)]. Due to observations made at this 

time, a second protocol was developed for two pilot experiments 

as follows:- the effects of recombinant tissue-type plasminogen 

activator (rt-PA) on cyclic flow reductions and any effects 

produced, compared with the dispersive effect of MDL 11,939 on 

established intracoronary platelet-rich thrombosis (as described 

in Chapter 5).
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METHODS

The standard preparation was set up, as described in Chapter 2, 

and the following protocols (i) and (ii) used:

Protocol (I)

Seven adult beagles (M:F 3:4) weighing from 13-20 kg, mean 15.9 

± 2.7 kg (SD) underwent anæsthesia and surgical preparation for a 

Folts model study as described in Chapter 2.

1. Establishment of cyclic flow reductions.

2. Administration of selective SHTg antagonist and observation of 

effects. Further doses, if necessary, to abolish cyclic flow 

reductions.

3. Adrenaline infusions to be given in an attempt to restore 

thrombotic activity; further doses of selective SHTg antagonist 

to be administered if activity were to be restored.

Protocol (ii)

After anæsthesia and surgical preparation of two fresh female 

dogs (experiments 8 and 9) weighing 14 and 11 kg respectively:-

1. Establishment of pattern of cyclic blood flow reductions.

2. Bolus administration of rt-PA and observation of effects on 

circumflex coronary blood flow and intracoronary platelet 

thrombosis.

3. Intravenous addition of a selective serotoning antagonist and 

further observation of its effects.
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RESULTS

Protocol (I)

The effects on the slopes of the cyclic flow reductions are seen 

in Table 6.1. Administration of LY53,857 in five dogs at a dose 

0.1-0.5 mg,kg-^ (mean 0.2±0.2 mg.kg-'*) resulted in abolition of 

cyclic flow reductions (Table 6.1). Two further animals were 

given MDL 11,939 at a dose of 0.1 or 0.2 mg.kg"^ with the same 

effect (Figure 6.1).

Table 6.1 Effect of selective 5 HT2 antagonists on 
siopes of cyciic fiow reductions (mi/min/min), and 

biood pressure (mmHg)

Experiment
No.

Slope of 
CFR's before 

5HT2 
antagonist

Slope of CFR's 
after 
5HT2 

antagonist

Blood pressure 
before 
5HT2  

antagonist

Blood pressure Drug 
after name 
5HT2  

antagonist

1 5.1 0 1 55 1 5 5 MDL
2 6.8 0 1 24 1 2 8 LY
3 6 .8 0 1 14 1 1 8 MDL
4 8 .3 0 1 00 1 00 LY
5 9 .8 0 1 10 1 08 LY
6 6 .6 0 1 20 1 2 6 LY
7 5 .0 0 1 20 1 26 LY

Mean 6.2 0 1 20 1 22
±SD ± 1 .7 ± 1 7 ± 1 8

p value vs. 
last state

p<0.002 NS

KEY: CFR's= cyclic flow reductions, MDL= MDL 11,939, LY= LY 53,857
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FIGURE 6.1: Complete abolition of intracoronary thrombosis by two selective 
5 HT2 antagonists. Effect of administration of an intravenous bolus dose of a 5 HT2 
receptor antagonist on the slopes of established cyclic flow reductions. Five dogs 
received LY 53,857, and two were given MDL 11,939.

Coronary blood flow

Flow changes are seen in Table 6.2. Blood flow was at zero in six 

of seven animals before a selective SHTg receptor antagonist was 

given. After drug administration, flow was highly significantly 

elevated but averaged significantly less than the highest flow 

seen during the preceding part of the experiment. This difference 

was even more significant if the effect of Experiment 1 was 

omitted. This contrasts with the findings in Chapter 5 and will be 

discussed.

One animal developed ventricular fibrillation upon reperfusion; 

after resuscitation, evidence of cyclic flow reductions 

reappeared but were abolished by a further intravenous dose of

0.1 mg.kg-^ of MDL 11,939. The time to reperfusion (Table 6.2) 

ranged from 42 to 282 seconds (mean 123±80 seconds). When the
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times to reperfusion in the five dogs which received LY 53,857 

were compared to those seen with MDL 11,939 in Chapter 5; 

average time to flow restitution was 222±140 seconds (vs. 

123±80 seconds) but this was not significant. Two of these 

animals exhibited the biphasic pattern of flow restitution 

described in Chapter 5; this effect has also been noted by other 

investigators [McAuliffe et al., 1992].

Table 6.2. Effects of selective SHTg antagonist
administration on circumflex coronary artery blood

flow

Experiment
No.

Highest 
flow seen 
(m l/m in )

Fiow just 
before 5HT2 

antagonist 
(m i/m in )

Total time 
to fiow 

restitution 
(secs)

Flow after 
drug 

administration 
(m i/m in )

Drug 
name 
& dose 
(m g /kg )

1 4 6 0 8 4 4 9 M 0.1
2 2 4 0 2 8 2 3 0 LY 0.1
3 3 4 0 7 6 1 6 M 0.2
4 3 0 0 1 05 1 1 LY 0.1
5 3 5 0 9 9 1 5 LY 0.3
6 3 2 0 171 1 5 LY 0.2
7 1 8 5 4 2 1 4 LY 0.3

Mean 31 0 .7 1 23 21 * 0 .1 9
±SD ± 9 ± 1 .9 ± 8 0 ± 1 4 ±0.1

KEY: M=MDL 11,939, LY=LY 53,857
* p <0.05 (Wilcoxon) vs. highest flow seen
# p<0.01 vs. flow just before 5HT2 antagonist

The effect of increasing adrenaline concentrations, and the 

interaction of further doses of the serotonin antagonist, was 

explored in four dogs in which cyclic flow reductions had been 

abolished (Experiments 1, 2, 4 & 5) by the initial dose of 

selective 5HTg antagonist.
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In Experiment 1, shown in Figure 6.2, unstable coronary artery 

blood flow is improved by administration of MDL 11,939. 

Increasing the infusion rate of adrenaline eventually caused 

restoration of cyclic flow reductions, but flow was once again 

improved after a further dose of MDL 11,939.

60 - 
Ci rcumflex  
coronary 50 

arte ry  
blood 40 

flow (m l/m in )  
30

20

10

0

# % T IM E  (m ins)

MDL 1 1 ,9 3 9  
0.1 mg/kg

Adrenaline
infusion

0 .8 |ig /k g /m in  

1 .6 |lg /k g /m in

MDL " 
I I , 939  

0.1 mg/kg

FIGURE 6.2: Unstable blood flow during cyclic flow reductions. Abolition by 
MDL 11,939. Restoration by adrenaline. Circumflex coronary artery blood flow 
was measured each minute throughout this experiment (No. 1) and is 
represented by the shaded area. After the vessel had occluded, MDL 11,939 was 
given and resulted in good flow in this somewhat high flowing preparation. 
Adrenaline decreased flow, but not to occlusion, and provoked cyclic flow 
reductions; this was modified by further administration of the selective 
serotonin2 antagonist despite continuous adrenaline infusion.



85

The effect of increasing adrenaline concentration on the slope of 

cyclic flow reductions is shown graphically below in Figure 6.3 

on data from Experiment 2:

20 -1

Slope of 
cyclic flo v  
reductions 

(m l/m in /m in )

0 -t? 
0 2 3 4 5
Adrenaline infusion rate ( | iy /k g /m in )

FIGURE 6.3: Effect of increasing adrenaline dose on cyclic flow reductions 
previously abolisfied by selective serotonin 5 H Ï2  antagonism. Tfiis animal 
(Experiment No. 2) has had cyclic flow reductions abolished by LY 53,857 at a 
dose of 0.1 mg.kg-1, but restored by adrenaline infusions in a dose-dependent and 
linear manner (r2= 0 .97 1 ).

The effect of administering further LY 53,857 is shown below in 

Figure 6.4.
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20 - I

Slope of cyclic 
f lo v  reductions 
(m1/m1n/m1n>

0.0 0.1 0.2 0.3 0.4 0.5

Dose of LY 5 3 ,8 5 7  (m g /kg )

FIGURE 6,4: Effect of increasing dose of 5 H Ï2  receptor antagonist during high 
dose adrenaline infusion. Data from Experiment 2. Cyclic flow reductions were 
originally abolished by 0.1 mg.kg-1 of LY 53,857. The preparation at this time 
is receiving adrenaline infusion at a rate of 4 |ig .k g '\m in   ̂ as shown in the 
preceding Figure 6.3. Further increments of the drug can be seen to attenuate and 
then abolish intracoronary thrombosis.

Experiments 4 and 5 only had cyclic flow reductions re

established by adrenaline at 4pg.kg \m in '^ . No further doses of 

SHTg antagonist were given.

With the experience gained in these experiments of cyclic flow 

restoration, the result of a previous experiment (No. 5 from 

Chapter 4) was re-examined and presented here. Cyclic flow 

reductions had been abolished by trimetazidine as described in 

Chapter 4 and then re-established by adrenaline infusion at a rate 

of 1.6pg.kg-\min-^; MDL 11,939 was then given as shown in Figure 

6.5 below:
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20

Slope of 
cyclic flo v  
reductions 

(m l/m in /m in )
10

0
0.0 0.1 0.2 0.3

Cumulative dose of MDL 1 1 ,9 3 9  (m g /kg )

FIGURE 6.5: Effect of adding selective 5 HT2 antagonist during adrenaline 
infusion. Data from Experiment 5 in Chapter 4 during adrenaline infusion. This 
illustrates an almost linear response of cyclic flow reductions to addition of 
increments of a selective 5 HT2 antagonist (r2=0.963).

However, the pattern of cyclic flow reductions seen during 

infusion of adrenaline at 1 .Gpg.kg \m in-"', after 0.1 mg.kg-^ of 

MDL 11,939 had been given, was of interest (Figure 6.6). While the 

flow declined and was re-established in the normal pattern, each 

decline appeared to be composed of several small individual 

cyclic flow reductions as illustrated below:-
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— 100 ml/min

zero (phasic)

■ zero (mean) 60 seconds

FIG U R E  6.6 : Multiple small cyclic flow reductions. Trace taken from 
Experiment 5 from Chapter 4. Cyclic flow reductions, have been re-established 
by adrenaline at 1 .Gp.g.kg'"'.min"''. The frequent small cyclic flow reductions 
appear to make up part of the whole large decline in flow which is followed by 
flow restoration. This could illustrate the presence of two separate processes, the 
first being thrombotic and occlusive, the other thrombolytic.

This pattern which was suggestive of a thrombolytic process, and 

the often biphasic nature of the abolition of intracoronary 

thrombosis suggested the next two experiments which followed 

protocol (ii).

rt-PA was given in the first animal (Experiment 8) at a bolus 

dose of 300pg after the establishment of cyclic flow reductions. 

This dose represents 2% of the recommended dose schedule for 

the human. The response of the preparation was not the abolition 

of cyclic flow reductions, but rather a pattern of small scale 

thrombolysis and rethrombosis; this was reminiscent of the
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results shown in Figure 6.6 and is shown below in Figure 6.7.

r t - P A  3 0 0 p g

50  m l/m in

60
seconds

^  z e ro

FIGURE 6.7: Cyclic flow reductions in canine coronary artery after bolus of 
r t - P A .
Upper phasic and lower mean traces of circumflex coronary artery blood flow 
from Experiment 8.
The administration of an intravenous bolus dose of 300pg of rt-PA during 
regular cyclic flow reductions results in an irregular pattern of multiple 
miniature cyclic flow reductions which are present while the overall pattern of 
large cyclic flow reductions continues.

The overall frequency of cyclic flow reductions was unchanged, 

as was the slope of the decrease in flow. The irregular effect on 

the traces was shortlived (15 minutes) as the rt-PA cleared from 

the circulation and the slopes of the cyclic flow reductions 

became smooth again. The next step was to give a selective SHTg 

antagonist. The effect of this was to clear the artery 102 seconds 

later, abolish cyclic flow reductions and establish a steady high
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flow (Figure 6.8).

rMDL 1 1 ,939  
SOOpg

5 0  m l/m in
z e ro

60
seconds

FIGURE 6.8: Effect of MDL 11,939 on circumflex coronary artery blood flow 
previously not significantly affected by boluses of rt-PA. Data from Experiment 
8. The massive increase in circumflex coronary artery blood flow was seen 102 
seconds after a bolus dose of MDL 11,939. Note that the phasic trace has 'topped 
off due to the unexpectedly high flow increase. The observed high flow settled 
after a short period of reactive hyperæmia; it then remained at approximately 
40 ml.min-1 until the experiment was terminated. This should be contrasted with 
the limited effect of rt-PA shown in Figure 6.7.

The effects can be seen in Figure 6.9 which shows the circumflex 

artery blood flow every minute throughout the experiment.
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» ■
timeI too

5 0 0 | ig /k g
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FIGURE 6.9: Circumflex blood flow during Experiment 8. Comparison of bolus 
rt-PA with selective 5 H Ï2  antagonist. Bolus administration of rt-PA produced an 
increase in blood flow. The higher dose appeared to have a greater effect, but flow 
remained unstable with continuing cyclic flow reductions. Flow declined 30 
minutes after the last bolus of rt-PA. Flow was greatly improved by MDL 
11,939; this was stable, without cyclic flow reductions and continued to the end 
of the experiment (not shown).

The next dog (Experiment 9) demonstrated a similar response to 

repeated bolus administration of rt-PA. The slope of the cyclic 

flow reductions was unchanged despite signs of thrombolysis and 

rethrombosis causing an irregular but consistent decrease in 

flow. Intravenous heparin was next given to this dog at a dose of 

150 u n its .k g . Neither the slope nor the frequency of cyclic flow 

reductions was affected. The repense to further bolus doses of 

rt-PA was unaltered.
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DISCUSSION

Following protocol (I), cyclic flow reductions were completely 

abolished by either selective SHTg antagonist at similar doses to 

those used in Chapter 5. The lack of hæmodynamic effects of 

either drug and their universal effectiveness in restoring flow in 

the coronary artery are further supporting evidence of the 

conclusions in Chapter 5. They also confirm that these agents are 

uncontaminated by the -antagonist effects which are seen with 

ketanserin [Fozard, 1982].

The time to flow restitution in the series of experiments 

described in this chapter appeared to be shorter than that seen in 

Chapter 5, but this difference was not statistically significant 

due to the wide scatter of the data. The phenomenon of biphasic 

flow restitution (first described in Chapter 5 and Belcher et al., 

[1992] was seen in two of the dogs; this finding was also 

observed by Snow's group [McAuliffe et al., 1992].

Circumflex coronary blood flow was increased by administration 

of a selective SHTg antagonist. In the series of dogs described in 

this chapter after abolition of cyclic flow reductions, the mean 

flow compared to the highest previous flow was significantly 

lower. This contrasts with the finding in Chapter 5 where flow 

returned to the high previous level after abolition of 

intracoronary platelet thrombosis. The reasons for this 

difference are unclear as the highest flows seen in the two series 

were not significantly different from one another (p=60%, Mann- 

Whitney). It is possible that the degree of arterial damage in the 

later series was greater; this may have been followed by a more
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than usually dense or adherent layer of cells, which are the 

normal prelude to invasion by mésothélial cells and healing. 

Despite the presence of residual obstruction, cyclic flow 

reductions remained abolished and there was no evidence of 

continuation of thrombus propagation.

After restoration of cyclic flow reductions by adrenaline  

stimulation of the platelet ag-adrenoreceptor [Rao, Escolar & 

White, 1986; Bonebrake et al., 1991; Folts, Rowe & Rao, 1988], it 

was found that the slope of the cyclic flow reductions could be 

increased by increasing doses of adrenaline in a dose-dependent 

manner, which confirms the work of McAuliffe [Cox et al., 

1991(b)]. What was of particular interest was the irregularity of 

some traces. Cyclic flow reductions were definitely present, but 

appeared to be composed of multiple small cyclic flow 

reductions. This suggests the presence of two processes; the 

first is a prothrombotic tendency which reduces blood flow by 

promoting platelet aggregation and can be stimulated by 

adrenaline. The second process is reminiscent of repeated clot 

lysis. The phenomenon was not observed until after a selective 

SHTg antagonist had been given. The mechanism may be that in the 

presence of reduced platelet aggregation, circulating plasminogen 

activator is able to attack these thrombi.

This observation prompted the pilot experiments described in 

protocol (ii). The result of bolus administration of rt-PA, at 

albeit low doses, produced strikingly similar results with similar 

composite cyclic flow reductions (compare Figure 6.6 to Figure 

6.7). Cyclic flow reductions were not abolished until a selective 

SHTg antagonist was given (Figure 6.9) with now predictably 

dramatic results.
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Thrombolysis following acute coronary occlusion can be effective 

even in the absence of effective anti-platelet therapy [Gold et al., 

1984; Eisenberg et al., 1987]. The unstable flow patterns 

produced by rt-PA boluses suggest that, despite the platelet-rich 

nature of the thrombus present in the Folts model, thrombolytic 

therapy may still be effective. In addition, the sudden arterial 

clearance produced by the selective SHTg antagonists may imply a 

thrombolytic effect of these drugs, by an unknown mechanism. 

The experiments described in this chapter were unable to 

differentiate these effects. Therefore modifications to the 

experimental protocol were made in an attempt to clarify this 

point. These are described in Chapter 7 following.
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CHAPTER 7

Effects of rt-PA In a model of persistent 
platelet-rlch Intracoronary thrombosis: 

maintenance of patency by adjunctive 5 HT2 
antagonism

INTRODUCTION

Thrombolysis following myocardial infarction reduces short and 

long term mortality [GISSI study group, 1986; Chesebro et al., 

1987; ISIS-2 study group, 1988]. However, thrombolytic drugs 

neither remove the original stimulus to thrombotic occlusion, nor 

do they affect the development of platelet-rich thrombus [Haskel 

et al., 1989; Jang et al., 1990]; indeed, marked platelet activation 

has been noted after streptokinase administration [Fitzgerald et 

al., 1988]. It is also suggested that plasmin generation increases 

the release of thrombin [Chesebro, Zoldheyi & Fuster, 1991], 

which itself can be more thrombogenic than the original injury 

[Badimon et al., 1988]. Because of these factors, rethrombosis can 

affect up to 45% of cases [Schaer, Ross & Wasserman, 1987; 

Tiefenbrunn & Sobel, 1989; Hsia et al., 1990] despite concomitant 

administration of heparin and aspirin. The benefits of heparin 

remain to be proved [ISIS-3 study group, 1992]. It is therefore, 

clear that adjunctive treatm ent is required to prevent 

rethron^bosis, as proposed by Becker & Gore [1991]. 'Potent 

platelet therapy' such as thromboxane synthetase inhibition has 

been shown to be effective experimentally [Shebuski, Storer & 

Fujita, 1988; Fitzgerald, Wright & Fitzgerald, 1989], but is also 

associated with increased bleeding.

The importance of serotonin in platelet aggregation was
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investigated by De Clerck & Herman, [1983]; he demonstrated that 

5HT amplified the aggregatory response of the platelet to ADP, 

adrenaline and exposed collagen via the platelet 5 HT2 receptor. To 

assess the importance of the serotonin2 receptor in the

pathogenesis of acute coronary syndromes, many studies have 

been undertaken using canine models of coronary artery disease, 

most of which have featured fixed stenoses overlying endothelial 

damage [Ashton et al., 1986(b); Bush, 1987; Torr, Noble & Folts, 

1990; Cox et al., 1991(a); Morishima et al., 1991]. In addition to 

prevention of platelet thrombosis, a probable dispersive effect on 

intracoronary thrombus has now been shown [Belcher et al., 

1992]. The degree of stenosis is also of importance; Benedict has 

demonstrated that when the degree of stenosis reaches 85%

[Benedict & Todd, 1991], a selective 5 HT2 antagonist was more 

effective than aspirin in the prevention of platelet thrombosis in 

an animal model. In none of the studies did increased bleeding 

occur. We postulated that serotonin 5 HT2 antagonism was likely 

to be the ideal adjuvant therapy in coronary arterial thrombotic 

occlusion. The present study was undertaken to test this

hypothesis. Recombinant tissue type plasminogen activator was

chosen because of the absence of allergic phenomena, and its 

short half-life (5-6 minutes).

METHODS

The experimental preparation was set up as described in the 

methods section (chapter 2). The following modifications were 

made in order to produce a more stable thrombus within the 

circumflex coronary artery.

The heart in seven dogs was approached in the standard way by
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left thoracotomy through the fifth interspace. One other 

anæsthetised but not operated dog was studied only for the 

hæmatological effects of the drugs.

For these experiments, the stenosis was adjusted so that the 

thrombus built up to occlude the vessel completely. Usually the 

vessel was allowed to remain occluded until it embolised 

spontaneously (see Figure 7.1 below). Periodically, if this had not 

occurred, the vessel was shaken to remove the embolus manually; 

it was considered important to do this in order to check that the 

vessel had not been inadvertently mechanically obstructed 

completely. This manoeuvre was also performed in the control 

period to generate several measurable slopes of decline in 

coronary blood flow, a measure of the rate of thrombus growth 

[Keller & Folts, 1988; Cox et al., 1991(b); Belcher et al., 1992].

(ii) C oaguiation variab ies

The coagulation variables and bleeding time were measured as 

given in Chapter 2.

(iii)  Expérim entai protocoi

The experiment was a repeated measures design with the 

following stages:-

1. A control period after establishment of platelet thrombosis 

with flow decreasing to, and remaining, zero.

2. Intravenous infusion of recombinant tissue-type plasminogen 

activator (rt-PA) at 1 mg.kg ^hr"^ after bolus injection of 

0.2m g.kg-\

3a. Hæmatological study after 20 minutes of infusion,

3b. Hæmatological investigation after 40 minutes of infusion.

4. Administration of selective serotoning antagonist as a bolus
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dose after approximately 45 minutes of rt-PA infusion until flow 

improved.

5a. Cessation of rt-PA infusion at 60 minutes (approximately 15 

minutes after stage 4), and observation of coronary blood flow. 

5b. Administration of further doses of 5HTg antagonist, if 

required, to restore circumflex coronary artery blood flow and 

abolish signs of rethrombosis.

6. Hæmatological study 30 minutes after rt-PA stopped.

7. Observation of coronary blood flow and hæmatological study 60 

minutes after cessation of rt-PA infusion.

An example is shown in Figure 7.1.

The manufacturer's recommended human dosage schedule for rt- 

PA (Actilyse; Boehringer, Ingelheim) is a total dose of 1.4 mg.kg-^ 

administered over 3 hours. 10% of the total dose is administered 

as a bolus, 50% is then infused over the first hour and the 

remainder over the subsequent 2 hours. For the purposes of this 

study, in order to ensure high levels of rt-PA, the whole dose was 

administered in one hour. A 4 mg bolus was given and then the 

drug was infused at 1 m g .k g i.h r'i. By accident in one animal 

(Experiment 7.3), the initial bolus was 14 mg, but no positive 

effects on coronary blood flow were seen.

The selective 5HTg antagonists used in the study are 

pharmacologically very similar and are known potent selective 

antagonists at 5-hydroxytryptamine receptors of the 5 HT2 

subtype, with negligable affinity to the 5HT^ or 5HTg subtypes of 

the serotonin receptor. They were MDL 11,939, and in two 

animals, LY53,857, or ICI 170,809: (2(2-dim ethylam ino-2-

methylpropylthio)-3-phenylquinoline).
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Data are presented as means ± 1 standard deviation. Statistical 

analysis of group data was by distribution-free methods. Linear 

regression was also employed where appropriate, p values of less 

than 0.05 were considered significant.
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RESULTS

Circumflex coronary artery blood flow

The sequence of events occurring in a typical experiment are 

shown in Figure 7.1.

Bleeding 
time (m in s )

50 -I
C ircum flex  

coronary _ 
arte ry  

blood f lo v  
(m l/m in ) 30 -

— >2 2 2 3 .5 8 8 3 2 .5

20 -

10  -

Resuscitation 
fo r reperfusion  
arrhythm ia

ON too , Î  ÎoFF

L c i  1 7 0 ,8 0 9

TIME (m inO : :

LY 5 3 ,8 5 7  
0.2m g/kg

rt-P A  bolus and 
infusion ( 1 .S m g /kg /h r)

0 .2m g/kg

FIGURE 7.1: Representative trace of whole experiment (minute-by-minute). 
This shows the course of an experiment in one dog (Experiment 3). Circumflex 
coronary artery blood flow was measured at one minute intervals throughout. 
Initially the flow is unstable and decreases to zero as the vessel thromboses. 
Intravenous injection of an rt-PA bolus (200pg.kg 1) plus infusion at 1.5 
mg.kg-1 .hr \  did not improve flow. At one point the dog required DC 
cardioversion for ventricular tachycardia; no drugs were used. The first 
selective 5 HT2 antagonist to be given was ICI 170,809. This resulted in better 
blood flow, but 22 minutes after withdrawal of rt-PA, blood flow became 
somewhat unstable. This was corrected by administration of another selective 
SHTg antagonist, LY53,857. Flow then remained at 14-16 ml.min’"', until the 
experiment was terminated. It can be seen from the top panel, that bleeding time 
was increased by rt-PA infusion, but rapidly returned to normal after cessation 
of the infusion. Despite this normal bleeding time, coronary blood flow remained 
stable.
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Because the artery was prepared in order to produce occlusion of 

the vessel by platelet thrombosis, we also elected to look at the 

proportion of time that the vessel spent occluded, which was 

compared at various stages of the investigation; to eliminate the 

possibility of zero drift in the electromagnetic flow probes, any 

flow registering less than or equal to 5 ml per minute was 

regarded as zero flow.

After the administration of a 0.2 mg.kg'^ bolus of rt-PA followed 

by an infusion at 1mg.kg i.h r  no significant difference in 

circumflex coronary blood flow was seen (Table 7.1)

Table 7.1 Rate of rethrombosis (ml/mln/min) and 
percentage proportion of time vessel was occluded: 
effects of rt-PA infusion ± serotonin SHTg receptor

antagonist

stage of 
investigation

1 2 ,3 4 5 a

Variable
(m eantSD )

Control r t - PA
alone

rt-PA + r t - P A  
SHTg antagonist OFF 

No further 
5HTg antaoonist

Rethrombosis 
rate (mi.min'2)

6 .9 ± 2 .5 7 .2 ± 2 .9 2 .5 1 ± 3 .7 *  2 .7 ± 3 .0

Mean flow 
(m i.m in*2)

1 1 .2 ± 6 .5 6 .2 ± 3 .7 1 7 . 0 ± 8 . 1 *  1 5 .8 ± 8 .5

Percentage of 
time vessel was

4 3 ± 1 9 6 4 ± 2 4 2 5 ± 1 9 * *  12± 21

KEY:* p<0.025 and **  p<0.01 vs. preceding stage of investigation
Further administration of 5 HT2 antagonist abolished remaining CFR's and
established continuous patency in all vessels.

Administration of a SHTg antagonist resulted in a highly 

significant increase in blood flow (Figure 7.2).
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Mean 
circum flex  
coronary 
blood flo v  
(m l/m in )

40 -

30 -

20  -

10  -

0 -

rt-P A
infusion

+  5 H Î 2  
antagonist

p <0 .01

FIGURE 7.2: Blood flow improvement by adjunctive serotonin 5HT2 antagonist. 
This shows the universal and highly significant rise in circumflex blood flow, 
observed following addition of a selective 5 HT2 antagonist, after approximately 
45 minutes of rt-PA infusion. p<0.01 (Wilcoxon)

The proportion of time that the flow in the artery fell to 

5ml.min'"' or less was also highly significantly improved (Figure

7.3). This improvement was maintained despite withdrawal of 

rt-PA (Table 7.1). Further administration of SHTg antagonist to 

those animals which still showed signs of intracoronary platelet 

thrombosis resulted in persistent stable flow in the arteries 

(Table 7.1); the measured changes were not significant but a 

qualitative difference was seen. An example of this effect is seen 

in Figure 7.1.

Index of thrombosis formation

The rate at which coronary blood flow declined (ml.min*^) in the 

artery under investigation is shown in Table 7.1. This index of the 

rate of thrombus growth was not affected by rt-PA 

administration. Addition of a SHT? antagonist significantly
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reduced the rate of thrombus growth in 6 dogs with abolition of 

platelet thrombosis in 4 of 7 animals. The proportion of time that 

the vessel was occluded was also significantly decreased (Figure

7.3).

12 - I

10 -
Rethrombosis 
rate 8 H
(m 1 /m ln /m ln )

6 -

4 -

2 -  

0 -

r t -P A
Infusion

r t -P A  + 
5H T 2  

antagonism

P<0.025

FIG URE 7.3: Changes in thrombosis rate during rt-PA infusion: effect of
addition of 5 HT2 antagonist. Addition of further SHTg antagonist abolished any 
remaining intracoronary thrombosis.

Vessel occlusion

Because the vessel was frequently occluded, the proportion of 

time that this occurred was also examined. Due to possible zero 

drift in the electromagnetic flow probes, any flow of 5 ml.min'^ 

or less was considered for these purposes as zero. rt-PA did not 

affect this time which was only improved by addition of a 

selective SHTg antagonist (Figure 7.4).
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100 T
Proportlon of 

time that 
vessel vas 

occluded (% )

80 -

60 -

40 -

20  -

r t -P A
Infusion

+ 5HT 
antagonist
(p < 0 .0 1 )

FIGURE 7.4: Combined effects of rt-PA and 5 HT2 antagonist on coronary artery 
occlusion time. The proportion of time that flow in the circumflex coronary 
artery was less than or equal to 5 ml.min-i is shown on the ordinate. This was 
significantly improved by addition of a selective 5 HT2 antagonist.

Withdrawal of rt-PA was accompanied by an increase in the 

thrombosis rate in 2 animals one of which had had platelet 

thrombosis abolished earlier (p NS). There were two other dogs 

which still had evidence of platelet thrombosis at this stage; this 

was completely abolished by further administration of a 

selective SHTg antagonist in all four animals (Table 7.2).

Coagulation factors

Fibrinogen levels (mean laboratory value for dogs is 1.9+0.7 gL'i) 

declined steadily during rt-PA infusion; this difference was 

significant after 20 minutes and persisted until withdrawal of 

rt-PA; one hour after stopping rt-PA infusion, fibrinogen levels 

then returned to levels which were slightly lower, but not 

significantly different from control values. The fibrinogen values 

were compared to the proportion of time the vessel was occluded.
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Before rt-PA was administered there was no correlation between 

fibrinogen level and the proportion of time that the vessel spent 

occluded. During rt-PA infusion the proportion of time the vessel 

spent occluded was compared to fibrinogen levels measured at 

20, 40 and 60 minutes (with SHTg antagonist). Significant 

correlations (r=0.815, p<0.05; r=0.822, p<0.05 respectively) 

existed at 20 and 40 minutes. After administration of the SHTg 

antagonist (60 minutes), the correlation was much stronger 

(r=0.97, p<0.01); this is shown in Figure 7.5. Arcsine

transformation of the proportion of time that the vessel was 

occluded made only trivial differences to the correlation 

coefficients and none to significance values.
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Proportion of 
time vessel 
vas occi uded

0.6 1

y = 0.687X -  0.519
0 .5 -

r = 0.97
0.4 -

0 .3 -

0 .2 -

0.0
0.8 LO 1.2 1.4 1.6

Fibrinogen (g /L )

FIGURE 7.5: Relation between fibrinogen level and the time that the vessel 
spent occluded. This graph shows the highly linear relation between plasma 
fibrinogen level and the proportion of time the vessel spent at or near occlusion 
(flow less than 5 ml/min). These values were measured after one hour of rt-PA 
infusion and 15 minutes after administration of a selective SHTg antagonist.

^  mean point of regression. Dotted lines: 95% confidence belts

Normal values for dogs, in our laboratory, of prothrombin, 

thrombin and partial thromboplastin times are 6, 20 and 15 

seconds respectively. Prothrombin and partial throboplastin 

times were unchanged at any stage of the investigation. Thrombin 

time, however, rose steadily throughout the administration of rt- 

PA but had declined one hour afterwards, despite remaining 

significantly higher than control (Table 7.2).



Table 7.2 Template bleeding time and coagulation studies: 
effects of rt-PA infusion ± SHTg receptor antagonist

o

Stage of investigation 1 2 3 4 5b 6

Variable
(m eaniSD )

Control rt-P A  
20 min

rt-P A  
40 min

rt-P A  
60 min + 

5HT2 antagonist

r t-P A  
stopped 

30 mins

rt-P A  
stopped 

60 mins

Bleeding Time 2.1 5 .4 *  * 6 .3 6 .8 3 .2 *  * 2 .6
(m in s ) ± 0 .6 ± 2 .0 ± 1 .8 ± 1 .9 ± 1 .7 ± 0 .7

Thrombin Time 1 4 21 * * 23 26 3 2 2 0# » + +
(secs) ± 3 ± 9 ± 9 ± 1 3 ± 2 9 ± 4

Prothrombin Time 6 .0 6 .0 6.1 6 .3 6.1 6.1
(secs) ±0.1 ±0 .1 . ±0.1 ± 0 .5 ±0.1 ± 0 .2

Partial Thrombo 1 9 1 8 1 9 1 6 1 8 1 7 *
plastin Time (secs) ± 4 ±4 ± 2 ± 3 ±1 ± 2

Fibrinogen 1.6 1 .3 * 1.3 1 .1 * 1 .2 1.4+
( 9 /1 ) ± 0 .3 ± 0 .2 ±0.1 ±0 .3 ± 0 .4 ± 0 .3

KEY: p<0.05 vs. previous stage 
p<0.025 vs. previous stage

4- p<0.05 vs stage 4 
++ p<0.01 vs stage 4

# p<0.025 vs. control
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Bleeding time

Using the standardised template bleeding time, control values 

averaged 2.1 minutes (laboratory normal for dogs is 2.4±0.7  

minutes). rt-PA infusion had prolonged this significantly by 20 

minutes; this increased further but not significantly during rt-PA 

administration but was not increased by addition of a selective 

SHTg antagonist. After withdrawal of rt-PA for 30 minutes (5-6 

plasma half-lives of the drug), bleeding time had significantly 

improved and was comparable to control values. Some of these 

values are also shown in Figures 7.6 to 7.12, where they are 

married to the minute-by-minute flow traces. Any protocol 

variations and their significance (or lack thereof) are discussed 

there.

Analysis of Individual experiments

Because of the complexity of the protocols and the interpretation 

of the results, each experiment will be considered separately in 

the subsequent Figures and text.

Experim ent 1

It can be seen that coronary blood flow was improved by the 

selective 5 HT2 antagonist ICI 170,809 during the initial rt-PA 

infusion. A short period of further rt-PA infusion at a higher dose 

(without initial bolus) after an observed decline in flow appeared 

to improve flow; during this time, a further dose of ICI 170,809 

was given. Flow remained stable long after rt-PA activity could 

be expected to have ceased. Bleeding time was not measured in
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this experiment.

40 -

Cl rcumflex 
coronary 

arte ry  
blood f lo v  
(m l /m in )

bolus (3m g)  
infusion

rt-P A

(min

( 1 m y /k g /h r)  

(2 m g /k g /h r )
ICI 1 7 0 ,8 0 9  
(0 .1  mg/kg)

FIG U R E  7 .6 : Experiment 1. rt-PA infusions and administration of ICI 
1 7 0 ,8 0 9 .

Experim ent 2

LY 53,857 administration during rt-PA infusion resulted in 

reperfusion and consequent ventricular tachycardia and 

fibrillation. This was successfully treated by DC cardioversion 

only. Flow was unstable after resuscitation but was cured by a 

further dose of the selective 5HÏ2 antagonist, and remained so 

after withdrawal of rt-PA.

In addition to the standard protocol, adrenaline infusions were 

started after abolition of intracoronary thrombosis by LY 53,857. 

By this time, there is no rt-PA activity. The main effect of 

adrenaline infusions is to increase flow (following increases in
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systemic blood pressure), however, at 4pg.kg-^ .mirr^ despite high 

blood flows there was evidence of unstable flow indicating 

recurrent platelet aggregation.

FLOW 
100 1 m l/m in )

BJeedwg tim e  (m ins)

Resuscitation  
fo r reperfusion  

arrhy thmia
f lo v

before"*
damage

TIME 
(m ins)

r t -P A  OFF
rt-P A  bolus 
+ infusion 
(1 m g/kg)

LY 5 3 ,8 5 7  
(0 .1  m g/kg ) 

LY 5 3 ,8 5 7  
(0 .1  m g/kg)

Adrenaline 
infusion 
(m eg /kg /m in )

FIG U R E 7 .7 : Experiment 2. rt-PA infusion with addition of LY 53,857. 
Adrenaline infusion for illustrative purposes.

Experim ent 3

The Figure from Experiment 3 has already been shown as Figure 

7.1 (Page 100). The events which occurred during this experiment 

are discussed in the Figure legend.
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Experiment 4

In this animal, it was extremely hard to maintain coronary blood 

flow after the stenosis was tightened; manual embolisation was 

uniformly required. ICI 170,809 appeared ineffective. MDL 11,939 

resulted in improved flow for 40 minutes, but this ceased 15 

minutes after stopping rt-PA. A further dose of MDL 11,939 

resulted in stable blood flow without resort to manual 

embolisation; this persisted despite normal clotting and bleeding 

times.

Circum flex  
coronary 

a rte ry  blood 
f lo v  (m l/m in )

100 -r

80 -

60 -

40 -

20  -

TIME
(m in s )

3001:00

r t-P A  4 m g ^ '  
bolus + N. 

infusion 1 m q /k g /h r 170,809  
0.1 m g/kg

*  denotes manual embolisation *  stenosis tightened

FIGURE 7.8: Experiment 4. rt-PA infusion. Addition of ICI 170,809 and MDL 
1 1 ,939 .
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Experiment 5

In this preparation the artery did not show such an occlusive 

tendency as experiment 7.4. Baseline blood flow appeared to be 

improved by rt-PA infusion. However, ICI 170,809 produced a 

much greater increase in flow which persisted.

Bleeding 
time (m in s)

3.5 5.5 1.5

20  -1

Ci rcumflex 
coronary 

arte ry  
blood flov  
(m l /m in )

10 = ■
(m i ns)

r t -P A  4my 
bolus + infusion 

at 1 m y /ky /h r

manual dislocation 
of thrombus

ICI 1 7 0 ,8 0 9  
0.5mg/ky

FIGURE 7.9: Experiment 5. rt-PA followed by ICI 170,809.
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Experiment 6

The tendency towards occlusion appeared to be accentuated by rt- 

PA infusion; flow was restored manually before and after 

administration of MDL 11,939, and was much improved by the 

selective 5 HT2 antagonist. The occurrence of a malignant 

arrhythmia later on was surprising. It is tempting to speculate 

that the signs of rethrombosis seen after resuscitation (DC shock 

only) might have been due to an endogenous catecholamine surge. 

Flow, however, was easily restored by a further bolus dose of MDL 

11,939.

Bleeding 1.5 
time (mins)

4.5 6.5 3.5

Cl rcumflex 
coronary 

artery  
blood flow 20 
(m l /m in )

10  -

r t -P A  4mg bolus 
+ 1 my/kg 
Infusion

^  denotes manual embolisation 
♦ resuscitation for ventricular  

f ibri llat ion

«p
g # ( m i n s )

200

0.2

—  0 . 1

0.2

MDL 1 1 ,9 3 9  bolus 
(m g/kg)

FIGURE 7.10: Experiment 6. rt-PA infusion with MDL 11,939 during and 
after.
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Experiment 7

This animal also demonstrated a prothrombotic tendency which 

necessitated manual embolisation to restore blood flow. Flow 

developed signs of instability 24 minutes after cessation of rt- 

PA infusion (4-5 half-lives of rt-PA). This instability resolved 

spontaneously and flow remained improved.

40 -
Circumflex 
coronary 
arteryso - 

blood flov  
m l/m in

20  -

10 -

Bleeding —  

(mins)

^denotes manual 
embolisation

t 100
ON Ti me

mi ns

rt -P A  bolus 
infusion at 
1 m g /ky /h r

0.2m y/kg boluses of 
MDL 1 1 ,9 3 9

FIGURE 7.11: Experiment 7. rt-PA infusion with repeated boluses of MDL 
1 1 ,939 .
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Experiment 8

Reperfusion arrhythmias occurred before any therapy in this 

animal. Flow appeared to be improved by rt-PA, but not 

immediately by MDL 11,939. Despite this, flow improved 

spontaneously after approximately 30 minutes, becoming 

persistently high and stable after another 15 minutes.

Bleeding 
time (mins ) 6.5 6.5 6.5 2.5

40 1

Cl rcumflex 
coronary 
artery  blood 
f lo v  (m l /m in )

30 -

20  -

100 200 Ti me 
(m i ns)♦ resuscitation for 

ventricular fibri llation

Bolus of 0 .25m g/ky plus 
1 m g/kg /br infusion of 
r t -P A

. .  0.1 mg/kg boluses of 
MDL 1 1 ,9 3 9

FIGURE 7.12: Experiment 8. rt-PA infusion with multiple boluses of MDL 
11,939.

Summary of individual experiments

Overall the findings are shown in Table 1 and Figures 7.2 to 7.4.
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There was wide variation in the thrombotic tendency and this can 

be seen in the individual Figures. The limited flow observed and 

the difficulty experienced in liberating the thrombus at times, 

reflected the 'stickiness' of the thrombus. This meant that three 

of the eight arteries under study required manual embolisation to 

ensure reflow during rt-PA infusion with additional SHTg 

antagonist (Experiments 4, 6 and 7). It should be noted that, 

despite reocclusion after withdrawal of rt-PA in Experiments 4 

and 6, manual disobliteration was not required to cause reflow 

after administration of further SHTg antagonist.



117

DISCUSSION

The main findings of this chapter are that rt-PA alone does not 

influence the accumulation of coronary arterial thrombus in this 

animal model. However, the addition of a selective 5HTg 

antagonist results in abolition of intracoronary thrombosis 

despite withdrawal of rt-PA and subsequent normalisation of 

bleeding times and coagulation.

Acute platelet thrombus formation in diseased coronary arteries 

is an important early step in the development of coronary 

thrombotic occlusion [Hærem, 1972]. These thrombi appear at 

sites of narrowing associated with endothelial denudation.

Some of the limitations of classical aggregometry are that 

platelet-rich plasma does not occur naturally and calcium ions 

are removed from the preparation; this may generate paradoxical 

findings [Packham, Kinlough-Rathbone & Mustard, 1987]. 

Therefore, in order to study platelet aggregation in vivo, it was 

decided to use a canine model in which a critical coronary artery 

stenosis overlay a segment of damaged endothelium. This model 

was modified from its original concept [Folts & Rowe, 1974] in 

order to provide from ten to thirty minutes of occlusion.

It is possible that dogs are hypercoagulable due to their low 

thrombin, partial thromboplastin, and prothrombin times. These 

variables have previously been measured in this laboratory to 

provide a normal range for the dog. All measurements for the dogs 

used in this study were within this range, which is lower than 

that seen in humans. This potential hypercoagulability, however.
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may be offset by the low fibrinogen levels seen in these animals.

Despite these species differences, there was clear evidence of 

increased bleeding time and decreased fibrinogen levels during 

rt-PA administration (see Table 7.2). Furthermore, the increase 

seen in thrombin time indicates that the functional integrity of 

circulating fibrinogen has been altered [Shafer et al., 1984]. There 

is evidence that higher initial doses of rt-PA will reduce time to 

thrombolysis [Ford, Green & Longridge, 1990] and may be less 

harmful to established hæmostatic thrombi [Kanamasa et al.,

1989]. In any case, it can be considered that the dose regimen in 

this study would be more than adequate to ensure thrombolysis 

[Gold et al., 1984]. This is confirmed by the progressive loss of 

plasma fibrinogen during the course of rt-PA administration. The 

correlation between fibrinogen level and proportion of time the 

vessel spent occluded, during the total period of rt-PA infusion, 

was weak until the selective SHTg antagonist was given (Figure 

7.5). This tends to confirm that platelet thrombosis continues 

during rt-PA infusion, and may also be supporting evidence for 

the importance of plasma fibrinogen levels in acute coronary 

events [Meade et al., 1986], or as a risk factor for reocclusion 

after thrombolysis [Stump et al., 1989].

By use of an in vivo model, it was intended to mimic the clinical 

situation as closely as possible. Platelet thrombosis in the model 

appears independent of heparin [Folts, Gallagher & Rowe, 1982]. 

The coronary blood flow reductions are repeatable and cyclical; 

the thrombi have been shown to contain mainly platelets, with 

some fibrin, red and white blood cells; there is no evidence that 

the effects are due to spasm [Folts, Gallagher & Rowe, 1982]. The 

platelet appears to be the cell responsible, because thromboxane
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Ag and serotonin have been detected both around the stenosis, and 

in the distal coronary arterial blood [Ashton et al., 1986(b)]. 

Serotonin release by the platelet causes a positive feedback by 

enhancing the activity of other platelet agonists [De Clerck & 

Herman, 1983]. This pattern of platelet thrombosis and 

embolisation has been demonstrated in patients with claudication 

[Folts, Detmer & Nadler, 1982] and in people undergoing coronary 

angioplasty [Eichhorn et al., 1991]. The living coronary artery is 

used here as an in vivo aggregometer to provide a clear view of 

platelet activity in the presence of a critical stenosis and 

endothelial damage. The importance of platelet activation and 

aggregation has also been shown by the detection of transcardiac 

gradients of serotonin [van den Berg et al., 1989] in patients with 

severe triple vessel disease and increased plasma levels of 

thromboxane Ag, or prostaglandin derivatives in patients with 

severe coronary artery disease or following infarction [Hirsh et 

al., 1981; Jin, Yan & Wu, 1989].

The rate of thrombus formation was unaffected by rt-PA 

administration. As rt-PA is a fibrinolytic, its actions on a 

platelet-rich thrombus would be expected to be slight. However, 

periods of occlusion lasting up to 35 minutes were observed; 

during these, it might be expected that fibrin-rich thrombus could 

develop. That rt-PA failed to maintain coronary artery patency 

under these circumstances indicated the necessity to supplement 

thrombolysis with an effective antiplatelet agent. Eisenberg et 

al. [1987] suggest that success of coronary thrombolysis depends 

on a balance between thrombosis and fibrinolysis, rather than the 

intensity of fibrinolysis. This statement is compatible with the 

need for complementary therapy during thrombolysis. Evidence 

has recently been presented that the products of activated
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platelets augment the synthesis of plasminogen activator 

inhibitor-1 [Fujii, Abendschein & Sobel, 1991].

Many reviewers have recognised the need for adjunctive therapy 

following thrombolysis [Becker & Gore, 1991; Chesebro & Fuster,

1990] and its effectiveness [Roux, Christeller & Luedin, 1992]. 

Interference with platelet cycloxygenase is the mainstay of 

present day anti-platelet therapy. Aspirin is used routinely as an 

adjunct to thrombolysis, but, given alone, it does not reduce time 

to reperfusion [Nichols, Smith & Koster, 1991], and effects have 

been shown not to persist in a dog thrombolysis model [Yasuda et 

al., 1990(b)]. Its effects are also easily overcome by adrenaline in 

physiological concentrations [Keller & Folts,1990; Rao, Escolar & 

White, 1986]. In addition aspirin considerably increases the 

template bleeding time following thrombolysis [Garabedian et al.,

1991].

New therapeutic strategies have been directed against the 

actions of thrombin by anticoagulation or by interference with 

specific platelet receptors or metabolic pathways. Thrombin 

inhibitors have been extensively investigated and heparin, which 

is in widespread clinical use, has been shown to interfere with 

the binding of active thrombin to fibrin. Heparin may improve 

patency rates after thrombolysis but this is not translated into 

improved survival [ISIS-3 study group, 1992]; unquestionably, 

bleeding and partial thromboplastin times are increased [Sitko et 

al., 1992]. In a rat model of mixed platelet and red cell thrombus 

without stenosis, heparin at SOOpg.kg"^ (a dose sufficient to 

provide complete anticoagulation) will prevent re-occlusion after 

thrombolysis in an endothelially damaged but not stenosed vessel 

[Matsuno et al., 1991]. However, in the Folts' model [Folts,
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Gallagher & Rowe, 1982], the pattern of platelet thrombosis is 

unaffected by heparin. Argatroban has been demonstrated to be 

effective in decreasing time to reperfusion in an experimental 

model despite demonstrated ineffectiveness of aspirin and 

heparin [Yasuda et al., 1990(b); Lu et al., 1992]; argatroban, 

however, suffers from the drawback of considerably increasing 

the activated partial thromboplastin time and bleeding time. 

Hirudin is another thrombin inhibitor which, in a dose of 1-2 

m g.kg  \ h r '^ , can produce satisfactory anticoagulation for

cardiopulmonary bypass with consequent severe clotting 

derangement [Bakhos et al., 1991]. It is possible that the exposure 

of thrombin by thrombolysis is responsible for excessive platelet 

activation. However, hirudin has not been shown to be effective at 

preventing post-thrombotic reocclusion despite prolonging the 

bleeding time [Sitko et al., 1992].

Thromboxane Ag production may be blocked by interference with 

its synthetase by dazoxiben [Bush et al., 1984(a)] or OKY-046 

(Ono) [Tomoda, 1986]. The effects of thromboxane Ag can be 

abolished by blockade of the thromboxane Ag-prostaglandin Hg 

receptor [Humphrey et al., 1990; Ashton et al., 1987]. The

combination of synthetase inhibition and receptor blockade 

(R68,070) may be even more effective [Yao et al., 1990; Watts et 

al., 1991]; SQ 29,548 (ridogrel, Squibb) [Ashton et al., 1986(a)] 

abolishes platelet thrombosis but is associated with bleeding 

[Patrono, 1990]. It is probable that the anti-platelet and anti- 

vascular spasm effects derive from the overflow of

endoperoxides that would otherwise have been converted to

throm boxane Ag. It is of interest that the administration of 

aspirin (or any other cycloxygenase inhibitor) will stop the 

production of prostaglandin Ig and prostaglandin D2 and may
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thereby produce a prothrombotic effect [Watts et al., 1991]; this

has been demonstrated experimentally [McAuliffe et al., 1991].

The use of the synthetic prostaglandin analogue, iloprost (Berlex), 

has been shown to improve patency after thrombolysis, but is 

associated with coagulation derangem ent and a fall in

hæmoglobin concentration [Kerins et al., 1992].

The platelet GP llb/llla receptor is the final common pathway for 

aggregation and binding to fibrinogen. Interference with this 

receptor can be achieved by a wide variety of agents, some of 

which need not be given parenterally [Gold et al., 1991], but

remains experimental, due to the severe bleeding tendency 

encountered, despite successful lysis of platelet-rich coronary 

thrombus resistant to plasminogen activator [Yasuda et al., 

1990(a)].

The platelet contains large amounts of dissolved serotonin and 

the dense granules have a very high concentration of serotonin; 

normal adult platelet concentration of serotonin is 3.81 ± 0.87 

nM .10'^ platelets [Flachaire et al., 1990]. Platelet release results 

in very high local levels of serotonin [Ashton et al., 1986(b)] 

which form the basis of the amplification of the platelet 

activation and aggregation reactions detailed by De Clerck [De 

Clerck & Herman, 1983]. Serotonin is rapidly cleared from plasma 

by endothelial cells and by platelets which are particularly avid 

scavengers; normal levels are extremely low [Anderson, Feibel & 

Cohen, 1987], and thus its effects are limited to the 

microcirculation. It is unlikely that systemically administered 

serotonin can produce concentrations close to those seen near 

stenoses without severe systemic effects. It has been noted that 

very high levels of serotonin are required for vasoconstriction
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mediated by the 5 HT2 receptor [Blauw et al., 1988]. For this 

reason investigators have used coronary intra-arterial infusions 

of serotonin to study its effects. If endothelium is denuded, the 

arterial constrictor response to serotonin is enhanced with 

blunting of the vasodilator response to nitroglycerine [Brum et 

al., 1984]. Recent studies of intracoronary serotonin infusions in 

patients [Golino et al., 1991; McFadden et al., 1991] have 

confirmed that coronary artery disease reverses the normal 

vasodilating effect of serotonin and produces a direct unnopposed 

vasoconstriction [Golino et al., 1991]. This appears to be 

particularly pronounced in patients with variant angina without 

apparent angiographically demonstrable anatomical lesions 

[McFadden et al., 1991]. It is also reported that the morphology of 

the coronary lesion is important, in that the magnitude of the 

serotonin induced vasoconstriction increased with complex 

lesions. The vasomotor effects of serotonin appears more 

pronounced when there is a complex irregular stenosis [Tousoulis 

et al., 1992].

Despite serotonin being classified as a weak agonist of platelet 

aggregation, experience, both in the laboratory [Torr, Noble & 

Folts, 1990; Belcher et al., 1992] and clinically [Noble & Drake- 

Holland, 1990], lead to the conclusion that the use of selective 

serotonin SHTg antagonists, by themselves, gives great promise 

for adjunctive treatment of intracoronary thrombosis, without 

worsening concomitant coagulation defects; there has been no 

clinical evidence of bleeding. In contrast to aspirin, heparin, 

thromboxane inhibitors and most other antiplatelet agents, 

selective serotonin SHTg antagonists are not known to affect 

blood coagulation.
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Three selective SHTg receptor antagonists, LY 53,857, ICI 

170,809 and MDL 11,939 had no obvious coagulation defects noted 

on preliminary investigations [Wilson et al., 1991; Blackburn et 

al., 1990; Dudley et al., 1988]. This lack of effect on coagulation 

or bleeding time is confirmed by the present investigation. The 

significance of these results is enhanced by two findings: first, 

bleeding was not worsened by addition of the drug to an already 

deranged clotting system; second, after normalisation of bleeding 

time and coagulation variables with return to near normal 

fibrinogen levels, reocclusion did not occur; instead there was 

persistent coronary artery blood flow with no evidence of 

recurrent thrombosis.
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CHAPTER 8

Observations on the pressure-flow relation In the 
critically stenosed coronary artery

INTRODUCTION

Pressure and flow in the normal coronary artery demonstrate a 

three phase relation. At low pressure the relation is positive and

linear until the physiological range is reached. At this point,

alterations in perfusion pressure are followed by much smaller 

changes in flow but are not completely abolished [Drake-Holland 

et al., 1984]. This condition of autoregulation persists until 

higher pressures are reached, when the slope of the relation once 

again becomes steep. An illustration of autoregulation as present 

in the Folts model studied in this thesis, is shown in Figure 8.1

below. The undamaged but constricted vessel has undergone

stepwise further constriction.

40 1

Circumflex 
coronary 
artery blood 
flow (ml/min)

30 -

20 -

20 40 60 80 1 00 120
Distal coronary artery pressure (mmHg)

FIGURE 8.1: Normal coronary arterial pressure-flow relation showing 
autoregulation. Data from canine circumflex coronary artery. Flow has been 
controlled by progressive mechanical changes in degree of stenosis.
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The normal physiological three phase coronary pressure-flow 

relationship was still observed with a steeply linear flow rise 

from a positive pressure intercept of 35-40 mmHg until flow 

reached around 8 ml.min"'’ . Autoregulation then increased 

resistance until the rapid rise in flow when pressure exceeded 90 

mmHg.

The distal coronary artery pressure in the critically stenosed, 

endothelially damaged circumflex coronary artery of the 

anæsthetised open-chest beagle was measured during cyclic flow 

reductions in four animals. A consistent observation was that 

after blood flow was re-established, the distal coronary blood 

pressure rose at a time when flow was static or falling. This 

observation is new. The time frame in which this phenomenon is 

occurring is shown in Figure 8.2 below.

5 0  m l /m i n

zero
r  5 0  m l /m in

zero

1 0 0  mmHg

Tvo minutes zero

FIGURE 8.2: Rising distal coronary pressure during cyclic flow reductions.
The upper trace is phasic circumflex coronary artery blood flow. The middle 
trace is the mean blood flow and the lower trace is mean distal coronary artery 
pressure. The area of particular interest is between the vertical bars separating 
the mean flow and pressure traces. In this time frame, the pressure continues to 
rise after flow has stabilised and begun to decline, thus indicating an increase in 
vascular resistance.
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The pressure-flow relation therefore had three distinct phases. A 

more detailed analysis of these phases of the pressure-flow 

relation was then made. During decrease of flow and pressure, the 

relation was highly linear and follows the line of 'maximal' 

dilatation, but after embolisation there was a different 

relationship. Flow rose rapidly but pressure rose more slowly 

thus indicating the presence of initial distal vasodilatation. 

Thereafter the pressure rose while the flow fell or remained

static, until a relatively steady state was reached with multiple

points close together (Figure 8.3). A highly linear decrease in 

pressure and flow then followed until minimum flow was reached. 

A typical trace from the experiment (dog number 4), illustrated

in Figure 8.2, shows this effect during repeated cyclic flow

reductions during the control phase of the experiment.

Mean
circum flex
coronary

a rte ry
blood
f lo v

(m l/m in )

50 1
□ pressure increasing 
♦ pressure decreasing

40 -

30 -

20
60 80 100 120 140

Distal c ircum flex coronary a rte ry  
blood pressure (mm Hg)

FIGURE 8.3: Illustration of pressure-flow changes during cyclic flow 
reductions. After release of the occluding thrombus, there is a rapid increase in 
flow (squares), followed by a decrease while distal pressure is still increasing 
(last six points). The flow then declines in a linear fashion (diamonds).

There is little available information on the flow changes seen in 

the coronary artery with a fixed proximal critical stenosis; the 

findings may imply either that release of platelet thrombus
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results in distal coronary vasoconstriction, or that 

autoregulation in response to suddenly increased flow is 

occurring. In order to elucidate this, the effect of increasing 

stenosis without endothelial damage was investigated in four 

more dogs. The effect of coronary vasodilatation during adenosine 

infusion was also examined.

METHODS

The standard Folts model was prepared with the following 

modifications:

(i)  Distal coronary artery pressure was measured after 

introduction of a 22 gauge teflon cannula (Abbocath, Abbott 

Ireland Ltd). The cannula was inserted into the coronary artery 1 

cm beyond the temporary occlusion snare and faced distally. It 

was connected by a fluid filled line to a Statham P23Db 

transducer, displayed continuously and recorded on a Gould 

ES2000 recorder.

(ii) When the undamaged coronary artery was used, flow was 

reduced incrementally by running a tapered fishing line through 

the stenosis in order to increase stenosis resistance.

(iii) Both the flow and the pressure signals were passed through 

purpose built identical low pass filters to calculate the mean 

values on line. This was constructed in the laboratories of Dr Jos 

Spaan (Medisch Fysica, Faculteit der Geneeskunde, Universiteit 

van Amsterdam). In this way, simultaneity of signal recording 

was ensured.

(Iv ) Adenosine was infused via a left atrial cannula at a rate of 

lOjig/kg/min to reduce distal coronary resistance.

(v) Using a three resistance model in which parallel resistance 

was assumed unchanged, the relative influences of stenosis and



129

distal coronary resistance were assessed (Figure 8.4). The mean 

pressure gradient across the stenosis was aortic pressure (P a o )  

minus distal coronary artery pressure (Pcoro). This was divided by 

mean coronary blood flow (Q) to derive the stenosis resistance 

(Rs) .  Distal coronary resistance (Rd) was the quotient of mean 

coronary artery pressure and mean coronary blood flow (Pcoro/Q). 

Referring to Figure 8.4, the assumptions made were that venous 

pressure was at or near zero, and that collateral flow through the 

parallel resistance Rc was less than circumflex flow. These 

observations were repeated, on occasion, under conditions of 

coronary vasodilatation induced by adenosine infusion.

Flow

Aortic Pressure

Distal
Pressure

Rc Rs

Rd

Venous Pressure

FIGURE 8.4: Three resistance model of coronary circulation. 
Rs = stenosis resistance, Rc = collateral resistance,
Rd = distal (arteriolar) resistance.
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RESULTS

Endothelial damage (n=6)

When the period of resistance change illustrated in Figures 8.2 

and 8.3 is omitted, two distinct linear relationships become 

apparent. The first is during the rapid increase in flow, and the 

second is during the decline in flow due to accumulation of 

platelet thrombus. These are shown in Figures 8.5 and 8.6 below.

60 -
•  flow increasing (2 s intervals)

o flow declining (30 s intervals)

50
C irc u m fle x  
c o ro n ary  40 
a r t e r y  
blood flow 30 
( m l / m i n )

20

y = - 53.859 + 1.6087x 
R^2 = 0.996

y = - 7.4069 + 0.4621 Ox 
R '̂2 = 0.984

Distal pressure (mmHg)

FIGURE 8.5: Differences in coronary artery pressure-flow relation before and 
after reflow. Trace of typical cyclic flow reduction; the points where resistance was 
altering (Figure 8.3) have been omitted. This shows the highly linear pressure-flow 
relations both during declining flow (open circles) and during rapid flow restitution 
(closed circles). The decrease in slope indicates a decrease in conductance of the 
artery.



131

40 -

C irc u m fle x  
co ro n ary  3 0 - 
a r te r y  
blood flow
( m l /m l  n ) 20 -

10 -

y = - 36.381 + 1.1268X 
R^2 = 0.961

flow increasing (2s) 

flow declining (30s)

y = - 3.0373 + 0.26881 x 
R''2 = 0.963

r
2 0  4 0  6 0  8 0  1 0 0

Distal arterial pressure (mm Hg)

FIGURE 8 .6 : Illustration of disparate pressure-flow relationships. Trace from 
another cyclic flow reduction in another experiment showing increased distal 
coronary vascular resistance after release of obstruction.

The point of interest which was explored in the subsequent 

studies was the alteration in coronary resistance that occurred 

between the restoration of high flow and the decline in flow and 

pressure together seen thereafter (Figure 8.2).

No endothelial damage

In the critically stenosed, but not damaged artery, the pattern of 

cyclic flow reductions was imitated by a short period of 

complete occlusion by a snare and then followed by release. 

Complete arterial occlusion was accompanied by zero flow and a 

fall in distal coronary arterial pressure to approximately 70% of 

that observed beforehand. Release of the occluder resulted in 

rapid restoration of flow, but pressure rose more slowly, 

indicating reactive hyperæmia. In just the same fashion as that 

seen following cyclic flow reductions, the pressure rise
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continues after maximum flow is achieved and also during the 

early phase of flow decrease; this is the same finding as seen in 

Figures 8.2 and 8.3 during cyclic flow reductions. Using the three 

resistance model (Figure 8.4), total downstream resistance 

during the release period was calculated for occlusion and 

release of the coronary artery. This is illustrated in Figure 8.7.

6 -

5 -
Total
downstream 
resistance 
(m m H g.m in/m l)

4 -

3 -

2 -

1 - I------------

At
maximum

flow

At maximum 
distal 

resistance
p<0.001

FIGURE 8.7: Total coronary resistance. Highly significant and universal rise in 
toal coronary artery resistance after maximum blood flow following release of 
occlusion.

The relative importance of the components of total resistance are 

illustrated below in Figures 8.8 and 8.9. It can be seen that 

individual stenosis resistances changed slightly, but neither 

consistently nor significantly. There was no detectable  

difference in the stenosis resistances of those arteries with or 

without endothelial damage.
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FIGURE 8.8: Fixity of stenosis resistance in the Folts model. During cyclic flow 
reductions and also following temporary occlusion and restoration of blood flow 
in the critically stenosed coronary artery. There was no significant change noted 
in stenosis.

The Figure 8.9 below confirms that the increase of resistance 

was due to an increase in the distal coronary artery resistance.

5 1

Distal
coronary
a rte ry
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(m m H g.m in/m l)

2 -

1 -
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At

maximum
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At maximum 
distal 
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p<0.001

FIGURE 8.9: Distal coronary artery resistance changes. There were universal 
and highly significant increases after maximum flow was reached.
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The rate of change of resistance with respect to time was 

examined next. Regressions were calculated for the highly linear 

relationships apparent on plotting resistance against time after 

maximum blood flow had been reached. An example is shown in 

Figure 8.10 below.

1 .8 -
D is ta l 
c o ro n ary  
a r te r y  
res is tan ce  
(m m H g .m in /m l)

1 . 4 -

y = 0.67378 + 2.9563e-2x 
R'̂ 2 = 0.992

Time from release of occlusion

FIGURE 8.10: Increasing stenosis resistance after release of occlusion. The 
relationship is also highly linear in the absence of endothelial damage.

These regressions were collected and are shown in Table 8.1. The 

highly linear relations seen, and the short time after release of 

the snare and maximum flow, led to the proposition that a 

theoretical resistance value for complete obstruction of the 

artery could be extrapolated from the regression. This value is 

the y-intercept. In the absence of flow through the stenosis, the 

distal coronary artery pressure, measured at zero flow, can be 

assumed to be due to collateral flow encountering the distal 

coronary artery resistance. This value was derived without 

reference to collateral resistance, because pressure was 

measured distal to to this resistance.
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Table 8.1 Coronary artery resistance changes 
after maximum fiow restitution

Expt. Slope Intercept n r 2 pzero Qc

No. (mmHg.609* (mmHg.mln (data (m m Hg) (m l/m ln )
/ m l ) / m l ) points)

Cyclic Flow Reductions

1 0 .0 1 3 1 .4 7 7 0 .9 6 0 3 6 2 4 .6
2 0 .0 2 9 1 .6 7 7 0 .9 8 7 3 4 2 0 .4
3 0 .0 5 0 1 .56 8 0 .9 8 7 3 7 2 3 .8
4 0 .0 1 3 1 .69 6 0 .9 3 4 6 3 3 0 .9
5 0 .0 1 8 2 .6 0 6 0 .9 9 4 7 9 3 0 .4
6 0 .0 2 0 2 .4 8 9 0 .9 4 2 4 4 1 7 .8

Mean 0 .0 2 4 1.91 4 9 2 4 .7
±S D ± 0 .0 1 4 ± 0 .5 0 ± 1 8 .2 ± 5 .3

Short Occlusions-No endothelial damage

7 0 .0 1 7 0.81 1 1 0 .9 2 9 21 2 6 .3
8 0 .0 5 9 0 .6 2 1 2 0 .9 9 2 1 9 3 0 .9
9 0.021 0 .3 4 1 4 0 .9 8 6 2 8 8 2 .4
1 0 0 .0 0 7 0 .8 3 2 3  0 .9 7 3 2 0 2 4 .2

Mean 0 .0 2 6 0 .6 5 2 2 4 1 .0
±S D ± 0 .0 2 3 ± 0 .2 3 ±4.1 ± 2 7 .8

Between NS < 0.001 <0.001 = 0 .0 8 2
group P 

(Mann-Whitney)
KEY: Slope of resistance increase with time after maximum flow is achieved. 
Pzero is the pressure measured in the coronary artery before embolisation or 
release of obstructing snare. Qc is the calculated coronary collateral flow at Pzero 
(Pzero divided by the individual positive distal resistance intercept value).

The slope of the rise in distal coronary resistance varied widely, 

but did not appear different between those animals exhibiting 

cyclic flow reductions and those in which this was imitated (p 

NS). The values for the y-intercept (theoretical resistance value 

at zero trans-stenotic flow) were highly significantly different
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(p<0.001) between those animals exhibiting cyclic flow 

reductions and those that did not. The pressure measured at zero 

trans-stenotic flow was also highly significantly higher in these 

dogs (p<0.001), but the between group difference of the 

calculated coronary collateral blood flows, at this time, did not 

reach statistical significance. Analysis of the resistances 

derived for these groups is shown below in Table 8.2.

Table 8.2 Occlusion time, time to maximum fiow, and
resistances

E n d o th e lia l 
damage 

n = 6

No 
damage 

n = 4
P

Time that vessel 41 6 2 NS
was occluded (secs) ± 6 5 ±81

Time to maximum 1 4 21 NS
flow from zero (secs) ± 6 ±1 1

Lowest total 3.51 2 .4 0 0 .0 0 6
resistance (mmHg.min/ml) ± 0 .5 2 ± 0 .3 7

Highest totai 4 .2 9 3 .3 5 0 .031
resistance (mmHg.min/mi) ± 0 .9 4 ± 0 .5 6

Lowest stenosis 1 .4 7 1 .4 2 0 .8 2 4
resistance (mmHg.min/mi) ± 0 .3 2 ± 0 .2 9

Highest stenosis 1 .39 1 .59 0 .5 8 6
resistance (mmHg.min/mi) ±0 .61 ± 0 .4 0

Lowest distai 2 .2 6 0 .9 8 0 .0 0 3
resistance (mmHg.min/mi) ± 0 .6 0 ± 0 .1 0

Highest distai 3.41 1 .76 0 .0 2 5
resistance (mmHg.min/mi) ± 1 .0 9 ± 0 .5 5

KEY: The differences seen from lowest to highest resistance for all dogs are 
shown in Figures 8.7, 8 .8 , 8.9. The between group differences are all significant 
except for stenosis resistance.

The time that the vessel spent occluded in the group undergoing 

cyclic flow reductions (n=6) ranged from 3 to 170 seconds. In the 

other group (n=4) the range was from 15 to 182 seconds. The time
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from release to establishment of maximum flow was 3 to 22 

seconds in the cyclic flow reduction group, and 12 to 26 seconds 

in those dogs in which cyclic flow reductions were simulated.

Adenosine infusion

Adenosine was infused at 10pg.kg \m in'^ in one dog (Experiment 

4) in order to find out whether changes in distal coronary artery 

resistance were due to alterations in coronary vascular tone. 

Measurements of pressure and flow were carried out before and 

after adenosine infusion; pressure was slightly lower. After 

occlusion, pressure at both times fell to the same value. 

Following release of the occluder, there were slower rises in 

flow and pressure before return to pre-occlusion levels. 

Thereafter flow stayed the same and pressure increased slowly. 

Adenosine therefore blunted the resistance change seen, 

indicating that vasomotor tone played a part in the phenomenon.

200 -1
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100  -
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------ □— Pressure, normal Tone
------ #— Flow , adenosine
-------■— Pressure, adenosine
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T r
- 3 0  - 2 0  - 1 0

Time (s)

FIGURE 8.11: Changes in coronary artery response with adenosine. Adenosine 
infusion has resulted in higher resting flow and lower distal coronary arterial 
pressure. The effects of a ten second occlusion are similar initially, but after 
release, the rise in distal pressure is attenuated.
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DISCUSSION

This chapter describes some observations on the pressure-flow 

relation in the critically stenosed coronary artery which is 

necessary for establishment of the Folts model. The conclusions 

are limited by the small amount of data presented, but indicate 

that (1) stenosis causes a modified pattern of reactive 

hyperæmia, (2) the presence of the thrombotic process increases 

distal vasoconstriction, and (3) the presence of thrombus has a 

tendency to reduce collateral flow.

The relative contribution of collateral flow to the phenomenon of 

increase in distal pressure with a decrease in circumflex 

coronary artery flow is hard to elucidate. It may be assumed that

collateral blood vessels open with an increase in pressure fall

(gradient) across the stenosis resistance. Therefore, after flow 

restoration, collaterals are actually closing down during the 

observed phenomenon and cannot explain the pressure rise. 

Therefore, there has to be a rise in distal arteriolar resistance 

which is relatively slow. The total phenomenon takes up to 2 

minutes. The possible influence of time, that the vessel was 

occluded, on the distal resistance cannot be confirmed. It would 

be logical to consider that the longer that a vessel was occluded 

for, the greater the vasodilatation that would be present; this 

mechanism was not apparent as the low resistance animals had

had the artery occluded for a shorter time than the animals

exhibiting intracoronary platelet thrombosis.

The pressure-flow relation in the undamaged artery, is almost 

identical to the pattern of pressure-flow relations seen during
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cyclic flow reductions, but with an important difference. This is 

that downstream pressure at zero trans-stenotic flow is higher 

during cyclic flow reductions than following short occlusions in 

the undamaged artery. The, as yet, theoretical resistance at zero 

trans-stenotic flow is also significantly higher. This implies that 

the platelet contents which are liberated by continuing 

accumulation of platelet-rich thrombus in the stenosis may be 

exerting a major action on the downstream coronary resistance. 

This is consistent with the findings of some other investigators. 

The administration of the thromboxane Ag analogue U46619 has 

been reported to worsen distal coronary perfusion in the presence 

of a hæmodynamically significant stenosis [Bache & Dai, 1992]; 

the relative effects of thromboxane Ag versus serotonin on 

epicardial coronary artery vasoconstriction has also been 

investigated [Golino et al., 1990]. The fact that distal coronary 

resistance is lowest shortly after release of the thrombus and 

restoration of flow, raises the question of when vaso-active 

metabolites influence distal coronary resistance.

It could be considered that during accumulation of the platelet- 

rich thrombus, the release of metabolites would increase

arteriolar resistance. However, distal resistance changes are 

most marked when there is little or no flow change occurring 

while flow is high. In addition to this, the effect of acute

occlusion and release on the stenosed artery without endothelial 

damage is similar. This suggests that the reason for the

decreased diameter of the coronary artery distal to a stenosis, 

noted by Golino et al. [1990], may not be only mechanical

underfilling but also a chemical effect. This conclusion is 

strengthened by the observation in Table 8.1 that the hypothetical 

resistance intercept was higher during cyclic flow reductions
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than in the undamaged artery. The relative importance of 

thromboxane Ag has been questioned [Weyrich et a!., 1992]; this 

study of the beagle carotid artery perfused with platelet-rich 

plasma suggests a far more significant role for serotonin- 

mediated vasoconstriction. However other groups have found that, 

while serotonin is a potent constrictor of epicardial coronary 

arteries, it does not produce significant constriction of coronary 

resistance vessels [Bove & Dewey, 1983]. A later study by Chilian 

et al. [1990] demonstrated vasoconstrictor responses extending 

into the microcirculation of atherosclerotic cynomolgus monkeys, 

which may influence human responses to serotonin infusion, but 

do not explain the increased downstream resistance seen in the 

non-atherosclerotic animals in which cyclic flow reductions 

were occurring.

The regulation of coronary blood flow depends on physical, neural, 

neurohumoral, myogenic and metabolic factors [Berne, 1964]. The 

physical properties are aortic perfusion pressure, length and 

cross-sectional area of the perfused bed, extravascular pressure 

and blood viscosity. In the preparation used here, the physical 

properties can be considered to have remained nearly constant. 

Neurohumoral influences are minimised by stable anæsthesia and 

myogenic influences were unchanged due to stability of blood 

pressure and thus transmural pressure. Metabolic causes of 

changes in coronary blood flow are harder to quantify, but are 

mainly determined by oxygen demand which is unlikely to have 

varied [Vergroesen et al., 1987]. The importance of oxygen demand 

has, however, been queried; a study of pacing-induced tachycardia 

on the stenotic canine coronary artery had the effect of producing 

a paradoxical decrease in flow despite being designed to increase 

oxygen demand. This was unexplained, but may be due to distal
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coronary resistance increase, or undiagnosed platelet 

accumulation at the coronary stenosis [Schwartz, Carlyle & Cohn, 

1981]; in addition, platelet hyperaggregability can be induced by 

pacing in patients with significant coronary stenoses [Diodati et 

al., 1992]. The effect of change in the stenosis gradient may 

adversely influence the distal coronary flow reserve as 

determined by maximal vasodilatation with adenosine [Fedele et 

al., 1989]. The presence of a coronary flow reserve in the 

presence of a critical coronary stenosis causing decreased distal 

coronary pressure is a paradox that has been demonstrated by a 

number of investigators. In pigs [Pantely et al., 1985], adenosine 

could improve flow, even with distal coronary pressure of 35 

mmHg, but without improvement in function; in dogs at the same 

distal coronary pressure, flow and function were both improved 

[Aversano & Becker, 1985]. The study described in this chapter 

confirms the presence of autoregulation at low coronary artery 

pressures distal to a critical stenosis. The presence of a more 

pronounced vasoconstrictor effect during cyclic flow reductions 

confirms the finding that myocardial ischæmia in stable angina 

can be caused by distal vessel constriction.

A study of relative flow distribution in the canine coronary 

artery [Canty & Klocke, 1985] demonstrated no response to 

adenosine at a distal pressure of 25mmHg as opposed to an 

improvement at 35mmHg. They suggested that the endocardial 

vasodilator reserve is exhausted before the epicardial vasodilator 

reserve. Further studies indicate that the lower pressure limit of 

endocardial autoregulation is higher in the anaesthetised dog 

[Canty, 1988]. The findings in this chapter do not confirm this, 

but are as yet too small to be conclusive.
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A previous study [Walinsky et al., 1979] used three degrees of 

constriction of the canine circumflex coronary artery. 

Progressive severity of the stenosis was confirmed by increased 

stenosis resistance before an eight second occlusion. After 

transient occlusion, stenosis resistance increased consonant 

with the degree of stenosis. However, at the same time, distal 

coronary resistance was also higher, following the occlusion, in 

proportion to the tightness of the stenosis; this finding was not 

discussed by the authors, but may indicate autoregulation 

occurring at even these low perfusion pressures; all changes were 

explained in terms of alterations in stenosis resistance! This 

group have continued to experiment with compliant proximal 

stenoses which they attribute to alterations in endothelial 

function [Santamore et al., 1991]. This consideration does not 

apply to the Folts model where the presence of a rigid external 

constriction (a plastic ring) presents a fixed resistance to flow. 

There is no other proximal (stenosis) resistance other than the 

bulk of the arterial wall, which is constant, according to the 

assumption of the constant volume of matter. Vasospasm of the 

convoluted artery within the lumen of the rigid constrictor 

cannot change the cross-sectional area of arterial wall (only its 

length and thickness). Therefore vasospasm of this constrained 

arterial wall cannot influence the cross-sectional area of 

arterial lumen within the stenosis. This is proved by the lack of 

effect of vasodilators applied topically to the constricted 

segment [Folts, Gallagher & Rowe, 1982]. Physical shaking of a 

vasospastic artery does not cause a sudden and immediate 

relaxation of smooth muscle. Such relaxations do not occur 

naturally. This contrasts with the sudden rises in flow associated 

with cyclic flow pattern seen in the Folts model due to 

embolisation, and the low distal coronary resistance seen at that
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time. This rapid rise is also seen when endothelial damage is 

absent and a site remote from the stenosis is used to provide 

temporary occlusion and sudden release.
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CHAPTER 9 

Discussion

Findings from studies

The inhibition of thrombin by administration of r-Hirudin at doses 

sufficient to cause serious derangement of coagulation and 

increase of bleeding time was not particularly effective in the 

abolition of intracoronary thrombosis (Chapter 3).

In order to study the effect of modification of platelet 

intracellular calcium handling, the piperazine derivative  

trimetazidine was given and shown to abolish or modify platelet 

thrombosis as measured by cyclic flow reductions (Chapter 4). 

This effect was relatively resistant to infusion of adrenaline at 

doses known to restore cyclic flow reductions after their 

abolition by aspirin. Examination of the effects of trimetazidine 

on coagulation and bleeding time showed no changes at the median 

dose of the drug which had been demonstrated to modify cyclic 

flow reductions. Addition of aspirin significantly increased 

bleeding time.

The 'serotonin hypothesis' as defined in Chapter 1, in which the 

importance of the amplification effects of serotonin in the 

propagation of intracoronary platelet thrombosis is posited [De 

Clerck & Herman, 1983], was next explored. The selective 

serotonin SHTg antagonist, MDL 11,939 was successful in 

abolishing cyclic flow reductions in all cases (Chapter 5). This 

effect was also resistant to adrenaline infusion, in addtion, the
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pattern of flow restitution from zero or near zero flow was of 

interest in that there appeared to be lytic activity preceding 

restoration of full flow in the vessel. This contrasted with the 

embolisation seen during cyclic flow reductions.

Further studies of MDL 11,939 and LY 53,857 (Chapter 8, protocol 

(i)) produced similar findings of a lytic pattern of flow 

restoration. A major difference was a failure to restore flow 

fully to the levels seen beforehand. During adrenaline infusions, a 

new pattern of cyclic flow reductions was observed; these were 

composed of multiple small cycles which, overall, formed part of 

one large cyclic flow reduction. This finding suggested a dynamic 

balance between rethrombosis and thrombolysis. Using bolus 

doses of rt-PA, a similar pattern was seen during cyclic flow 

reductions. rt-PA did not abolish intracoronary thrombosis; this 

responded only to a selective serotonin 5 HT2 antagonist.

Consequent on these findings, the experimental model was 

modified; the stenosis was tightened to ensure long (up to 20 

minute) periods of occlusion (Chapter 7). rt-PA was then infused 

but had no effect on cyclic flow reductions or the amount of time 

the vessel spent occluded. This was only modified by addition of 

one of the following selective serotonin 5 HT2 antagonists:- MDL 

11,939, LY 53,857, ICI 170,809. This improvement usually 

persisted after withdrawal of rt-PA, but in some cases, a further 

dose of selective serotonin 5 HT2 antagonist was required which 

resulted in long lasting full flow. Concomitant coagulation and 

bleeding time studies confirmed that rt-PA prolonged bleeding 

time and diminished fibrinogen levels. This effect was not 

worsened by the addition of the 5 HT2 antagonist. Within 30 

minutes (5-6 half lives of rt-PA), these variables had returned to
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their baseline level, but blood flow remained restored.

The finding that distal coronary resistance rose after restoration 

of flow suggested that auto regulation was occurring in the course 

of cyclic flow reductions. The presence of a coronary vasodilator 

reserve was confirmed by administration of adenosine which 

diminished distal coronary resistance. This finding was also 

observed in the absence of cyclic flow reductions; here there was 

also a critical stenosis, but flow was controlled by a snare. This 

incomplete study suggests that release of metabolites in the 

Folts model has an effect on distal coronary artery resistance, 

and that the autoregulatory change is enhanced. The role of 

collaterals in these circumstances remains undetermined, but is 

likely to be small. By examining resistance changes with time, it 

could be shown, in those dogs exhibiting cyclic flow reductions, 

that there was a significant increase in downstream resistance. 

From these regressions, it was possible, for the first time, to 

extrapolate a value for resistance at zero trans-stenotic flow. 

From this, collateral coronary blood flow during complete 

upstream occlusion could be calculated.

The model

The Folts animal model is well established and has been used by 

numerous investigators. The development of cyclic coronary blood 

flow reductions has been shown by histological demonstration to 

be due to the accumulation of occlusive platelet-rich aggregates 

[Folts, Crowell & Rowe, 1976; Bush et al., 1984(a)]. Inferentially 

the following circumstances tend to confirm this finding. 

Inhibition of the platelet fibrinogen (GP llb/llla) receptor by the 

murine monoclonal antibody fragment F(Ab')2  (7E3) will abolish or
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prevent cyclic flow reductions [Coller et al., 1986]. Thrombolysis 

in animal models has also been reported to be enhanced by 7E3 

[Yasuda et al., 1990(a)]. This platelet fibrinogen receptor 

antagonists has also been tested against argatroban with or 

without aspirin [Yasuda et al., 1990(b)], but has not proved so 

potent. The peptide fragment, RGDY, can prevent reocclusion 

[Haskel et al., 1989], as also can G4120 [Lu et al., 1992], and the 

snake venom-Kistrin [Yasuda et al., 1991]. The bleeding and 

clotting derangements caused by all these agents, though, are 

severe.

The cyclic nature of the flow reductions and the sudden increase 

in flow that precedes them raised questions about their cause. 

Despite the large body of evidence that platelet thrombi are 

responsible for the phenomenon, the demonstration of vasoactive 

substances released from platelets has led some investigators to 

study their effects more closely.

The importance of the study of cyclic flow reductions is that the 

Folts model provides an in vivo appreciation of platelet-rich 

thrombus formation in the presence of a critical coronary artery 

stenosis with damaged endothelium. There is also some evidence 

of cyclic flow reductions occurring in man, sedated with 

diazepam, before, during and after angioplasty [Eichhorn et al.,

1991]. Since the early description of the investigative technique 

by Folts, Crowell & Rowe [1976], the model has been used to 

examine the effects on intracoronary platelet thrombosis by a 

wide variety of agents. Of particular importance, are thromboxane 

Ag and serotonin [Ashton et al., 1987]. Transcardiac gradients of 

serotonin have been detected in patients with complex coronary 

artery disease [van den Berg et al., 1989]; rises in plasma levels
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of serotonin, thromboxane Bg and 6-keto-PGF1p^ have been

detected which indicate continuous platelet activation in 

patients with acute myocardial infarction [Hirsh et al., 1981; Jin, 

Yan & Xu, 1989]. Platelet activating factor has also been 

implicated as a potent aggregating agent in animal models

[Apprill et al., 1985] directly, or by use of the synthetic PAF

antagonist U46,195 [Torr et al., 1991].

Golino et al. [1989] demonstrated a decrease in the size of 

epicardial coronary arteries during cyclic flow reduction due to 

vasoconstriction mediated by serotonin or thromboxane Ag, the 

effect of serotonin was thought to be more pronounced. This was 

not influenced by calcium antagonism or nitroglycerine [Golino et 

al., 1990]. Due to the progressive nature of the accumulation of 

thrombus, it remains possible that the decrease in vessel size 

was passive in response to decreased perfusion. Golino et al. 

[1991] also demonstrated in humans, that the vasodilator 

response to intracoronary 5HT infusion is reversed by the 

presence of coronary atherosclerosis. The vasoconstrictor 

responses to serotonin may be accentuated by severe coronary 

artery stenosis [Woodman, 1990], even in the absence of 

endothelial damage, but vasoconstriction of collateral vessels 

can also equally be caused by thromboxane Ag [Wright et al.,

1992]. Serotonin, however, was not shown by Bove to produce 

significant constriction of canine coronary resistance vessels 

[Bove & Dewey, 1983; Brum et al., 1984], but there is now 

evidence that in the microcirculation, constrictor responses are 

also enhanced [Chilian et al., 1990] in the cynomolgus monkey. An 

investigation of the effects of serotonin infusion in the coronary 

arteries of patients with unstable angina and normal controls 

showed that constrictor responses in distal coronary artery
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segments could not be reversed by intracoronary ketanserin; the 

au th o rs  p o s tu la te d  5HT^ - l ik e  r e c e p to r -m e d ia te d  

vasoconstriction. It is possible, however, that ketanserin 

administered by this route was unable to combat the effects of 

platelet release of large amounts of 5HT [McFadden et al., 1992]. 

Impairment of endothelium-dependent vasodilatation could be a 

non-specific effect due to arterial disease; this may be reflected 

by exaggerated vasoconstrictor responses to acetylcholine as 

well as serotonin [Vrints et al., 1992]. Recently an investigation 

of the interaction of platelets, stenosis and arterial 

vasoconstriction was conducted in normal and stenotic arteries 

with intact endothelium [Weyrich et al., 1992]. It was concluded, 

first, that platelets amplify the effects of externally caused 

vasoconstriction in stenotic arteries; second, this amplification 

of vasoconstriction was primarily due to the platelet release of 

serotonin; third, the amplification occurred in the absence of 

significant platelet plugging or endothelial damage. Conditions in 

this experiment, using platelet rich plasma as a perfusate, mean 

that other possible cellular interactions were lost. Nonetheless, 

this reaction of the vessel was not blocked by a thromboxane Ag 

antagonist (SKF 96,148), but was abolished by ketanserin.

Ketanserin is the prototype SHTg antagonist but also has 

significant ag-adrenergic blocking actions which limit its 

usefulness. However, in a study of patients awaiting coronary 

interventions [Noble & Drake-Holland, 1990], patients who 

received ketanserin suffered significantly lower mortality and 

infarct rate than a comparison group taking aspirin. The PACK 

study group [1989] reported an excess of malignant ventricular 

arrhythmias in patients receiving ketanserin, but this was 

related to hypokalæmia and chronic diuretic use. It was therefore
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surprising that the incidence of reperfusion arrhythmias in the 

experiments described in chapter 7 was high (four out of eight 

dogs). This may represent a previously unknown pro-arrhythmic 

effect of the selective serotonin SHTg antagonists used in the 

study; one of the dogs, however, had a short period of ventricular 

tachycardia and fibrillation on reperfusion during rt-PA infusion, 

and another deveolped arrhythmias before rt-PA infusion which 

did not recur. This high incidence of arrhythmias was not seen in 

Chapter 5 where MDL 11,939 was used alone, or in Chapter 6 

where MDL 11,939 was used again and LY 53,857 was also 

employed. It is therefore more likely that the length of time that 

the vessel was allowed to remain occluded, in the thrombolysis 

experiments, was the critical factor.

Ex vivo, human platelet studies.

The lack of effect on ex vivo whole blood human platelet 

aggregometry, which is reported in the Appendix (Page xxx), is 

confirmatory evidence of the importance of the platelet serotonin 

receptor as being part of the amplification response of platelets 

during aggregation, rather than part of the initiation of the 

response. This is because exposure to particulate collagen (the 

in vitro equivalent of a type lll/IV arterial injury) is an initiator 

of platelet thrombosis; this, in a damaged segment of artery, is 

part of the normal response to injury. What occurs next depends 

on the amplification of the initial platelet response. This may be 

influenced by many factors, among which the presence of a 

significant stenosis, high shear stress and thrombin generation 

are thought to be the most significant. Conditions of high shear 

can cause a direct alteration in the platelet membrane GPIb and 

G P IIb -llla  com plexes, von W illebrand factor attaches



151

predominantly to the GPIb receptor and this binding further 

perturbs the conformation of the GPIIb-llla receptor. Then more 

von Willebrand factor, and possibly fibronectin, attach to the 

altered GPIIb-llla complexes and potentiate aggregation. The 

original work by De Clerck and colleagues [1983; 1984; 1988] 

which described and elaborated on the amplification of platelet 

responses mediated by the platelet SHTg receptor. This work has 

been confirmed by the findings in Chapters 5,6 & 7 in which 

selective serotonin 5 HT2 antagonists were shown to improve 

blood flow in the critically stenosed circumflex coronary artery 

with endothelial damage. These circumstances closely parallel 

those of stenosis and high shear. The relative importance of 

thrombin has not been confirmed by the study of specific 

thrombin inhibition described in Chapter 3.

Future proposals and experiments

A further test of the 'serotonin hypothesis' (which is central to 

the thinking behind the use of 5HTg antagonists) is required. The 

levels of plasma serotonin distal to a growing thrombus need to 

be measured. This has been attempted in dogs by the following 

method: blood was simultaneously extracted from a 16 gauge 

teflon cannula in the femoral artery and a 22 gauge teflon cannula 

in the otherwise undamaged circumflex coronary artery. Measured 

serotonin levels were similar but two orders of magnitude higher 

than normal. This is likely to be due to traumatic sampling. The 

technique of sampling, anticoagulant and processing have now 

been revised; using a 22 gauge teflon cannula inserted into the 

antecubital fossa of a human volunteer normal, normal levels 

have been observed. It is therefore predicted that the same 

technique applied to the dog coronary artery will be equally
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successful. The 'serotonin hypothesis' predicts that 

administration of a SHTg antagonist will attenuate serotonin 

generation in response to endothelial damage and coronary artery 

stenosis. It is envisaged that some 5HT will be liberated due to 

shear stress, but this will be small compared to the effects of 

the amplification reaction. In contrast, the addition of a SHTg 

antagonist to blood would not ordinarily affect circulating levels 

of serotonin.

A n im a l experim ents

It is proposed to carry out a more formal study of the use of 

selective serotonin SHTg antagonists used as adjuncts to 

thrombolysis. Particular attention will be paid to time to 

thrombolysis, reocclusion rate, bleeding and coagulation, and 

evidence of alterations in plasminogen activator inhibition. For 

these experiments it is proposed to use Salazar's model [1961] as 

modified by Schumacher, Lee & Lucchesi [1985], and now used to 

provide a standard reproducible injury [Fitzgerald, Wright & 

Fitzgerald, 1989; Haskel et al., 1991]. In this preparation a 

moderate external stenosis is applied to the coronary artery and a 

50-200pA current applied until the vessel thromboses. This is 

caused by focal endothelial disruption which induces platelet 

adhesion and aggregation, with subsequent entrapment of red 

cells. A preliminary experiment has shown that a thrombus 

established for 90 minutes will disappear within 20 minutes of 

intravenous injection of MDL 11,939.

It is also proposed further to investigate the pressure-flow 

relation in the critically stenosed coronary artery. Possible 

methods of elucidating the role of collaterals and measuring their
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contribution to distal coronary resistance, are either to use a dye 

dilution technique, or to measure changes in circumflex and 

anterior descending coronary pressures after occlusion of one or 

both arteries [Piek et al., 1992]. The effect of adenosine on 

collateral blood flow would also then be tested. These

investigations are necessary to validate the described method 

(Chapter 8) of calculating coronary collateral blood flow under 

conditions of complete proximal arterial occlusion. The 

importance of these investigations is to help determine the 

physiological purpose behind the presence of a vasodilator 

reserve, in the presence of a critical coronary stenosis.

The possibility that this distal coronary vasoconstriction might 

be mediated by 5HT., receptors [McFadden et al., 1992] could be 

explored by use of a SHT^ mim etic such as 5-

carboxamidotryptamine infused into the distal vessel [Toda & 

Okamura, 1990. In addition the nitric oxide antagonists such as L- 

NAME and L-NMMR could be used to confirm the endothelium- 

dependence of this phenomenon. Alternatively a nitric oxide donor 

such as SNAP could be employed to reverse 5HT^ mediated

effects.

Human studies

The selective serotonin SHTg antagonist ICI 170,809 has been 

used in a study of human volunteers in whom no harmful effects 

were noted. MDL 11,939 has now been superseded by MDL 100,907 

which has no effects on the QT interval [RC Dage, personal

communication], and is entering human studies. Another new 

selective SHTg antagonist, sergolexole, is shortly to enter trials 

and also has a good safety profile both experimentally and in
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human volunteers [ML Cohen, personal communication]. In view of 

the finding that the selective SHTg antagonists, used in the series 

of experiments described, were highly effective in modifying 

intracoronary platelet thrombosis in the dog, it is proposed that 

studies of these drugs, in unstable coronary syndromes, should be 

undertaken. There is little prospect of using one of these agents 

on its own but there are sufficient patients, refractory to or 

intolerant of standard treatment (nitrates, aspirin and heparin), 

to enable a study of adjunctive serotonin SHTg antagonists to be 

carried out. Possibly, in view of the delays inherent in the 

administration of thrombolytics to those patients with acute 

myocardial infarction, one of these agents could be given at the 

same time as the ambulance is called. Due to the lack of effects 

on coagulation and bleeding times, these agents may have 

significant clinical advantages.

The measurements to be made that could detect the desired 

effects present problems but these possibilities can be 

considered:-

1. Observation of the thrombus by angioscopy.

2. Observation of cyclic flow reductions as previously reported 

by Eichhorn et al. [1991], and their modification.

3. Intracoronary sonic imaging of thrombus and evaluation of its 

dissolution.

4. Measurement of the area at risk of infarction at admission by 

use of non-redistributive technetium-thallium complex imaging; 

this would then be followed by measurement of infarct size by 

thallium scanning at 10 days.

5 . Thallium scanning at 3 months after infarction and 

thrombolysis, with or without adjunctive SHTg antagonism. The
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hypothesis predicts the presence of less scar but more reversible 

Ischæmia, due to an open critically stenosed artery.

6. Coronary angiography after acute coronary syndromes treated 

with or without 5 HT2 antagonism. Selective 5HTg antagonism Is 

predicted to produce patent Infarct-related arteries more often.

Further tests of the 'serotonin hypothesis' In man are Important, 

not only for establishing whether the apparently crucial role of 

the 5 HT2 receptor observed In the dog applies to man. The reason 

for Its great Importance as a potential therapeutic approach Is 

the lack of bleeding complications.
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APPENDIX 

EX VIVO, HUMAN PLATELET STUDIES.

Effect of selective SHTg antagonism measured by 
whole blood aggregometry.

INTRODUCTION

Whole blood aggregometry is an attractive technique for the study 

of platelet function for the following reasons: first, blood may be 

analysed immediately without need for centrifugation and second, 

all blood constituents are present. These are known to take up or 

release various platelet reactive agents such as ADP, ATP and 

prostaglandins [Mackie, Jones & Machin, 1984]. The technique also 

lends itself to the use of anticoagulants other than those which 

reduce plasma calcium ion concentration which may produce 

spurious platelet responses to a number of agonists [Packham, 

Kinlough-Rathbone & Mustard, 1987; Packham et al., 1989].

Human platelets possess SHTg receptors [De Clerck et al., 1984] 

which amplify the aggregation response to ADP, collagen and 

adrenaline [De Clerck, Xhonneux & de Courcelles, 1989]. In the 

present study described in this Appendix, the effect of selective 

serotonin SHTg receptor antagonism on collagen induced 

aggregation was chosen to investigate the possibility that the 

SHTg receptor was involved in the primary aggregation process.
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METHODS

Venous blood was collected from the antecubital fossae of seven 

normal volunteers who had been free of aspirin or any other anti

platelet agent for two weeks. One volunteers had blood taken on 

two occasions. The blood was collected using a 19G needle and 

placed in lithium heparin tubes. The anticoagulant was dissolved 

by gently rolling the tube only. Analysis of samples was 

performed using a Chrono-Log 350 whole blood platelet 

aggregometry system (Labmedics Ltd, Cheshire).

Experim ental protocol

After collection, 0.45 ml of blood was diluted with an equal 

quantity of isotonic saline which results in an ionised calcium 

concentration of about 1mML \  The sample was warmed in the 

machine to 37°C. MDL 11,939 was added to produce a final 

concentration of 10'^M. Then after incubation for 3 minutes with 

lOpL of collagen suspension (Sigma, UK), lOpL of Chrono-Lume 

reagent (Labmedics Ltd, Cheshire) was added. The change in 

impedance was recorded on an integral chart recorder.
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RESULTS

Eleven measurements were made in seven subjects. These are 

illustrated in Table A.1 below.

Table A.1 Effect of collagen ± SHTg antagonism on 
human whole blood impedance (Ohms)

Volunteer
Identity

Collagen Collagen 

+ MDL 11,939

PB 30 26
N3 56 63
AD-H 53 24.5
A-MS(a) 94 94
SD (la ) 62 62
A-MS (b) 56 74
SD (1b) 53 49
SD (2a) 56 67
TH 109 101
SD (2b) 67 104
KB 42 73

Mean ± SD 61 ±22 67±27

KEY: In volunteer column, a and b denote split samples. 1 and 2 indicate 
different sample dates.
SD: 1 standard deviation.

COMMENT

Selective blockade of the platelet 5HTg receptor by MDL 11,939 

does not alter the platelet response in whole blood, with calcium 

concentration within the physiological range, to collagen which is
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a strong agonist of platelet aggregation [Packham, 1983]. It may 

be that the concentration of collagen used in these studies was 

too high to allow the anti-aggregatory effect of MDL 11,939 to 

show. It is reported that, in hirudised human plasma using an 

optical aggregometry system, exposure to the the selective 5HT2 

antagonist ICI 170,809 resulted in a 30% decrease in platelet 

aggregation rate [VC Menys, personal communication]. This 

suggests that 5HT contributes to the collagen-induced aggregate 

growth; this may explain the efficacy of SHTg antagonists in 

limiting intra-coronary thrombosis in vivo. The limited effects 

seen in these ex vivo studies suggest that the presence of shear 

is also an important component of SHTg receptor-m ediated  

aggregation.



Abstracts of Presentations to Learned Societies



Presented at the York meeting of the Cardiac Surgical Research
Club, November 30th 1991.

MAINTENANCE OF CORONARY PATENCY WITHOUT BLEEDING
Belcher P, Drake-Holland AJ, Hynd JW, Noble MIM

The relative ineffectiveness of aspirin in the prevention of 
intracoronary thrombosis, and the increased risk of bleeding 
during operation has led to the search for other anti-platelet 
agents. Evidence is emerging that serotonin, which is classified 
as a weak agonist of platelet aggregation, is of importance in the 
amplification of the effects of other agonists.

Using a canine model of intracoronary thrombosis (external 
critical stenosis and endothelial damage) in which the thrombus 
is composed predominantly of platelets, the effect of a selective 
serotonin SHTg receptor antagonist was assessed in seven 
beagles. Platelet thrombosis was detected by the presence of 
cyclic flow reductions of circumflex coronary blood flow which 
tended to occlude the vessel. This process was abolished by MDL 
11,939, which also restored full flow. Thrombosis could not be 
restarted by adrenaline infusion designed to produce plasma 
levels above the physiological range. There was no abnormal 
bleeding which was confirmed by routine coagulation screen in 
two animals.

The clearance of the thrombus appeared to be a dispersive effect 
and therefore two further experiments, using rt-PA in the same 
model, were made. This did not appear to influence the rate of 
rethrombosis but caused bleeding.

The effect of MDL 11,939 on human whole blood platelet 
aggregometry was also tested. There was no difference seen on 
exposure to collagen.

These results suggest that selective serotonin SHTg antagonism 
may be an effective and attractive method of antiplatelet therapy 
in patients with unstable angina.
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64 INHIBITION AND DISPERSION OF PUVTELET 
THROMBI IN CANINE'CORONARY ARTERY BY SHTg
RECEPTOR ANTAGONISM

P BELCHER, AJ DRAKE-HOLLAND, JW HYND AND MIM NOBLE*

Academic Unit of Cardiovascular Medicine, Charing Cross and 
Westminster Medical School, London SW1P 2AR, England

Platelet aggregation following endothelial injury is activation 
dependent. Serotonin release provides a positive feedback to further 
aggregation. While 5 HT appears to be a weak agonist in vitro, 
evidence is growing that its actions in vivo are far more pronounced. 
Using a model of coronary artery endothelial damage and externally 
applied critical stenosis, circumflex coronary blood flow and 
systemic haemodynamics were studied in 7 anæsthetised beagles, 
because of the similarities of their platelet behaviour to man. 
Circumflex coronary artery blood flow underwent cyclic flow 
reductions (CFR's) with accumulation and embolisation of platelet 
thrombus. This required manual dislodgement in 5. When coronary 
blood flow had reached its minimum again, a new, pure, 5HT2 

receptor antagonist (MDL11,939) was given. The recommended 
dose of 0.5 mg.kg-1 was given in the first 2 experiments and 0.2 

mg.kg'1 for the third. The remainder received 0.1 m g.kg'T The 
drug completely abolished CFR's in all animals and blood flow values 
returned to equal the best seen during the CFR's. Mean blood 
pressure rose slightly, but significantly (p<0.05), after this.
The pattern of flow restitution after administration of MDL 11,939 
was of great interest. In all animals, flow spontaneously increased 
in a stepwise manner. In 2 this restoration occurred as a single 
step, but in 5, it was biphasic with a significant (p<0.05) flow 

increase at each step. Adrenaline was then infused at 0.4 )ig.kg‘ 
Tmin"'*but despite a small flow increase (p<0.05), blood pressure 
remained unaltered and CFR's could not be re-established. 
C onclusions: These results support the importance of 5HT as a 
mediator of platelet thrombosis in stenosed coronary arteries in 
thoroughbred dogs.
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12
P L A T E L E T  T H R O M B O S IS  F O R M A T IO N  A N D  ST A B IL IT Y , BUT  
N O T PL A TELET A C T IV A T IO N  IS M E D IA T E D  BY SER O TO N IN  
P B elcher, AJ D ra k e-H o lla n d , M IM  N ob le
Academic Unit o f Cardiovascular M edicine, Charing Cross and Westminster 
Medical School, 17, Horseferry Rd, London SW IP 2AR, UK.
The study was designed to explore the possibility o f serotonin being an important 
mediator in the process o f coronary arterial thrombosis.
The rate o f circumflex coronary artery thrombus formation was studied from 
cyclic flow reductions (CFRs, measured by electromagnetic flowmeter) shown in 
all seven open-chest anaesthetised beagles with endothelial damage and critical 
diameter constrictors. Platelet activation was assessed from electrical impedance 
change in whole blood upon addition o f collagen.
CFR's established by build-up and em bolisation o f platelet thrombi were 
com pletely dispersed by the 5H T2 antagonist M DL 11,939 (0 .Im g/kg). 
Adrenaline infusion at 0.4p.g/kg/min failed to restore CFR's. Augmentation o f  
lysis with rTPA failed to reduce the rate o f  thrombus formation, and produced 
less impressive clot dispersion that the 5HT2 antagonist. Higher doses o f  
adrenaline increased the rate o f  thrombus formation. Under these circumstances, 
MDL 11,939 iniated a similar pattern o f  lysis to that o f rTPA:. MDL 11,939 failed 
to inhibit the activation o f platelets by collagen in vitro.
These results are further evidence o f the importance o f serotonin as a mediator of 
platelet thrombus formation in stenosed coronary arteries and are consistent with 
the hypothesis that this is due to a platelet to the platelet positive feedback effect 
which only follows initial activation by other factors.
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Thrombolysis can be followed by vessel patency and 
normal coagulation.

Rethrombosis following thrombolysis can occur in up to 45% of 
cases and may be due to re-exposure of the precipitating cause. 
To study this problem, we modified the Folts' model of 
intracoronary thrombosis (critical stenosis with endothelial 
damage) was modified to produce long periods of occlusion in 7 
open-chest anesthetized dogs. The effects on coronary artery 
blood flow in the circumflex artery, were studied after 
administration of recombinant tissue-type plasminogen activator 
(rt-PA) first alone, and then with a selective SHTg antagonist.

During infusion of rt-PA alone, fibrinogen decreased (p<0.05), 
thrombin time increased (p<0.025) and bleeding time trebled 
(p<0.025). The ratio of flow to occlusion in th artery was 
unchanged. Addition of a pure SHTg antagonist (MDL 11,939, ICI
170,809, or LY 53, 857) improved coronary blood flow (p<0.01) 
and reduced the rate of reocclusion in 6 of 7 dogs (p<0.025). There 
were no changes in coagulation or bleeding times.

After rt-PA was withdrawn, further doses of 5HTg antagonist 
were given in 4 dogs and resulted in complete coronary artery 
patency and abolition of platelet thrombosis. Bleeding time was 
normal within 30 minutes (5 half lives of rt-PA) and coagulation 
indices normalized.

These results indicate improved thrombolysis with rt-PA by 
adjunctive 5 HT2 antagonism. The normal bleeding time following 
this therapy may have important clinical advantages.
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La neutralisation de ia serotonine 5HT2 peut favoriser 
la thrombolyse coronarienne sans augmenter le risque 
de saignement.

Belcher PR. Drake-Holland AJ, Hynd JW and Noble MIM.
Academic Unit of Cardiovascular Medicine, Charing Cross and 
Westminster Medical School, London SW IP  2AR, UK

To study the problem of rethrombosis following thrombolysis 
which occurs despite aspirin and heparin, we modified the 
Folts' model of intracoronary thrombosis (critical stenosis 
with endothelial damage)to produce long periods of occlusion 
in 7 open-chest anæsthetised dogs. The effects on coronary 
artery blood flow in the circumflex artery, were studied after 
administration of recombinant tissue-type plasminogen 
activator (rt-PA) first alone, and then with a selective 5 HT2 

antagonist.

During infusion of rt-PA alone, fibrinogen decreased (p<0.05), 
thrombin time increased (p<0.025) and bleeding time trebled 
(p<0.025). The ratio of flow to occlusion in the artery was 
unchanged but correlated with fibrinogen level (r=0.97, 
p<0.01). Addition of a pure 5 HT2 antagonist (MDL 11,939, ICI
170,809, or LY 53, 857) improved coronary blood flow (p<0.01) 
and reduced the rate of reocclusion in 6 of 7 dogs (p<0.025). 
There were no changes in coagulation or bleeding times.

After rt-PA was withdrawn, further doses of 5 HT2 antagonist 
were given in 4 dogs and resulted in complete coronary artery 
patency and abolition of platelet thrombosis. Bleeding time 
was normal within 30 minutes (5 half lives of rt-PA) and 
coagulation indices normalised.

These results indicate improved thrombolysis with rt-PA by 
adjunctive 5 HT2 antagonism. The normal bleeding time 
following this therapy may be advantageous.


