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A I M S  A N D  S U M M A R Y

AIMS:

Platelets are thought to contribute to the early development of atherosclerosis 

and they play a central role in thrombotic events. Platelet aggregation is regulated 

by a number of agonists such as ADP, catecholamines, collagen and thrombin. The 

inhibitors of platelet function can be divided into four major classes which act 

through specific surface receptors. They are prostacyclin, adenosine, prostaglandin 

D2 and p2-adrenergic receptor agonists. Over the past few years a lot of information 

has been gathered about the role of prostacyclin in the regulation of platelet 

function and its involvement in thrombotic processes. There is less information 

about the role of adenosine in these processes. My aim therefore was to study 

transmembrane signalling through the adenosine receptor in patients heterozygous 

for familial hypercholesterolaemia, a condition associated with premature 

atherosclerosis. In addition insulin-dependent diabetic patients with retinopathy were 

studied as abnormal platelet function has been postulated to play a role in this 

disorder.

Parallel to the investigations with adenosine and the stable analogue 5’-N- 

ethylcarboxamidoadenosine experiments with prostacyclin were performed to find 

out more about possible interactions between the two pathways. Interactions between 

the two platelet inhibitors might be expected since they appear to share the same 

postreceptor pathway.
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Adenosine may have an important function in cardiac ischaemia and 

myocardial infarction. It is postulated that adenosine produced by ectonucleotidases 

from ATP during ischaemia serves to improve tissue oxygenation by vasodilating 

coronary arteries, and limits the size of the thrombus through its inhibitory effect 

on platelet aggregation. Studies on platelet transmembrane signalling with adenosine 

in patients following myocardial infarction will be presented in this thesis.

Because of the important role of catecholamines as modulators of platelet 

function and their suspected role in the precipitation of myocardial infarction, we 

also studied adrenaline-mediated responses in platelets from patients with familial 

hypercholesterolaemia and patients with myocardial infarction.

It is known that rat platelets do not respond to the inhibitory effect of 

adenosine. This made it impossible to use rats as a model for diabetes or 

hypercholesterolaemia. I was therefore interested to investigate the site of the defect 

in signal transmission in this species.

Summary:

In aggregation experiments in platelet-rich plasma platelets from 

cholestyramine treated and untreated FH-patients were found to be slightly more 

sensitive to the aggregatory effect of ADP, and significantly more sensitive to 

adrenaline and collagen. Prostacyclin sensitivity was lower in both FH-groups 

although the cholestyramine treated group showed some improvement. The 

sensitivity of platelets from untreated FH-patients to adenosine and NECA was 

markedly reduced. Patients receiving cholestyramine showed normal sensitivity to 

both inhibitors. Measurement of binding of 3[H]-NECA to platelet membranes did 

not reveal any differences in binding parameters between FH-patients and healthy
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subjects.

Stimulation of cAMP-formation with adenosine and prostacyclin showed a 

reduction in the accumulation of intracellular cAMP in untreated FH-patients 

compared to healthy subjects. The formation of cAMP after incubation of platelet- 

rich plasma with forskolin a direct stimulator of adenylate cyclase was also reduced 

in FH-patients, indicating impaired function of the enzyme.

These results indicate that aggressive lipid lowering therapy might be able 

to restore normal platelet function in FH-patients making specific antiplatelet therapy 

unnecessary.

Platelet and plasma noradrenaline levels were significantly elevated in 

untreated FH-patients. Plasma total and LDL-cholesterol were found to be well 

correlated with plasma NA-levels, indicating an association between the two 

parameters. Binding of the o^-antagonist RX821002 revealed a small decrease in the 

number of receptors per platelet and an increase in the affinity of the receptors for 

the ligand in untreated FH-patients. A strong inverse correlation was found between 

the dissociation constant (KD) and plasma total and LDL-cholesterol.

In insulin dependent diabetics suffering from proliferative retinopathy 

adenosine and NECA, but not prostacyclin sensitivity was reduced in aggregation 

experiments. No hyperaggregability was detected when platelets were challenged 

with ADP, collagen or adrenaline. Lipid parameters were normal with the exception 

of a moderate elevation of total triglyceride and VLDL-cholesterol levels. A 23 % 

decrease in the number of high affinity binding sites for adenosine and a 36 % 

decrease in the binding affinity of the receptor for 3[H]-NECA were found in



platelets from the diabetic patients.

The accumulation of cAMP after incubation of platelets with NECA was 

significantly reduced in diabetics. On the other hand, no difference was found when 

cAMP formation was stimulated with prostacyclin and forskolin, indicating that the 

adenylate cyclase and probably also coupling of PG I2-receptors to the enzyme 

were normal. These results are suggestive of a homologous type of receptor 

downregulation. It can be speculated, that impaired tissue oxygenation associated 

with extensive microvascular disease may lead to increased formation of adenosine 

which causes desensitization of platelets to this agonist.

Secondary platelet aggregation was completely prevented with a single dose 

of 150 mg aspirin in healthy subjects and patients after myocardial infarction when 

adrenaline and a low concentration of collagen were used to induce platelet 

aggregation. The sensitivity of platelets to ADP was also decreased. No difference 

in platelet sensitivity to adenosine, NECA and prostacyclin was found between 

patients with myocardial infarction and aspirin treated controls. The concentration 

response curves with all three inhibitors were very shallow and the IQo values in 

subjects receiving aspirin were 2 to 4 times higher than in aspirin free controls. 

The slight decrease in the number of high affinity adenosine receptors and the 

decrease in cAMP-formation after the incubation of platelet-rich plasma with NECA 

might be taken as an indication of a homologous receptor downregulation. 

Unfortunately no confirmation is obtained through the aggregation experiments 

which were probably too much influenced by the aspirin. Formation of cAMP after 

stimulation with prostacyclin and forskolin was found to be normal.



Plasma and platelet noradrenaline levels were moderately elevated at 14 to 

24 hours after the onset of pain, although the difference was not statistically 

significant. Adrenaline levels did not differ between the two groups. Maximal 

binding of 3[H]-RX821002 to platelet membranes was found to be similar in both 

groups. The dissociation constant was higher in infarct patients than in controls. 

Binding affinity was not increased in controls receiving 150 mg aspirin compared 

to controls without aspirin. Direct effects of aspirin on o^-receptor affinity had been 

reported with much higher doses of aspirin.

The experiment in rats confirmed the lack of an effect of adenosine and the 

stable analogue NECA on platelet agregation induced by collagen and ADP over 

a wide range of concentrations. On the other hand prostacyclin was a potent 

inhibitor of ADP and collagen induced platelet aggregation. Binding studies with 

3[H]-NECA in rat platelet membranes suggested the presence of binding sites similar 

to those found in humans. Intracellular cAMP-levels did not increase as a result of 

the incubation of rat platelet-rich plasma with NECA. On the other hand both, 

prostacyclin and forskolin were potent stimulators of the adenylate cyclase in rats. 

Although we found displaceable binding of 3[H]-NECA to rat platelet membranes 

this does not necessarily mean that it was to a structure similar or equal to the 

adenosine receptor found on human platelets. In any case the results indicate, that 

the binding site is not coupled through the stimulatory guanine binding protein to 

the enzyme adenylate cyclase.
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I. A D E N O S I N E

1.1. Metabolism

Back in the 1930s Reis discovered, that adenosine (Figure 1) is produced by 

the hydrolysis of 5’-AMP. He suggested that an enzyme specific for 5’-nucleotides, 

now known as 5’-nucleotidase (EC 3.1.3.5) catalysed the reaction. At this stage it 

was already known that adenosine could be converted to inosine by adenosine 

deaminase (EC 3.5.4.4)(Gyorgy et al, 1927), and the nucleotide was assigned as an 

intermediate in adenine nucleotide degradation. When in the 1950s it was 

demonstrated that rat tissues incorporate labelled adenosine into adenine nucleotides 

and RNA (Lowy et al, 1952), it was assumed that adenine nucleotide biosynthesis

NH
2

h o c h 2 n H 5C 2 HN 0 C H  2 0

OH OH OH OH

A D E N O S I N E 5 - N-ETHYLCARBOXAMIDOADENOSINE

Figure 1: Structure of adenosine and 5’-N-ethylcarboxamidoadenosine
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occurred via a reverse of the degradative reactions. This view found support when 

the enzyme adenosine kinase was discovered in 1951 (Caputto, 1951; Komberg and 

Pricer, 1951). However it was soon discovered by Buchanan (Buchanan, 1960), that 

de novo synthesis involved a cyclic ribonucleotide so that adenine as well as 

adenosine were bypassed by this biosynthetic process. In 1957 it was proposed, that 

adenosine is a component of a ’salvage pathway’ which reduces the loss of the 

purine; thus adenosine, produced from nucleic acid degradation, could be re

converted to adenine nucleotides (Komberg, 1957). While explaining the role of 

adenosine kinase it posed a problem of the role of the 5’-nucleotidase reaction. Why 

should adenosine be produced from AMP only to be converted back to AMP? Since 

the discovery of the biochemical and physiological effects of adenosine in different 

tissues, the hypothesis that it acts as a local hormone has been put forward.

Figure 2 provides an illustration of our knowledge about the formation and 

degradation of adenosine within cells. The significance of the different metabolic 

pathways involved remains a poorly resolved question.

Probably the major pathway for the formation of adenosine involves ATP - 

-> ADP —> AMP as precursors (Pearson et al, 1980; Gordon, J.L., 1986; Gordon, 

E.L. et al, 1986). Under conditions of high energy demand this pathway increases 

considerably (Arch and Newsholme, 1978). This process can take place both 

intracellularly and extracellularly. In the first case it is reaching extracellular 

receptors probably by diffusion or by a transport mechanism whereas in the latter 

case, ATP is released. This ATP provides a substrate for the phosphatases and the 

5’-nucleotidase found to be localised in the plasma membrane (Baer and 

Drummond, 1968; Trams and Lauter, 1974). Further support for the 5’-nucleotidase 

being an ectoenzyme came from kinetic and immunological studies carried out by
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Figure 2 .  Metabolism of adenosine. This diagram illustrates the pathways by 
which adenosine is -formed and degraded within cells. Adenosine may also be 
transported into ceils or released from ceils. A detailed description of these path
ways is included in the section on adenosine metabolism. The metabolism of 2'- 
deoxyaaenosine may utilize some of these pathways: 1, S-adenosylmethicnine me- 
thyltransferases; 2, S-acenosylhomocysteine hydrolase; 3 , adenosine deaminase; 4, 

purine nucleoside pnosphcryiase; 5 & 6, xanthine oxidase; 7, transport mechanisms; 
8, adenosine phosphorylase (not established); 9, adenosine kinase; 10, 5,-nucIeo:i- 
dase and non-specinc phosphatase; 11. adenylate kinase; 12, nucleoside diphcs- 
phokinase; 13, adenylate cyciasc.
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Gurd and Evans, 1974; and Newby et al, 1975. The release of ATP from nerve 

endings either alone or in association with catecholamines or acetylcholine 

(Bumstock et al, 1976a) and its release by the ischaemic heart are two typical 

examples of the extracellular generation of adenosine.

After acting on its specific receptors most of the adenosine is taken up by 

what probably is a carrier mediated (facilitated diffusion) process or simple diffusion 

(Shimizu et al, 1972; Schrader et al, 1972). This transport can be inhibited by the 

two phosphodiesterase inhibitors dipyridamole and papaverine. Data from Pull and 

Mcllwain (1979) and Aussedat and Rossi (1977) suggest that 75 to 80% of the 

adenosine released from guinea pig brain slices and rabbit heart is taken up again. 

A variety of routes for its inactivation are present in cells (Figure 2). These include 

adenosine deaminase, adenosine kinase and S-adenosylhomocysteinase. Under most 

physiological conditions intra- as well as extracellular adenosine levels appear to 

remain at l-2|iM or less. As the values for adenosine deaminase are roughly an 

order of magnitude higher than those reported for adenosine kinase, a low 

concentration of the substrate will tend to favour its reutilisation by phosphorylation 

to AMP whereas at concentrations higher than 3|iM degradation to inosine and 

hypoxanthine is favoured (Schrader et al, 1972). While adenosine rephosphorylation 

is an important route of adenosine metabolism under normal conditions when ATP 

concentration is high, this pathway decreases with a depletion of ATP (Lomax et 

al 1973).
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1.2. Receptor Classification

Two classes of purine receptors in membranes of peripheral cells were 

proposed by Bumstock (1976b), one preferring adenine nucleotides (P2-receptor) the 

other adenosine (Pr receptor). The P2-purinergic receptor whose major ligand is ATP, 

probably controls ion fluxes through the breakdown of phosphatidylinositol 4,5 

bisphosphate (PIP2), while Pr receptors in many instances control adenylate cyclase 

activity.

There are at least two classes of extracellular receptors involved in the action 

of adenosine (Londos and Wolff, 1977). One of these has a high affinity for 

adenosine and is at least in some cells coupled to adenylate cyclase in an inhibitory 

manner. They were termed Ar receptors by van Calker et al, (1979) and Rr receptors 

by Londos et al (1980). The other class of receptors has a lower affinity for 

adenosine and is coupled in many cell types to adenylate cyclase in a stimulatory 

manner. They were termed A2-receptors or Rf-receptors. In this thesis the terms At 

for the inhibitory and A2 for the stimulatory adenosine receptor have been adopted.

The Ar receptor is present in adipocytes (Fain et al, 1972; Trost and Stock, 

1977; Londos et al, 1980), and heart and brain cells (Van Calker et al, 1978; 1979). 

Affinity constants for adenosine and analogues are in the low nanomolar range 

(Table 1). The A2-receptor is more ubiquitous in occurrence. Its affinity constants 

for adenosine and analogues are in the low micromolar range (Daly et al, 1981). 

Virtually all adenylate cyclases appear to have a third adenosine-sensitive site 

associated with them, namely the intracellular inhibitory P-site (Daly et al, 1981), 

which seems to be associated with the catalytic subunit of the enzyme. The affinity 

constants for adenosine and analogues for the intracellular P-site are in the low to 

high micromolar range. It seems unlikely that free intracellular adenosine levels ever
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reach high micromolar concentrations. Therefore, the physiological significance of 

the P-site is unknown.

The most potent adenosine analogues at the Ar receptor are the N6-substituted 

components. L-N^phenylisopropyOadenosine (PIA) is 3 times more potent than 

adenosine on the Ar receptor and 3 to 6 times less potent on the A2-receptor. On 

the other hand 5 ’-ethylcarboxamidoadenosine (NECA) is 5 to 20 times more potent 

than adenosine at the A2-receptor and around 10 times less potent on the Ar  

receptor. Both these analogues are inactive at the intracellular inhibitory P-site. 

Some analogues of adenosine such as 8-bromoadenosine are inactive at both 

extracellular and the intracellular adenosine receptors. Alkylxanthines such as 

theophylline and caffeine are the best known antagonists. No selective xanthine 

antagonists for the Ar  or A2-receptor have been developed so far. Compared to 

caffeine, theophylline is 3 times more potent, and 3-isobutyl-1-methylxanthine 6 to 

15 times more potent on both adenosine receptors. 8-phenyltheophylline is around 

60 times more active on the adenosine receptors.

Table 1 : Affinity constants for agonists and antagonists of the Pi-type 
adenosine receptors

affinity constant. U.M

agent A, a 2 P-site
inhibitory stimulatory inhibitory

Agonists
adenosine 0.01 5-10 20
NECA 0.1 0.5-2 inact
PIA 0.003 30 inact
8-bromo-adenosine inact inact inact

Antagonists
caffeine 30 30 inact
theophylline 10 10 inact
IBMX 2 5 inact
8-phenyl-theophyll 0.2 0.2 inact
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All the antagonists are without effect on the intracellular P-site. Certain 

xanthines are much more potent as phosphodiesterase inhibitors than as adenosine 

antagonists. This effect complicates their use as selective antagonists in many 

situations, as it would have in most of our experiments where we were looking at 

platelet function. The inhibition of other enzymes and their calcium-releasing 

activity further limits their use as receptor antagonists.

For most pharmacological studies the use of adenosine is preferably avoided 

because unlike many of the analogues, its uptake and rapid metabolization 

complicates the interpretation of the results obtained. The plasma half life of 

adenosine in whole blood is only around 10 seconds (Fredholm and Sollevi, 1981) 

whereas in platelet-rich plasma its half life is in the range of 5 to 10 minutes 

(Edlund et al, 1987). Furthermore, unlike the analogues, adenosine acts at both 

adenosine receptors and at the P-site. 5 ’ -N-ethylcarboxamidoadenosine is the most 

potent analogue for the adenosine A2-receptor. It is 5 to 10 times more potent than 

adenosine at inhibiting ADP- and adrenaline induced platelet aggregation (Cusack 

and Hourani, 1981), and 22900 times more potent as a vasodilator (Raberger et al, 

1977). The suitability of of a tritiated form of NECA ([3H]NECA) as a ligand for 

binding studies was demonstrated by Huttemann et al (1984). Carboxy-derivatives 

of adenosine are very resistant to degradation by adenosine deaminase and NECA 

is not taken up into cells and does not bind to the intracellular P-site in broken 

membrane preparations (Parks and Brown, 1973; Rockwell and Maguire, 1966; 

Sturgil et al, 1975; Tumheim et al, 1978).
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1.3. Physiological Roles of Adenosine

1.3.1. Vascular effects :

The first evidence that adenosine modifies physiological processes came from 

observations made by Drury and Szent-Gyorgy in 1929. Injections of adenosine 

into mammals lowered the arterial blood pressure, dilated the coronary arterioles, 

induced sleep and inhibited movements of the small intestine. Seven years later, 

Drury suggested that adenosine may be involved in the control of blood flow, but 

this possibility has only been intensively investigated since about 1960. In 1963 

Berne and co-workers proposed that the vasodilatory effects provide a role for 

adenosine in the local control of blood flow in relation to the oxygen needs of 

certain tissues. A decrease in oxygen demand causes vasoconstriction and reduced 

blood flow. On the other hand, a period of ischaemia or arterial occlusion is usually 

followed by increased blood flow (reactive hyperaemia), which makes more oxygen 

available to the tissue. For example, exercise produces reactive hyperaemia in 

skeletal muscle. Similarly, ATP released by the ischaemic heart and during 

myocardial infarction (MI) provides a rich source for the formation of adenosine 

(Rubio et al, 1974; Berne and Rubio, 1974b).

The vasodilatory effect of adenosine seems to be mediated through the 

production of endothelium-derived relaxing factor (EDRF) produced by endothelial 

cells. EDRF is so powerful, that it can override the vasoconstrictory effects of 

platelet products such as 5-HT, thromboxane A2 and prostaglandin E2 (Forstermann 

et al, 1988). Adenosine seems to contribute to the control of blood flow in brain 

(Rubio et al, 1975; Beme et al, 1974a) and adipose tissue (Fredholm, 1976; 

Hedqvist and Fredholm, 1976). In contrast, adenosine mediates vasoconstriction in 

a poorly oxygenated region of the kidney. This might serve to divert blood flow to
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a well oxygenated region of the organ, in which the processes of filtration and 

reabsorption can proceed. It can be argued, that adenosine fulfils a similar role in 

the lung, where acute alveolar hypoxia causes local vasoconstriction to divert blood 

to regions of the lung that are adequately oxygenated. It must be emphasized that 

adenosine is by no means the only mediator of vascular responses. ATP and K+, 

which are especially implicated in skeletal muscle, H+ which is mainly implicated 

in the brain and prostaglandins in the kidney are important contributors to the 

regulation of local blood flow.

1.3.2. Non vascular smooth muscle :

Apart from vascular smooth muscle, adenosine causes relaxation of 

bronchiolar muscles, the urinary bladder and mammalian gut, whereas it induces 

contraction of the gut in lower vertebrates (Bumstock, 1972). The stimulation of 

non-adrenergic, non-cholinergic nerves supplying a number of smooth muscles 

produces responses which in most respects are mimicked by ATP (Bumstock, 

1972; 1975; 1976b) and adenosine. There is no doubt that the molecule stored and 

released by the purinergic nerve ending is ATP. The effect of ATP is terminated 

by its degradation to ADP, AMP and adenosine. Most of the adenosine is then 

taken back into the nerve ending. The evidence that adenosine derived from ATP 

makes an important contribution to the overall response is strong: ATP and 

adenosine are equally potent in causing relaxation in smooth muscle preparations 

and inhibitors of adenosine uptake, such as dipyridamole and hexobendine potentiate 

inhibition of gut mobility induced by adenosine, ATP or purinergic nerve 

stimulation.
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1.3.3. Nervous tissue and heart :

In animals adenosine induces sleep (Marley and Nistico, 1972; Drury and 

Szent-Gyorgyi, 1929; Haulica et al, 1973), antagonizes morphine induced analgesia, 

prevents convulsions and assists learning (Mcllwain, 1976). It greatly depresses the 

electrical activity of cerebral, cerebellar and olfactory cortical neurones (Phillis and 

Edstrom, 1976; Kuroda et al, 1976) indicating that it may function as an inhibitory 

neurotransmitter. In physiological concentrations adenosine has been found to inhibit 

noradrenaline release from electrically stimulated blood vessels (Verhaege et al, 

1977; Enero and Saidman, 1977) as well as noradrenaline release mediated by 

nervous stimulation in the kidney, adipose tissue and vas deferens (Hedqvist and 

Fredholm, 1976). Furthermore it inhibits the release of acetylcholine at the 

neuromuscular junctions of the rat diaphragm and frog sartorius muscle (Ribeiro and 

Walker, 1975). Again ATP is as potent as the nucleoside as an inhibitor of 

neurotransmitter release. ATP released from purinergic nerve endings is probably 

the source for adenosine formation. In several mammalian species adenosine 

produces bradycardia, an effect mediated primarily by inhibition of the electrical 

activity of the sinus node (Bumstock, 1972).

1.3.4. Lipolysis and glucose oxidation in adipose tissue :

In the presence of adrenaline or noradrenaline, adipocytes release adenosine, 

which inhibits lipolysis by 50% at concentrations as low as lOnM (Turpin et al, 

1977; Fain and Wieser, 1975). In addition to its antilipolytic effect, adenosine both 

mimics and potentiates the stimulation of glucose oxidation by insulin in adipose 

tissue at concentrations as low as lOnM (Fain and Wieser, 1975).
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1.3.5. Blood cells :

Adenosine at concentrations of approximately 100 nM inhibits platelet 

aggregation induced in vitro by all chemical agonists such as ADP, collagen, 

adrenaline, serotonin and thrombin. Platelet aggregation induced in vivo by pinching 

a blood vessel is also inhibited by adenosine (Bom et al, 1965; Philp et al, 1973). 

Adenosine exerts its inhibitory effect through the stimulation of the enzyme 

adenylate cyclase (Mills and Smith, 1971; Haslam and Rosson, 1974; Jakobs et al, 

1979). The increase in cAMP levels leads to a decrease in intracellular calcium 

levels. The phosphodiesterase inhibitor dipyridamole acts presumably through an 

increase in the concentration of exogenous adenosine (Emmons et al, 1965) through 

its inhibitory effect on the uptake mechanism. Additionally, the adenosine-induced 

increase in intracellular cAMP is sustained by dipyridamole because of the 

inhibition of the phosphodiesterase-mediated degradation of cAMP. Thus the 

antithrombotic effect of dipyridamole is probably due to the potentiation of the 

antithrombotic effect of adenosine.

Adenosine may play a physiological role in the regulation of platelet 

aggregation: its formation in inadequately oxygenated tissues should inhibit thrombus 

formation and thereby prevent any further reduction in oxygen supply (Gordon et 

al, 1986). Its vasodilatory effect would support this role of improvement of tissue 

oxygenation. Physiological concentrations of adenosine inhibit lymphocyte and 

lymphoblast proliferation (Van der Weyden and Kelley, 1976), whereas 

erythropoiesis increases during hypoxia, a condition which may be expected to raise 

the concentration of adenosine in the bone marrow.
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1.3.6. Metabolism and endocrinology :

In high concentrations (100 |iM) adenosine inhibits gluconeogenesis, 

lipogenesis and fatty acid oxidation in the liver (Chagoya de Sanchez et al, 1977; 

Lund et al, 1975; Harris and Yount, 1975). Of more physiological interest are 

reports that adenosine stimulates the steroidogenic response of adrenal cells in tissue 

culture to ACTH (Kowal and Fiedler, 1969), raises plasma corticosterone levels in 

rats (Formenta et al, 1975) and inhibits insulin production by isolated islets of 

Langerhans (Ismail et al, 1977). Adenosine with its many physiological functions 

performs an important role as a messenger molecule. Similar to the adrenergic 

system, the presence of the receptors in different proportions and numbers gives it 

a large array of possibilities to interact with, and modulate physiological processes.
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II. PLATELET PHYSIOLOGY

2.1. Platelet Anatomy

Although platelets are nothing but fragments of megakaryocyte cytoplasm, 

they have evolved a complex machinery to subserve the many functions required 

of them for normal haemostasis. The cytoplasm of the unstimulated platelet is 

surrounded by a plasma membrane that invaginates extensively into the cytoplasm 

to form the surface-connected open canalicular system. The platelet is also rich in 

internal membranes such as the dense tubular system (analogous to the calcium 

sequestering sarcoplasmic reticulum of muscle), mitochondrial membranes and 

membranes enclosing the platelet storage granules. Adjacent to the cytoplasmic 

surface of the plasma membrane and probably anchored to it are microfilaments, 

composed primarily of actin and myosin, and a circumferential band of microtubules 

composed of tubulin.

The storage granules are heterogeneous in content and morphological 

features. Electron dense granules (8-granules) have a diameter of 200-300nm and 

contain AMP, ADP, ATP, GDP, GTP, UTP, serotonin, adrenaline, noradrenaline, 

histamine and the majority of the platelet’s calcium. Alpha granules measure 300- 

500nm in diameter and contain adhesive proteins such as fibrinogen, fibronectin, 

von Willebrand factor (vWf) and thrombospondin, growth factors like platelet 

derived growth factor (PDGF), epidermal growth factor (EGF) and endothelial cell 

growth factor (ECGF), and the platelet-specific proteins platelet factor 4 (PF4) and 

P-thromboglobulin (P-TG). A third population of granules (^.-granules) contains 

lysosomal enzymes.
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Platelet membranes are composed of lipids (35%), protein (57%) and 

carbohydrates (8%) distributed among the glycoproteins and glycolipids. The major 

membrane lipids are phospholipids and cholesterol with the former arranged in a 

bilayer, with the polar head groups oriented to the external or internal aqueous 

environment and the long acyl-chains oriented perpendicular to the plane of the 

membrane forming a hydrophobic core. Within the bilayer, the phospholipids are 

arranged asymmetrically. Neutral phospholipids (phosphatidylcholine, sphingomyelin) 

are located predominantly within the outer layer, whereas the anionic phospholipids 

(phosphatidylethanolamine, phosphatidylserine and phosphoinositol) are largely 

contained within the inner layer. Cholesterol is solubilized by the phospholipids and 

modulates the fluidity of the bilayer. About one molecule of cholesterol is present 

for every two molecules of phospholipid. Interspersed within this asymmetric and 

fluid lipid matrix are proteins and glycoproteins, their hydrophobic portions 

interacting with the lipid core and their hydrophillic portions interacting with the 

polar surfaces of the bilayer and with the cell’s aqueous exterior, interior or both. 

Three major groups of glycoproteins have been identified by gel electrophoresis and 

termed glycoproteins I, II and IE. Two dimensional electrophoresis revealed several 

subclasses within these groups. To date specific receptor, transport and enzymic 

functions have been assigned to only a few of these. It is within this framework - 

membrane proteins embedded within a fluid lipid bilayer- that the message of 

vascular damage is received and platelet function initiated.
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2.2. Platelet Aggregation

On activation, platelets undergo an array of dramatic changes such as the 

shape change from discoid cells to spherical spiny cells, the formation of aggregates 

and the secretion of the contents of their secretory granules. The morphological 

changes are accompanied by a number of metabolic changes such as calcium fluxes, 

protein phosphorylations, arachidonate oxygenation, activation of the phosphoinositol 

pathway and an increase in energy metabolism.

Platelet function is controlled and modulated by a number of receptor 

mediated processes (Table 2). All of the activators and inhibitors of platelet 

aggregation act synergistically. Interactions of agonists with their specific surface- 

receptors are coupled to the various platelet responses through a series of 

intracellular second messengers.

Agonist Receptor Receptor Nature of second
subtype density messenger

ADP ?2T 200-500 Ca2+; ?

Adrenaline (V adrenoceptor 200-500 ?

Serotonin 5HT2(S2) < 50 Ca2+; DAG

Vasopressin V, 74-100 Ca2+; DAG

PAF PAFj 300-600 Ca2+; DAG

Thrombin Glycoprotein lb 300-600 Ca2+; DAG

Thromboxane A^GfL, 1700-2000 Ca2+; DAG

Collagen | Glycoprotein la ? /?

Table 2: Platelet receptors and secondary messengers for excitatory agonists 
(receptor density = number of receptors / platelet). DAG = 1,2-diacylglycerol.
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Morphological changes in platelets are best observed by electron microscopic 

studies. Upon stimulation, they change their discoid shape to a sphere with long 

pseudopods. The ’loose’ aggregate which is formed first shows considerable 

extracellular space. The platelets then expel their contents from the dense granules, 

namely serotonin, noradrenaline, ATP, ADP, GTP, GDP, calcium and pyrophosphate. 

At the same time a number of proteins such as PDGF, p-TG, PF4, von Willebrand 

factor, fibrinogen and fibronectin are released from a-granules. As there is no 

evidence of selective release or of appreciably different time courses of release of 

the granule contents, it is assumed that they are released simultaneously, presumably 

as a package. Measurement of 5-HT or the proteins p-TG or PF4 is most often used 

to detect granule secretion. Some of the released substances such as ADP and 5- 

HT further promote platelet activation.

The process of granule release, termed secondary-phase aggregation, is 

accompanied by the synthesis of prostanoids. Second-phase aggregation represents 

the result of platelet regulating processes that were triggered by incomplete 

activation by the initial agonist. During this phase, the ’loose’ aggregate retracts and 

consolidates into a compact aggregate with essentially no extracellular space and 

little demarcation between the individual platelets. At some point in this process the 

contents of lysosome-like granules (^-granules), various acid hydrolase enzymes 

(Holmsen et al, 1968) are released by very strong agonists such as collagen and 

thrombin. The process of formation of a tight aggregate at the site of vascular 

injury represents the primary haemostatic mechanism.
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2.3. Metabolic Changes in Response to Agonists

2.3.1. Arachidonic acid pathway (Figure 3)

The arachidonic acid pathway serves as an important amplifying mechansim 

for strong agonists at low agonist concentration. Platelets contain a large amount of 

arachidonate, which is essentially all esterified to the 2-position of phospholipids 

(Marcus et al, 1969). Upon stimulation arachidonate is released through the action of 

phospholipase (PLA^), and subsequently oxygenated by the two enzymes,
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Figure 3: Arachidonic acid prostaglandin pathway

cyclooxygenase or lipoxygenase. The products of cyclooxygenase-catalyzed 

oxygenation, the cyclic endoperoxides prostaglandin H2 (PG H2) and maybe to a lesser 

extent prostaglandin G2 (PG G2), as well as thromboxane (TXA^) formed through 

the activity of thromboxane synthase from PG Hj, are promoters of platelet
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aggregation. It is the formation of these products and the secretion of platelet products 

that shifts the platelet response from a reversible to an irreversible event. In platelets, 

most of the arachidonic acid released is converted into thromboxane since the 

thromboxane synthase is very active. Furthermore no prostacyclin-synthase activity has 

been detected in platelets, so that prostacyclin (PG the most potent inhibitor of 

platelet aggregation is not formed in platelets.

The mechanisms regulating the release of arachidonic acid from phospholipids 

are very complex. Studies indicate that cytosolic calcium increase, as a consequence 

of the activation of the phosphoinositol pathway (Halenda et al, 1985*; Simon et al, 

1986*) and protein kinase C activation (Halenda et al, 1985*; Touqui et al, 1986*), 

are not the only regulating factors involved (Crouch and Lapetina, 1986*; Pollock et 

al, 1986*; Schafer et al, 1986*). A phospholipase Aj that does not require calcium for 

activity has been isolated from human platelets (Ballou et al, 1986*).

The activation of the arachidonic acid pathway is inhibited by aspirin, a drug 

which irreversibly acetylates the enzyme cyclooxygenase. Cyclooxygenase inhibitors 

prevent the secretory response and inhibit irreversible aggregation induced by ADP 

and low doses of collagen and thrombin pointing towards an important contribution 

of endoperoxides and TXAj in this process. In the past, the formation of 

malondialdehyde (MDA) or TXB2 has been extensively used as an indicator for the 

activity of this pathway.
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2.3.2. Phosphoinositol pathway (Figure 4)

The metabolism of phospholipids plays a crucial role in stimulus-response 

coupling. Phosphatidylinositol (PI) turnover i.e. the hydrolysis of inositol containing

Plasma membrane

PIP2 - P DGPIP

ATP ATP
ADPADP C -kinase

Lithium

Inositol
Endoplasmic reticulum

CDP-DG
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Figure 4: Phosphoinositol pathway

phospholipids by the action of the enzyme phospholipase C (PLC) results in the 

formation of 1,2-diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Michell, 

1975). Both, DAG and 1,4,5-IP3 are thought to have a second messenger function. 

DAG activates protein kinase C (PKC) leading to the phosphorylation of a 40 to 47- 

kDa protein (Kaibuchi et al, 1983*; Lapetina et al, 1985*), termed pleckstrin by Tyers 

(Tyers et al, 1989*), before it is rapidly converted by diacylglycerol kinase to
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phosphatidic acid or to a lesser extent to glycerol by mono- and diglyceride lipases 

(Bishop and Bell, 1986*). The activation of PKC is a positive signal for platelet 

aggregation and secretion, and it suppresses signal transduction between receptor and 

phospholipase C. The suppression is presumably in part mediated by the 

phosphorylation of the inhibitory guanine binding protein (Gj) by PKC, leading to its 

inactivation (Jakobs et al, 1985*). In intact platelets the predominant effects of PKC- 

activation on adenylate cyclase activity are inhibitory (Williams et al, 1987*). The role 

of pleckstrin in stimulus response coupling is not known, although phosphorylation of 

this major substrate of PKC correlates with subsequent secretion of platelet granule 

contents (Haslam and Lynham, 1977*).

In platelets IP3 mobilizes calcium from the dense tubular system and calcium 

influx from the extracellular compartment (Berridge, 1984; Majems et al, 1985). 

Calcium influx accounts for more than 80% of the increase in calcium and serves to 

prolong the response (Jy and Haynes, 1987*). It binds to calmodulin leading to the 

association of the calcium-calmodulin complex with myosin light-chain kinase 

(Dabrowska and Hartshome, 1978*). The enzyme phosphorylates the 20 kDa light 

chain of myosin in two positions. Myosin phosphorylation occurs very rapidly 

preceeding the induction of shape change. It may therefore play a role in the initiation 

of the shape change response (Daniel et al, 1984*). The increase in intracellular 

calcium levels leads to the activation of PLA2 and thus the initiation of the arachidonic 

acid pathway. The synergistic action of DAG and IP3 seems to play a major role in 

stimulus response coupling.
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Platelet agonists:

Pl-hydrolysis is observed in platelets activated by thrombin, PAF, vasopressin 

and stable analogs of prostaglandin endoperoxides (Lapetina, 1983*; MacIntyre et al, 

1985*; Shattil and Brass, 1987*). The amount and nature of Pl-hydrolysis differs for 

different agonists (Broekman et al, 1980; Lapetina et al, 1981; Billah and Lapetina, 

1982; Rittenhouse and Allen, 1982). Controversy exists as regards the ability of ADP 

to stimulate Pl-tumover, but there is evidence that it does not directly activate PLC 

(MacIntyre et al, 1985*; Fischer et al, 1985*), as is the case for adrenaline (MacIntyre 

et al, 1985*; Shattil et al, 1989*). This leads to the interesting conclusion, that 

pathways of platelet activation independent of inositol phospholipid hydrolysis exist. 

In the following text, some considerations as regards the mechanism of action of the 

agonists used in this thesis to induce platelet aggregation, namely adrenaline, ADP and 

collagen, is given. For more detailed information the reader is referred to the excellent 

review by Siess (Siess, 1989*).

Adrenaline: Despite of the lack of involvement of Pl-hydrolysis and the weak 

and/or inconsistent response of washed platelets following the exposure to adrenaline 

and serotonin, there is now reasonable evidence to conclude that platelet aggregation 

is a direct consequence of occupancy of the specific plasma membrane receptors by 

these agonists (Petty and Scrutton, 1989*; Shattil et al, 1989*). The c^-adrenergic 

receptor on the platelet is coupled to at least one membrane bound G-protein (G,) 

(Kerry and Scrutton, 1985*). The exposure of fibrinogen receptors involves the plasma 

membrane glycoprotein Db-IIIa complex and thus it is conceivable, that this occurs 

through the action of a G-protein which is coupled to the (Xj-adrenergic receptor as 

well as the Hb-IIIa complex (Shattil et al, 1989*). In addition, adrenaline inhibits
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adenylate cyclase and hence prevents or reverses an increase in intracellular cAMP 

induced by an inhibitory agonist such as prostaglandin It also acts to increase Ca2+- 

influx and intracellular Ca2+ mobilization induced by other agonists (Thompson et al, 

1986*), but the relationship of this phenomena to responses induced by adrenaline in 

the absence of other agonists is unclear. In contrast to other agonists, shape change 

in the initial phase of the response is not observed with adrenaline.

ADP: Like adrenaline, ADP does not seem to directly stimulate PLC-activity. 

However, it stimulates the entry of extracellular Ca2+-ions (Hallam and Rink, 1985*), 

and like adrenaline it may enhance Na+/H+ exchange (Sweatt et al, 1986*) and inhibit 

adenylate-cyclase in intact platelets (Haslam, 1973*). The effects of ADP on adenylate 

cyclase and the induction of the physiological response seem to be independent, 

unrelated events (Stormorken et al, 1987*). Overall the data obtained fit best into a 

model of ADP binding to two different sites on one receptor. Theses two sites are 

coupled to adenylate cyclase inhibition and shape change-aggregation respectively, and 

have similar affinities to ADP, but not to some analogs (2-azido-ADP, 2-methylthio- 

ADP. Adrenaline increases the affinity of ADP for its receptor 10-fold without 

affecting receptor number (Figures et al, 1986*).

Collagen: Four types of fibrillar collagen, which are all found in the 

subendothelial region of the arterial wall, can induce platelet aggregation: the 

interstitial collagen types I and II and the basement membrane types IV and V. In 

contrast only types I, HI and IV collagen support platelet adhesion. Glycoprotein lib 

has been implicated as the collagen receptor but experimental evidence is weak. More 

recently the deficiency of glycoprotein la was found to be associated with a decreased 

platelet adhesion to subendothelium and studies with monoclonal antibodies against
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glycoprotein la showed an impairment of the collagen-induced platelet response, 

indicating that glycoprotein la might bind to collagen. High concentrations of collagen 

directly induce inositol phospholipid hydrolysis by phospholipase C that is associated 

with secretion, while at low concentrations, Pl-hydrolysis during secretion is partly or 

entirely due to the formation of endoperoxides and thromboxane (Watson et al, 

1985*). Strong agonists like collagen can induce platelet secretion independently of 

extracellular Ca2+ and in the absence of aggregation (Siess and Lapetina, 1988*).

2.3.3. Other mechanisms

Proteolytic enzymes play crucial roles in the regulation of many biological 

processes, usually by a mechanism that involves activation of a zymogen. Protease 

inhibitors can inhibit platelet activation induced by a variety of agonists (Henson et 

al, 1976; Aoki et al, 1978). It will be necessary to demonstrate a stimulus-activated 

protease, before these observations have much impact on the conventional thinking 

about stimulus-response coupling in platelets.

Phospholipid methylation has been shown to play an important role in receptor- 

mediated signal transduction in many cells (Hirata and Axelrod, 1980). Although 

platelets contain the necessary enzymes for phospholipid methylation (Hotchkiss et al, 

1981; Shattil et al, 1981), the inhibition of these enzymes does not affect platelet 

activation (Hotchkiss et al, 1981; Randon et al 1981; Shattil et al, 1982; Lecompte et 

al, 1982), suggesting that this process is either less involved or not involved at all in 

signal transduction in platelets.

Changes in membrane structure such as the change in the membrane 

cholesterol/phospholipid ratio observed after incubating platelets with cholesterol and
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lecithin, results in increased membrane viscosity and enhanced platelet response to 

agonists (Shattil et al, 1975; Kramer et al, 1982; Tandon et al, 1983). These 

observations may have very important implications to the pathological implications of 

hypercholesterolemia.

Changes in intracellular pH : (Figure 5) Control of cytoplasmic pH (pHj) by 

a Na+/H+-antiport appears to be a general property of most eucaryotic cells. In human 

platelets, activation of the Na+/H+-exchanger enhances Ca2+ mobilization and 

aggregation induced by low concentrations of thrombin (Siffert and Akkerman, 1988; 

Ghigo et al, 1988; Kitagawa et al, 1989). DAG formation following PLC-catalysed 

hydrolysis of PI activates PKC which by enhancing Na+/H+-exchange results in 

alkalinization of the cytosol. This increase in pHj facilitates the nyinduced 

mobilization of Ca2+ and enhances Ca2+-influx from the extracellular medium. The rise 

in cytosolic Ca2+ then activates PLAj which through the formation of prostaglandin 

endoperoxides and TXA2 further enhances signal generation.

In contrast, epinephrine directly activates the Na+/H+-exchanger in a process 

that depends on extracellular fibrinogen and the glycoprotein Db/HIa complex 

(fibrinogen binding site). The increase in cytosolic pH, in combination with a small 

Ca2+-mobilization activates PLA^ TXA^ formed in this process, in a secondary 

response activates PLC, resulting in the formation of inositolphosphates.

ADP induces Ca2+-mobilization independent of prostaglandin endoperoxide / 

TXAj-formation (Papadimitriou et al, 1984), but activates PLAj via activation of the 

exchanger (Banga et al, 1986; Sweatt et al, 1986).

Neither, PKC nor elevated pHj alone can trigger Ca2+-mobilization and the 

importance of this process therefore appears to reside in enhancing signal processing
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Figure 5: Role of protein kinase C and the Na+/H+-exchanger in Ca2+-mobilisation. 
Platelet activation results in the generation of inositol 1,4,5-trisphosphate (IP3) and 1,2- 
diacylglycerol (DAG).

by agonists, provided that the stimulation is weak. Although strong activation of 

platelets induces strong activation of PKC and Na+/H+-exchange, the contribution of 

of the increase in pHj to the overall response of platelets becomes less important under 

these conditions. The importance of the Na+/H+-exchanger in the process of platelet 

activation has been challenged by Zavoico and Cragoe (1988), who found that the 

increase in [Ca2+]i had peaked three seconds before the alkalinization response was 

detected. To solve this controversy further experiments will be needed.
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2.4. Inhibition of Platelet Aggregation

Inhibition of platelet aggregation is mediated by four classes of surface 

receptors. The most potent inhibitor is clearly PG Lj (Moncada et al, 1976; Siegl et al, 

1979, Miller and Gorman, 1979), which is mainly synthetised by endothelial cells and 

is thought to enhance the antiadhesive and antiaggregatory properties of endothelial 

cells for platelets (Gryglewski et al, 1976; Moncada et al, 1977a). Both E- 

prostaglandins (Et, E2) inhibit platelet aggregation through this receptor, but they are 

about ten to thirty times less potent than PG (Kloeze 1967; Gorman et al, 1977).

The second class consists of prostaglandin D2 (PG D2) (Mills and Macfarlane, 

1974) which has been shown to have its own receptor (Miller and Gorman, 1979). PG 

C>2 is about ten times less potent than PG \  as an inhibitor of platelet aggregation.

The remaining two classes consist of P2-adrenoceptors and adenosine A^ 

receptors. Despite all inhibitors of platelet aggregation having their own specific 

surface receptors, the post-receptor events are probably shared. All inhibitory receptors 

are coupled through the stimulatory guanine binding protein Gs to the enzyme 

adenylate cyclase. Cuatrecasas proposed the theory, that several receptors floating in 

the cell membrane might all interact with a single adenylate cyclase (Cuatrecasas, 

1974). Activation of the adenylate cyclase results in an increase in intracellular cAMP 

levels, which leads to the activation of cAMP-dependent protein kinases that 

phosphorylate proteins with molecular masses of 22, 24, 50 and >400 kDa.

cAMP dependent processes inhibit the intracellular rise of Ca2+ that would 

normally occur in response to platelet stimulation (Rink et al, 1983; Feinstein et al, 

1983; Yamanishi et al, 1983). In permeabilized platelets cAMP was shown to inhibit 

IP3-induced Ca2+-release (Moos and Goldberg, 1988*). This effect seems to be
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modulatory rather than an absolute blockade, since high concentrations of IP3 could 

overcome the inhibition of Ca2+-release.

It was also suggested that cAMP may stimulate resequestration of Ca2+ into the 

dense tubular system (Feinstein et al, 1983; Yamanishi et al, 1983). On the contrary, 

no stimulatory effect of cAMP on 45Ca2+-uptake was observed in permeabilized 

platelets (Moos and Goldberg, 1988*), and therefore this issue remains controversial. 

A 22 kDa polypeptide might be involved in the stimulation of calcium resequestration, 

whereas the 24 kDa polypeptide (glycoprotein Ibp) is important for the binding of 

thrombin and essential for the binding of vWF to platelets (Fox et al, 1987*).

The inhibition of agonist induced phosphoinositide hydrolysis by dibutyryl 

cAMP was demonstrated (Rittenhouse, 1979; Billah et al, 1979). It was postulated that 

cAMP enhances the GTPase activity of the Np protein thereby diminishing the 

efficiency of the receptor-PLC coupling due to a decrease in the lifetime of the Np- 

GTP complex (Knight and Scrutton, 1986*/1987*; Haslam, 1987*). Similarly the 

inhibition of PLA^-activity, and thus the arachidonic-acid prostaglandin pathway by 

cAMP was reported (Lapetina et al, 1977; Minkes et al, 1977).

More recently it was discovered that endothelial cells produce endothelial- 

derived relaxing factor (EDRF), which causes vasodilation and is a powerful inhibitor 

of platelet aggregation (Azuma et al, 1986*; Furlong et al, 1987*; Busse et al, 1987*). 

Nitric oxide, derived from arginine is now thought to be the active principle of EDRF 

(Palmer et al, 1987; Ignarro, 1989*). Nitrovasodilators are believed to exert their 

inhibitory effects on platelet aggregation via the release of EDRF, which stimulates 

the formation of cyclic GMP (cGMP) by soluble guanylate cyclase resulting in an 

increase of intracellular cGMP (Waldman and Murad, 1987*). cGMP is assumed to
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mediate its vasodilatory effects by stimulating the phosphorylation of critical protein 

substrates by cGMP-dependent protein kinase (Waldman and Murad, 1987*). A similar 

mechanism was proposed in platelets, where cGMP-dependent phosphorylation of 

specific but as yet unidentified proteins was described (Haslam et al, 1980*; Waldman 

et al, 1986*). However, some studies have demonstrated small increases in cAMP 

levels in human platelets following incubation with nitrovasodilators (Nishikawa et al, 

1985*; Hawkins et al, 1988*) and it was suggested, that this at most 3 fold increase 

in cAMP contributes to the inhibitory effects of these drugs on platelet aggregation 

(Haslam and Davidson, 1982*). There is evidence that the synergism observed 

between the action of cAMP and cGMP on platelet function might be the result of the 

inhibitory effect of cGMP on cAMP-phosphodiesterase and therefore cAMP 

breakdown (Maurice and Haslam, 1987*; 1990*).

In platelets, the observed synergism between activators of adenylate cyclase (PG I^ 

adenosine) and activators of guanylate cyclase (EDRF) might be an important 

physiological mechanism limiting the growth of haemostatic plugs. This could be of 

particular importance during ischemia and in cases of total arterial occlusion as 

observed during myocardial infarction when adenosine formation is high (Rubio et al, 

1974; Beme and Rubio, 1974b).
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2.5. Role of Platelets in Atherogenesis and Atherosclerosis

Occlusive arterial disease remains the leading cause of death in the Western 

world. Arterial narrowing begins in childhood (Holman et al, 1958) and progresses 

throughout life leading to the final catastrophic event - cerebral or myocardial 

thrombosis. The principal cellular participants in these interactive processes include 

blood platelets, monocytes and macrophages, vascular smooth muscle cells and 

endothelium (Niewiarowski and Rao, 1983). Furthermore, recent clinical and 

experimental studies have firmly established that elevated plasma LDL- 

concentrations are associated with accelerated atherogenesis (Tyroler, 1987; 

Goldstein and Brown, 1977; Steinberg, 1983).

Hypercholesterolaemia leads to the deposition of cholesterol in the 

subendothelial space. Macroscopically the fatty streak represents the first ubiquitous 

lesion of atherosclerosis found already in children. It is a flat lipid-rich lesion 

consisting mainly of macrophages and some smooth muscle cells (McGill, 1968). 

The fibrous plaque is a more advanced lesion made up of increased intimal smooth- 

muscle cells surrounded by connective-tissue matrix and containing variable amounts 

of intracellular lipid. At the arterial lumen, this lesion is usually covered by a dense 

fibrous cap of smooth muscle and connective tissue. Fatty streaks in children and 

young adults are often found at the same anatomical sites as the predominantly 

smooth-muscle-rich fibrous plaques at older ages, suggesting that the fatty streak 

precedes the formation of the more advanced lesions (McGill, 1984). The fibrous 

cap contains multiple layers of a special form of smooth-muscle cell. Beneath it, 

the lesions are highly cellular containing macrophages and smooth muscle cells, 

which may contain lipid droplets surrounded by connective tissue. Beneath this 

cell-rich region an area of necrotic debris, cholesterol crystals and calcification may
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be found. It is difficult to establish the relative composition of advanced lesions, 

because macrophages and smooth-muscle cells become sufficiently distorted making 

it impossible to determine the cell type.

Much of our understanding about the processes involved in the development 

of atherosclerotic lesions stems from animal work and tissue culture techniques. The 

models most relevant to human disease include hypercholesterolaemic nonhuman 

primates and swine, and the WHHL (Watanabe heritable hyperlipidaemic) rabbit. 

Faggiotto et al induced chronic dietary hypercholesterolaemia in pigtail monkeys 

(Faggiotto et al, 1984a/b), describing the month-by-month changes in the artery wall 

of the aorta and iliac arteries for a period of up to 13 months. Plasma cholesterol 

ranged between 13 to 26 mmol per liter, representing the level found in 

homozygous familial hypercholesterolaemia. Within 12 days of the initiation of the 

high fat, high-cholesterol diet, clusters of leukocytes - mainly monocytes - were 

found to be attached to the surface of the arterial endothelium at apparently random 

sites. Many of theses monocytes were found in the junctional areas between 

endothelial cells, migrating subendothelially. Within the arterial wall the monocyte 

undergoes phenotypic modification and the resulting macrophage takes upon the 

task to remove LDL.

The infiltration of monocytes into the subendothelial space may be triggered

by oxidatively modified LDL which has been shown to be a potent chemoattractant

for circulating human monocytes (Quinn et al 1987). Palinski et al (1989) have

shown that oxidized LDL is present in aortic lesions. Although oxidatively modified

LDL is a chemoattractant for the monocyte it is at the same time a potent inhibitor

of the motility of the resident macrophage (Quinn et al, 1987), thus preventing the 
from

macrophages v  reentering the blood-stream. Additionally, oxidized LDL is cytotoxic
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(Morel et al, 1984; Hessler et al, 1979; Henriksen, 1979/1982). Although frank 

denudation of the endothelium does not seem to occur before the development of 

the fatty streak (Davies et al, 1976), it is conceivable, that it induces functional 

changes in endothelial cells that favour the penetration of circulating monocytes or 

the movement of LDL into the subendothelial space. In established fatty streaks, 

loss of endothelial cells from the surface of fatty streaks has been observed by 

Gerrity (1981) and Faggiotto et al (1984), and this could be the result of 

cytotoxicity of oxidized LDL. Oxidation of LDL probably occurs only within the 

artery wall and not in the circulation, since plasma has antioxidant properties. 

However, the LDL molecule in the subendothelial space may find itself trapped 

from time to time in a space between cells where antioxidant levels are low. 

Support for the pathogenic role of oxidized LDL came from a study by Carew et 

al (1987). The treatment of LDL-receptor-deficient rabbits with the potent 

antioxidant probucol decreased the rate of uptake of LDL into macrophages and 

delayed the development of the fatty streak lesion. The treatment of a control group 

of rabbits with lovastatin, another lipid lowering drug without anti-oxidant properties 

did not show any effect on the progression of atherosclerotic lesions.

Resident macrophages express the acetyl LDL-receptor (scavenger-receptor), 

which recognizes oxidized LDL. The presence of such a receptor had been 

postulated originally by Goldstein et al (1979), who found that the incubation of 

macrophages with high LDL-levels did not produce foam-cells and led to the 

downregulation of LDL-receptors. Since foam cells do obviously develop in the 

arterial wall, they sought to determine whether some post secretory modification of 

the LDL-particle could alter its behaviour with regard to its interaction with 

monocyte/macrophages. They found that if LDL was modified in vitro by chemical
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acetylation prior to the incubation with monocytes/macrophages then foam cells 

were formed (Goldstein et al, 1979). The acetyl LDL receptor has been found on 

monocytes/macrophages, Kupfer cells and endothelial cells (Kodama et al, 1990). 

Oxidized LDL like acetylated LDL is taken up by the ’scavenger’ receptor more 

rapidly than native LDL (Clevidence, 1984; Henriksen et al, 1983), turning the 

macrophages into foam cells. At this stage, macrophages might injure neighbouring 

cells by forming and releasing toxic substances including superoxide anions and 

lysosomal hydrolases. Macrophages are also capable of synthesising and releasing growth 

factors specific for different target cells: platelet derived growth factor, for 

connective-tissue cells such as smooth muscle cells and fibroblasts; fibroblast growth 

factor for vascular endothelial cells; and epidermal growth factor for epithelial cells.

In Faggiotto's experiment on the pig-tail monkey, endothelial cells appeared 

to separate over fatty streaks located principally at branches and bifurcations. In 

many instances the cells retracted to such an extent, that the fatty streak with its 

macrophages and the underlying connective tissue were exposed to the circulation, 

providing the opportunity for platelet adherence, aggregation, and mural thrombosis. 

Endothelial cells normally prevent adherence because of the nonthrombotic character 

of their surface and their capacity to form antithrombotic substances such as PG I2 

and heparin. Ardlie et al (1989) found that oxidized LDL is capable of activating 

platelets. Platelets adhere at the site of injury, aggregate and release the two growth 

factors PDGF (Ross et al, 1974; Heldin et al, 1989; Deuel et al, 1981; Antoniades,

1981) and EGF (Oka and Orth, 1983; Bowen-Pope and Ross, 1983). PDGF may be 

of particular importance in atherogenesis, because it is chemotactic (Grotendorst et 

al, 1982; Deuel et al, 1981) and mitogenic (Ross et al, 1974; Heldin et al, 1979;

Deuel et al, 1981; Antoniades, 1981) and thus can induce both smooth muscle cell
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migration and proliferation. It is this release of growth factors from platelets and 

macrophages which is thought to lead to the formation of an advanced proliferative 

lesion. The platelet products 5-HT and thromboxane A2 released upon activation are 

cytotoxic to endothelial cells (Kishi and Numano, 1989).

Acute thrombotic occlusion of stenotic atherosclerotic coronary or (cerebral 

arteries presents either as acute ischemia or infarction. Thrombogenesis involves 

endothelial injury or the Assuring of an atheromatous plaque, platelet adherence, 

aggregation and release of the contents of a- and 8-granules and thrombin 

generation and fibrin formation. Platelet adhesion involves the interaction of the 

platelet membrane glycoprotein GPn,, subendothelial collagen and plasma proteins, 

mainly von Willebrand Factor. Adhered platelets initiate platelet aggregation 

involving the release of dense granule ADP, 5-HT and catecholamines, the release 

of a-granule contents PF4, p-TG, EGF and PDGF and the activation of the platelet 

membrane phospholipases A2 and C. Platelet aggregation requires the rapid 

expression of the platelet membrane complex GPm/GPni., which functions as 

fibrinogen receptors (Bennett and Vilaire, 1979; Marguerie and Plow, 1981). Platelet 

aggregates are formed through calcium dependent interplatelet bridging by 

fibrinogen. Thrombin cleavage of fibrinogen induces fibrin formation which is 

required to stabilize the thrombus. An occlusive thrombus can be demonstrated by 

coronary arteriography in 90% of patients with transmural infarction in the first 2 

hours following the onset of the symptoms (DeWood et al, 1980). Angiographic 

studies indicate that acute stroke is generally caused by occlusion of the appropriate 

subtending cerebral artery with thrombotic material superimposed on atherosclerotic 

tissue (Solis et al, 1977). Thrombotic and thromboembolic complications are also 

common in aortic aneurysms and atherosclerotic peripheral arterial disease
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(Thompson and Harker, 1983).

2.5.1. Familial hypercholesterolaemia

FH was first described in 1938 by Carl Muller as an ’inborn error of 

metabolism’ that produced high blood cholesterol and myocardial infarction in 

young people (Muller, 1938). He concluded that FH is transmitted as a single gene- 

determined autosomal dominant trait. Around 1970 it was recognised that FH exists 

in two forms: the less severe heterozygous form and the more severe homozygous 

form (Khachadurian, 1964; Havel and Kane, 1989). FH-heterozygotes, who carry a 

single copy of a mutant LDL-receptor gene, are quite common with an incidence 

of 1 in 500 persons throughout the world (Goldstein and Brown, 1989). Clinically 

they present with a twofold increase in plasma LDL and begin to have heart attacks 

at 30 to 40 years of age. The incidence of FH-homozygotes is only about 1 in a 

million. They have six to ten times the normal plasma LDL-concentrations from the 

time of birth and often suffer from heart attacks in childhood (Khachadurian, 1964; 

Goldstein and Brown, 1989). Excess plasma cholesterol is mainly removed through 

a receptor mediated process by the liver which accounts for 60-70% of the LDL 

removed from the circulation (Brown and Goldstein, 1986). LDL-receptors are 

synthesized in the rough endoplasmic reticulum, travel to the Golgi complex and 

then to random sites on the cell surface (Brown et al 1983). Within minutes they 

bind LDL and cluster with other receptors in clathrin coated pits. After 

internalization of the LDL-receptor complexes in coated vesicles they shed their 

clathrin coats and fuse with one another to form larger vesicles, called endosomes. 

The pH of the endosome falls below 6.5 because of the operation of ATP driven 

proton pumps in the membrane. At this acid pH, the LDL dissociates from the
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receptor, the latter returning to the surface by clustering with other receptors in a 

segment of the endosomal membrane. Each LDL-receptor makes one round trip 

every 10 minutes in continuing fashion whether or not it is occupied with LDL 

during its 30 hour lifespan. The LDL that dissociates from the receptor is delivered 

to a lysosome. There the protein component of LDL is hydrolyzed to amino acids 

and the cholesteryl esters are hydrolyzed by an acid lipase, liberating cholesterol. 

The resulting accumulation of free cholesterol has important effects on cellular 

cholesterol metabolism. Firstly it inhibits HMG-CoA reductase, the rate determining 

enzyme in cholesterol metabolism, and secondly it activates acyl CoA cholesterol 

acyl transferase, thus facilitating its own re-esterification. Furthermore, as the 

cellular cholesterol content increases and the needs of the cell for cholesterol are 

reduced, the expression of cell surface LDL-receptors is reduced (Brown and 

Goldstein, 1986).

At least 25 different mutations can be distinguished by structural criteria in 

homozygous FH patients, and these can be separated into four classes (Brown and 

Goldstein, 1986).

Class 1 mutations: no receptor synthesis: This is the most common class of mutant 

alleles, accounting for approximately half of the mutations.

Class 2 mutations: slow transport from the ER to the Golgi complex: This is the 

second most common class. The intact receptors do not appear on the surface of 

the cell; they seem to remain in the ER until they are eventually degraded.

Class 3 mutations: failure to bind LDL normally: Although the receptors are 

synthesized with a normal molecular weight and processed normally in the Golgy 

complex, they show a markedly reduced ability to bind LDL.
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Class 4 mutations: failure o f receptor to cluster in coated pits: All receptors who 

fail to cluster in coated pits seem to show alterations in the cytoplasmic tail of the 

receptor.

7.5.2. Platelet function in hypercholesterolaemia

In vitro platelet aggregation studies in patients with FH show increased 

aggregation in response to adrenaline, collagen and ADP (Nordoy and Rodset, 1971; 

Carvalho et al, 1974; Tremoli et al, 1984). Additionally, in a healthy male 

population, total LDL-cholesterol concentrations appear to influence platelet 

sensitivity to adrenaline and ADP (Hassall et al, 1983). FH-patients showed higher 

levels of the platelet specific proteins (3-TG and PF4 (Zahavi et al, 1981) and 

increased activity of the arachidonic acid-prostaglandin pathway was demonstrated 

by measuring malondialdehyde (Zahavi et al, 1981) and thromboxane B2 formation 

(Tremoli et a l , 1979; 1984; Strano et al, 1982). Platelets from hypercholesterolaemic 

patients were found to have a higher cholesterolrphospholipid ratio (Shattil et al, 

1977) and free cholesterol (Miettinen, 1974). The increase in cholesterol- 

phospholipid ratio was shown to increase the platelet sensitivity to thrombin and 

increase the liberation of arachidonic acid (Womer and Patscheke, 1980). Shattil et 

al (1975) incubated normal platelets with ’cholesterol-rich’ liposomes which led to 

a substantial increase in platelet membrane content, and enhanced sensitivity to 

adrenaline and ADP, whereas cholesterol depletion of platelets resulted in reduced 

sensitivity to aggregating agents. It was later shown, that incubation of platelets with 

liposomes leads to an increase in the membrane microviscosity (Shattil and Cooper, 

1976; Ardlie et al, 1989).

In addition to the influence of lipids mediated by membrane composition



53

changes, there is now evidence, that LDL has direct effects on platelet function 

which could be mediated by a saturable binding site resembling the LDL-receptor 

described by Koller et al (1982) and Aviram and Brook (1983). Recently it was 

demonstrated that LDL are able to mobilize arachidonic acid from membrane 

phospholipid (Andrews et al, 1987) and increase phosphoinositol turnover (Dunn et 

al, 1988). Oxidatively modified LDL was shown to be able to induce platelet 

aggregation (Ardlie et al, 1989). However, more recent results suggest that the 

activation of platelets by LDL observed in these experiments was due to the 

contamination of the LDL preparations with the anti-oxidant thimerosal (Hecker et 

al, 1989) and that only oxidatively modified LDL is capable of activating platelets 

(Schachter et al, 1990).

HDL exerts an inhibitory effect on platelet aggregation induced by thrombin 

and collagen (Aviram and Brook, 1983; Colli et al, 1985; Desai et al, 1986). The 

inhibitory effect of HDL seems to be mediated by the HDL2-fraction of HDL 

(Owen et al, 1985). In addition to an increase in platelet sensitivity to agonists, a 

decrease in platelet sensitivity to the inhibitory effect of PG I2 was reported (Colli 

et al, 1983). Hypercholesterolaemic platelets seem to have an impaired ability to 

accumulate cyclic AMP when challenged with PG I2 and PG D2 and PG Ex 

(Jakubowski et al, 1980).

Overall, the changes in platelet responses observed in FH tend to favour the 

development of premature atherosclerosis in these patients.
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2.5.3. Diabetes

Knowledge of diabetes probably dates back as far as ca. 1500 B.C., where 

Egyptian Papyrus Ebers describe ’an illness associated with the passage of much 

urine’. The first complete description of the disease stems from the Greek physician 

Aretaeus of Cappadocia (ca. 250 A.D.) who named it diabetes (a siphon). He 

described it as ’a melting down of the flesh and limbs into urine’. In 1674 Willis 

added the term mellitus (= honey) to account for the sweetness and stickiness of 

the urine. Only within the past century an association between diabetes and the 

disturbance in the p-cells of the pancreas contained within the islets of Langerhans 

was established. The discovery and extraction of the hormone insulin by Banting 

and Best in Toronto was a major step forward, leading to the first therapy for the 

disease.

Committees in the United States and Europe suggested the division of 

diabetes into two major subgroups: insulin-dependent diabetes mellitus (IDDM, Type 

I) for the juvenile-onset type and noninsulin-dependent diabetes mellitus (NIDDM, 

Type II) for maturity-onset type.

In IDDM there is a correlation with inherited histocompatibility antigen types 

encoded on chromosome 6 and with various degrees of both serologic and cell- 

mediated autoimmunity. Viral inflammation at or near the time of onset has also 

been indicated in its pathogenesis. This type almost always ends in total insulin 

deficiency. In IDDM progressive decrease in the number of P-cells and in their 

insulin content is noted and in most cases the cells are surrounded by lymphocytic 

inflammatory cells. In later stages few, grossly disarrayed or no beta-cells are found 

and sometimes amyloid deposition or fibrosis is seen.

NIDDM has no correlation with histocompatibility genes, viruses or
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autoimmunity, and usually has some remaining beta cell function, often requiring 

but not depending on insulin. The finding that normal or even increased levels of 

insulin are measured in NIDDM caused initial perplexion. The discovery of the 

association of NIDDM with ovemutrition, obesity and inactivity, factors leading to 

insulin-resistance, at least partly explained this finding. It is thought that these 

factors cause a need for higher insulin levels to control metabolism causing down- 

regulation of insulin receptors. Increased plasma glucagon and growth-hormone 

levels have been measured, probably representing a secondary defect

Diabetics are two times more prone to heart attack, five times more prone 

to gangrene, 17 times more prone to kidney failure, and 25 times more prone to 

blindness than nondiabetics (Crofford et al, 1976). Generalized atherosclerosis 

proceeds at a more rapid rate in diabetics than in normal individuals. A specific 

form of microvascular disease generally proceeds as a function of the duration of 

insulin-dependent diabetes.

Diabetic retinopathy is the most common cause of blindness in adults 

between 30 years and 65 years of age in developed countries. The earliest clinically 

recognizable lesions are microaneuysms. They may arise anywhere in the retina, but 

are usually first seen in the macular area. Microaneurysms are always associated 

with capillary non-perfusion, but can at least in early stages only be identified by 

fluorescein angiograms. Blot haemorrhages are the next feature to appear. Clusters 

of large blot haemorrhages are indicative of ischemia and are therefore classified 

as pre-proliferative lesions. Hard exudates, frequently seen between the superior and 

inferior temporal vessels represent the next stage indicating invariably leakage. 

Venous beading, loops and reduplication are prognostically important preproliferative 

lesions. They are usually associated with intra-retinal microvascular abnormalities
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(IRMA) and cotton wool spots. Cotton wool spots indicate interruption of 

axoplasmic transport which is commonly found along with occlusion of arterioles 

and venules (Kohner et al, 1969). All the lesions decribed so far represent non

proliferative or background lesions causing only visual loss if the fovea is involved 

in a haemorrhage or more commonly in macular oedema. Visual outcome is 

determined by the appearance of proliferative lesions. New vessels arise from the 

retinal vessels, primarily veins, and from the optic disk. They invariably indicate the 

presence of large areas of non-perfusion.

The first histological changes, basement membrane thickening, affects all 

capillary beds. Already in early diabetes there is an imbalance between the two 

cell types composing the capillary wall, the pericytes and the endothelial cells 

(Cogan et al, 1961). Microaneurysms do only form after the occlusion of 

capillaries. Endothelial abnormalities (Porta et al, 1982; Harrison et al„ 1978; Aimer 

et al, 1975) and increased platelet aggregation (Colwell, 1983) may lead to capillary 

occlusion. Endothelial cells die and capillaries are lined by empty basement 

membrane tubes. Platelet abnormalities are probably only secondary, developing 

after the defect in the endothelial lining has occurred. Damage to the capillary wall 

is probably caused by the hyperglycaemia and might be caused by the activation 

of the polyol pathway in the pericytes. Whether this pathway is also of importance 

in endothelial cells is not known. Prolonged hyperglycaemia results in the 

accumulation of sorbitol, and this in itself can be damaging to pericytes. (Maybe 

some associated phenomenon such as the reduction in myo-inositol levels or Na/K- 

ATPase activity contributes to the damage. Reduced levels of these for normal 

neuronal function important substances have been demonstrated, and they can be 

corrected with aldose reductase inhibitors (McGregor and Matschinsky, 1985). Focal
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multiplication of endothelial cells forming microaneurysms following the loss of 

pericytes has been demonstrated. Pericytes seem to exert a controlling influence on 

endothelial cells (Orlidge and D ’Amore, 1987).

2.5.4. Platelet function in diabetes

One of the crucial questions as to the role of platelets in the process of 

atherosclerosis in diabetes is the question whether abnormal platelet function 

precedes the development of vascular disease, whether it is the result of established 

vascular disease or whether it bears no relationship to it.

a. Platelet adhesion in diabetes:

In a number of studies, platelet adhesion has been found to be enhanced in 

EDDM and NIDDM, mainly through the use of in vitro tests of platelet retention 

by glass beads in patients with (Valdorf-Hansen, 1967; Badawi et al, 1970; Mayne 

et al, 1970; Hellem, 1971; Fuller et al, 1979; Sharma, 1981) and without vascular 

disease (Shaw et al, 1967; Hellem et al, 1971; Fuller et al, 1979; Sharma, 1981). 

However Heath et al (1971) were unable to demonstrate increased adhesion in a 

group of diabetics with retinopathy. Increased plasma concentrations of von 

Willebrand Factor (vWF) have been reported in human diabetes in no less than 

eighteen papers (Mayne et al, 1970; Bensoussan et al, 1979; Colwell et al, 1976; 

Porta, 1982; Borkenstein and Muntean, 1982). Since vWF is involved in platelet 

adherence to the subendothelium in areas of high shear, the increased concentrations 

may contribute to the increased platelet adhesion to the vessel wall in diabetics. 

Another important adhesive protein, fibrinogen, has also been found in increased 

concentrations (Mayne et al, 1970; Brooks et al, 1983).
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b. Platelet aggregation in diabetes:

Studies of in vitro platelet aggregation are difficult to interpret, because of 

imprecise definition of the diabetic populations studied with regard to the presence 

or absence of vascular disease. If enhanced platelet aggregation were to contribute 

to the pathogenesis of diabetic vascular disease, then evidence of it should be 

present before the development of vascular disease, which itself can lead to changes 

in platelet behaviour (Ludlam et al, 1975; Handin et al, 1978; Celia et al, 1979; 

Stewart et al, 1983; Zahavi and Zahavi, 1985). The majority of reports from studies 

carried out in diabetics without vascular complications have found increased 

aggregation to various agonists, particularly ADP and collagen (Sagel et al, 1975; 

Colwell et al, 1976; Halushka et al, 1977; 1981a; Stuart et al, 1979; Silberbauer et 

al, 1981; Janka et al, 1983). Two studies have failed to demonstrate increased 

aggregation (Petersen and Gormsen, 1978; Corbella et al, 1979). In a group of 

patients with retinopathy, specific fibrinogen binding to washed platelets was found 

to be increased (Lee et al, 1981).

Most of the studies measuring plasma levels of the specific platelet protein 

P-TG in diabetics with and without vascular disease found it to be increased 

(Burrows et al, 1978, Preston et al, 1978; Matthews et al, 1979; Borsey et al, 1980; 

Betteridge et al, 1981; Davi et al, 1982), but not all studies agree (Campbell et al, 

1977; Fritschi et al, 1984; Knapp and Fitzgerald, 1984). The interpretation of these 

findings is difficult since it is not clear whether raised p-TG levels truly reflect in 

vivo platelet activation and increased release, or whether they represent increased 

platelet content of diabetic platelets. However, the finding, that platelet survival 

measured in vivo with radiolabelled platelets shows shortened platelet survival
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(Abrahamsen, 1968; Dassin et al, 1978; Jones et al, 1981; Winocour et al, 1982) 

would support the idea, that plasma p-TG levels indicate increased platelet 

activation and turnover.

Further support comes from direct measurements of products of the 

arachidonic acid pathway. Halushka et al (1977) found increased formation of PG 

E by diabetic platelets when challenged with ADP, adrenaline, collagen or 

arachidonic acid. Chase et al (1979) later reported increased serum levels of PG E2 

and PG in diabetic children. The plasma levels of malondialdehyde, the stable 

product of endoperoxide conversion to TXA2, were reported to be raised in diabetics 

(Stuart et al, 1979; Betteridge et al, 1981). Several groups have investigated the 

platelet synthesis of TXA2 in patients with diabetes (Butkus et al, 1980; Halushka 

et al, 1981a/b; Ziboh et al, 1979) and found it to be increased. In his detailed 

kinetic assessment of TXA2-production after stimulation with arachidonic acid, 

Halushka (1981a/b) found increased synthesis in diabetic subjects even in the 

absence of vascular complications. Moreover, increased platelet thromboxane 

receptor sensitivity was found in diabetic patients with proliferative retinopathy 

(Collier et al, 1986).

It remains to be determined which of the metabolic abnormalities of diabetes 

mellitus are important in relation to the observed alterations in platelet function. 

An obvious candidate would be hyperglycaemia acting through the modification of 

platelet proteins by glycosylation. Although some degree of correlation between 

platelet function and glycaemic control (assessed by blood glucose or glycosylated 

haemoglobin) was found by some authors (Peterson et al, 1977; Halushka et al, 

1981a/b; Dettori et al, 1983) this has not been a universal finding (Burrows et al, 

1978; Mathews et al, 1979; Betteridge et al, 1981; Davi et al, 1982; Yatscoff et al,
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1987). Equally inconclusive are the results obtained in prospective studies in which 

the effect of subcutaneous insulin or the artificial pancreas on platelet function was 

studied. Some studies reported an improvement of platelet function (Petersen et al, 

1977; Giugliano et al, 1982; Juhan et al, 1982; McDonald et al, 1982; Voisin et al, 

1983), but others have shown no change (Rosove et al, 1984; Delamothe and 

Betteridge, 1985) or even a increase in platelet sensitivity (Jackson et al, 1984). 

Insulin receptors have been demonstrated on platelets, but it is not yet clear what 

role they play in platelet function (Falcon et al, 1988). Trovati et al (1988) have 

reported a reduction of platelet sensitivity with insulin to aggregating agents in vivo 

and in vitro. However, Falcon et al (1988) could not see such an effect.

Lipid peroxides are known to be increased in diabetics (Nishigaki et al, 

1981; Higuchi, 1982). Lipid peroxides were found to be potent inhibitors of vascular 

PG I2 synthesis (Salmon et al, 1978). Like haemoglobin, LDL apoprotein B can 

undergo nonenzymatic conjugation with glucose, and such ’glycation’ has important 

effects on LDL metabolism (Witztum et al, 1982; Steinbrecher and Witztum, 1984). 

Glycated LDL is recognized less well by the LDL receptor, and the glycation 

renders it immunogenic (Witztum et al, 1983), and autoantibodies against glycated 

LDL have been demonstrated (Witztum et al, 1984). Further research is needed to 

determine whether this accounts in any important way for the diabetics greater 

susceptibility to atherosclerosis.

Platelet sensitivity to the antiaggregatory effects of PG I2 was reported to be 

diminished in vitro in diabetics (Betteridge et al, 1982, Onodera et al, 1982; Jones 

et al, 1985).
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2.5.5. Platelets in myocardial infacrtion

Myocardial infarction (MI) together with angina pectoris and primary cardiac

arrest are usually summarised under the term ischemic heart disease, or coronary

heart disease (CHD). Development of CHD may be precipitated through several

mechanisms that affect the coronary vessel, such as atherosclerotic narrowing,

vasospasm, rupture of an atherosclerotic plaque with consequent hemmorrhage or

thrombosis, and increased sensitivity to autonomic or sympathomimetic stimuli.

Platelet activation could be important in one or more of these mechanisms. Several

mechanisms for the rupture of an atheromatous plaque have been postulated. They

include 1 ) hemorrhage into the atheromatous plaque or an increase in the lipid

content culminating in the rupture of the plaque, 2 ) compression and distortion of

the content of the plaque by mechanical, rheologic, hemodynamic, and vasomotor

stress that may cause rupture, and finally 3) coronary artery constriction or spasm

that may induce rupture (Nakagawa et al, 1988). High shear forces in the coronary

circulation promote the development of thrombi composed mainly of platelets

(Baumgartner and Muggli, 1976). Transient platelet aggregates, rather than

permanent fibrin clots may be responsible for temporary limitation of coronary

blood flow (Schafer and Handin, 1979; Harker and Ritchie, 1980), leading to life

threatening arrhythmias, myocardial infarction and myocardial necrosis. In patients

who had died from sudden cardiac death, mural thrombi were always confined to
I which

the segment immediately downstream to an atheromatous plaque v had undergone 

fissuring (Davies et al, 1986). This finding supports the view that platelet aggregates 

represent an embolic phenomenon and are a potential cause of unstable angina. The 

association of myocardial necrosis with such emboli could precipitate sudden death 

from ventricular fibrillation. Furthermore, thromboxane A2 and serotonin released
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from platelets are considered as factors that mediate coronary artery spasm 

(Braunwald, 1981; Chierichia, 1982, Lam et al, 1987). Thromboxane was also 

suggested to be responsible for precipitating arrhythmias (Coker et al, 1982).

About 25% of patients with acute myocardial infarction (AMI) die before 

reaching the hospital, about 1 2 % reach hospital but die at some point during their 

hospital stay, and a further 6 % die in the first year after discharge from hospital 

(Cairns, 1984). Thus AMI carries a high prehospital mortality rate, particularly 

within the first 2 hours, presumably due to lethal ventricular arrhythmias. Overall 

mortality is strongly influenced by the anatomical location of the myocardial infarct 

and the infarct size, and their impact on left ventricular function.

In animal models, strong platelet activation was shown to induce myocardial 

ischaemia, arrhythmias and myocardial infarction (Haft et al, 1972; Jorgensen et al, 

1967). In a canine model, transient platelet aggregates were shown to participate in 

phasic fluctuations of blood flow in coronary vessels (Folts et al, 1982). In patients 

with MI, increased platelet sensitivity to various aggregating agents was seen 

(Zahavi, 1977; Prazich et al, 1977; Packham, 1978), and this was confirmed in 

whole blood using a Filtraggregometer (Sorldn et al, 1982).

The majority of authors were able to show increased levels of platelet 

secreted proteins shortly after an acute coronary episode (Hughes et al, 1982, 

Nichols et al, 1982; Rasi et al, 1982; Smitherman et al, 1982; Sobel et al, 1982), 

but some could not (Pumphrey and Dawes, 1982; Wadenvik et al, 1981). This 

discrepancy might be explained by methodological differences, since due to the 

short plasma half life of these markers, timing is crucial. Transcoronary levels of 

TXB2 were found to be elevated after MI and in unstable but not stable angina 

(Hirsh et al, 1981; 1983; Mehta et al, 1982). Sequential platelet aggregation tests
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during the first weeks following MI have shown that platelet sensitivity to various 

agents increased during the first days, remained high for 4 to 6  days, and then 

gradually decreased over the next 2 to 3 weeks. During the first days, a fall in 

platelet count and an increase in the mean platelet volume (MPV) was reported 

(Cameron et al, 1983). Levels of platelet secreted proteins in plasma were increased 

during the first hours after admission to the hospital (Szczeklik et al, 1979; Knudsen 

et al, 1979; Rasi et al, 1982). while TXA* formation by platelets increased over a 

7 to 10 day period. Interestingly the sensitivity of platelets to PG I2 decreased 

during the same period (Strano et al, 1981).

All the results present indirect evidence that at least in some patients with 

MI, there is substantial activation and consumption of platelets, but the question 

remains, whether platelet involvement in acute coronary episodes are the cause or 

merely the consequence of the event (Robertson et al, 1980; Hirsh et al, 1981; 

Sorkin et al, 1982). Recent clinical studies indirectly support the concept of the 

primary role of platelets in acute coronary events. Angiographic signs of total 

coronary occlusion have been shown in a high proportion of patients during the 

early hours of MI: the frequency then tends to decrease during the first 24 hours 

(De Wood et al, 1980). The possibility that such transient thrombi cause an acute 

coronary insufficiency in severely narrowed coronary arteries has been raised 

(Holmes et al, 1981, Neill et al, 1980).

Data from several studies showed a pronounced circadian periodicity in the 

time of onset of myocardial infarction (Myers and Dewar, 1975; Tunstall et al, 

1975; Reinberg and Smolensky, 1983; Muller et al, 1985) and sudden cardiac death 

(Muller et al, 1987), with a peak in incidence in the early morning hours (Tofler 

et al, 1987; Brezinski et al, 1988). The changes were closely associated with the
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variations in plasma adrenaline and noradrenaline levels. With this significant 

finding and the well known modulatory role of catecholamines in platelet function 

the question arises, whether at least in some cases, elevated plasma catecholamine 

levels could trigger an infarct.

The most critical deficit in MI is oxygen lack and greatest consideration 

should be directed at re-establishing blood flow and oxygen supply to infarcting 

myocardium. The extent of myocardial necrosis in a particular patient is not only 

determined by the location and extent of thrombosis, platelet aggregation and 

coronary spasm, but will also be modified by several factors, including intrinsic 

fibrinolysis, collateral blood flow and determinants of myocardial oxygen 

consumption, heart rate, contractility and wall tension. Adenosine seems to be the 

primary defense mechanism against ischemia. The nucleotide is a potent vasodilator 

aiming at improving tissue oxygenation in the infarct area. It has also been 

proposed that adenosine limits the size of the thrombus formed through its 

antiaggregatory effect on platelets. Adenosine plays therefore an important role in 

the processes involved in myocardial infarction and the proper functioning of signal 

transmission through the platelet adenosine receptor is vital for the body.
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III. MATERIALS AND METHODS

3.1. Methods

3.1.1. Preparation of platelet-rich plasma from human blood.

Blood was collected from the antecubital vein into tubes containing 3.13%! [w/vl 

trisodium citrate (TSC) (1 ml TSC + 9 ml blood). The blood was spun for 10 

minutes at 1200 rpm (300 g) at room-temperature in a MSE Centaur 2 centrifuge.

PRP was transferred to a new tube and platelet count and the mean platelet volume 

(MPV) established on a Coulter Counter IV plus. The remainder of the blood was 

spun at 300 rpm for 10 minutes to obtain PPP. Platelet count was adjusted in all 

experiments using autologous PPP to 350 x 109 platelets/L. Platelets weTe allowed 

to rest for 30 minutes before starting aggregation experiments and all experiments 

were carried out within 2  hours after blood withdrawal.

3.1.2. Preparation of platelet-rich plasma in rats.

Male Sprague-Dawley rats weighing between 250 and 300 grams were 

anaesthetized with pentobarbital (SagatalR, May & Baker) 60 mg/kg intra 

peritoneally. Blood was withdrawn by heart puncture through a 20G gauge needle 

attached to a 10 ml syringe containing 1 ml of 3.13% TSC. Typically 15 - 20 ml 

of blood were collected from each rat. The rats were killed by an overdose of the 

anaesthetic (300 mg/kg) intravenously into the jugular vein. The blood was spun for 

10 minutes at 1300 rpm (300 g) in an MSE Centaur 2 centrifuge at room 

temperature to obtain PRP. Rat platelets had to be counted under a Zeiss
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microscope in a Neubauer chamber, since they are not detected by the Coulter 

Counter due to their smaller size with respect to human platelets. 20 pi of PRP 

were diluted with 380 pi of 1% ammonium oxalate, and 10 pi put onto the 

chamber. At 40x magnification 5 groups containing 16 squares each were counted 

and platelet count of the PRP calculated. The remainder of the blood was spun at 

3000 rpm for 10 minutes to obtain PPP for the dilution of PRP to 350 x 109 

platelets/L.

3.1.3. Platelet aggregation

Platelet aggregation studies in human and rat PRP were carried out according 

to the method of Bom (Bom and Cross, 1963). 270 pi of PRP were transferred to 

a glass cuvette containing a metal stir bar. The cuvette was placed into a dual 

channel aggregometer (Payton Dual Channel Aggregation Module) at 37°C and 

stirred at 1000 rpm. Platelet aggregation was induced by the addition of 30 pi of 

ADP, collagen or adrenaline, and the change in light transmission during 

aggregation continuously monitored on a Rikadenki chart recorder. All inhibitory 

agonists (adenosine, NEC A and PG I2) were added in a volume of 10 pi at 1 

minute prior to the addition of the pro-aggregatory agents.

3.1.4. Protein measurements

The amount of protein in all experiments was measured by the method of 

Bradford (Bradford, 1976). The reagent was prepared by dissolving 50 mg of 

Coomassie Brilliant Blue (G250) in 25 ml of ethanol. After adding 275 ml of 

distilled water, 50 ml of phosphoric acid (H3P04, 89%) were slowly added to 

minimize precipitation. The volume was brought up to 500 ml with distilled water
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and the reagent filtered through a Whatman N°1 filter to remove the precipitate. 100 

pi of sample containing 1 0  to 1 0 0  pg protein, digested overnight in sodium 

hydroxide (NaOH, 0.5N) were added to 3 ml of the reagent and the absorption 

measured after a 10 minute incubation at room temperature in a Shimadzu 

spectrophotometer (Shimadzu UV-240, UV-Visible Recording Spectrophotometer) 

at a wavelength of 595 nM. A standard curve was produced using concentrations 

of 10/20/30/40/50/60/70/80/90/100 pg/100 pi of fatty acid free bovine serum 

albumin.

3.1.5. Plasma lipoprotein measurements

Measurement of plasma triglycerides, using the GPO-PAP high performance 

enzymatic colorimetric test (Boehringer Mannheim GmbH, Diagnostica), and total 

cholesterol using the cholesterol C-system high performance CHOD-PAP method 

(Boehringer Mannheim GmbH, Diagnostica) were carried out in EDTA plasma. High 

density lipoprotein (HDL) and its subclass HDL, were obtained by selective 

precipitation of lipoproteins with heparin-manganous and dextran sulphate reagents 

(Gidez et al, 1982). HDL, cholesterol was calculated as the difference of HDL and 

HDL3. LDL cholesterol was calculated according to the Friedwald formula 

(Friedwald et al, 1972):

triglycerides
LDL = total cholesterol............................ HDL

2.186

VLDL cholesterol was estimated by the division of the triglyceride value by 2.186.
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3.1.6. Measurement of microalbuminuria

Microalbuminuria may be defined as a persistent subclinical elevation of

urinary albumin, below that of Albustix detection but above that of normal.

Microalbuminuria occurs before clinical proteinuria is evident and indicates a high 

risk of subsequent renal failure and early mortality. Morning urine of all diabetic 

subjects and the respective controls were tested for microalbuminuria using 

AlbuSure™ (Cambridge Life Sciences pic, Cambridge UK), and patients with a 

positive result indicating the early onset of diabetic nephropathy excluded from the 

study. The method works on the principle of the inhibition of latex agglutination. 

A urine sample is mixed on a test card with a solution containing antibodies to 

albumin. If albumin is present it will react to form an antigen-antibody complex. 

A suspension of polystyrene microspheres (latex), coated with human albumin is 

then added. If the urine contains little or no albumin, most of the reactive sites on 

the antibodies will be free to bind the albumin on the latex particles resulting in 

agglutination. The cut off point has been set at 30 mg/L, and agglutination denotes 

concentrations of albumin below 30 mg/L.

3.1.7. Preparation of platelet membranes

Platelet membranes used in binding assays (adenosine A2-receptor and 0 2 - 

adrenoceptor) were prepared from human or rat blood according to the method 

described by Hiittemann et al (1984). Blood (20-40 ml) was collected into tubes

containing 0.5 ml of 20 mM EDTA per 10 ml of blood to give a final

concentration of 1 mM EDTA. The blood was then spun at 1300 rpm (300 g) for 

10 minutes in an MSE Centaur 2 centrifuge to obtain PRP. The PRP was 

transferred to a fresh tube and spun at 2500 rpm for 15 minutes. PPP was discarded
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and the platelet pellet resuspended in 20 ml of a buffer solution containing 50 

mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl and 20 mmol/L EDTA. Platelets were 

then spun again at 2500 rpm for 15 minutes and the supernatant removed, followed 

by resuspension of the platelet pellet in 10 ml of buffered lysing solution (5 

mmol/L Tris-HCl, pH 7.5, 5 mmol/L EDTA) and sonication for 20 seconds. Lysates 

were spun for 15 minutes at 3600 rpm and resuspended either in a buffer containing 

40 mmol/L Tris-HCl, pH 7.5, and 1 mmol/L EDTA (adenosine receptor binding), 

or buffer containing 50 mmol/L Tris-HCL, pH 7.5 and lOmmol/L MgCl2 (cV 

adrenoceptor binding). Membranes were stored at -70°C until used in the binding 

assay. The protein concentration was estimated according to the method of Bradford 

(Bradford, 1976) and adjusted to 1 mg/ml.

3.1.8. Adenosine receptor binding assay

Binding of [3H]-NECA to human and rat platelet membranes was measured 

in an incubation volume of 250 pi in Eppendorf microtubes according to the 

method of Hiittemann (Hiittemann et al, 1984). The standard assay solution 

contained 40 mmol/L Tris-HCl, pH 7.4, 1 mmol/L EDTA, 10 nmol/L (60-80’000 

cpm) of the radioligand and 1 0 0  pg platelet membrane protein in an aliquot of 1 0 0  

pi as well as the indicated concentrations of unlabelled NECA (0.25, 0.5, 1, 1.5, 

2, 3, 4, 5, 6 , 8  pmol/L). To determine nonspecific binding 1 mmol/L NECA was 

included in the incubation medium. The binding reaction was initiated by the 

addition of the platelet membrane suspension. The incubation was carried out at 0°C 

for 40 minutes and terminated by rapid filtration of a 200 pi aliquot through 

Whatman GF/B glass fibre filters (25 mm diameter) which had been wetted with 

ice cold incubation buffer before use. A Millipore vacuum pump attached to a



70

Millipore manifold filter holder was used. The filters were then washed rapidly with 

two 5 ml portions of icecold incubation buffer. The whole filtration step took less 

than 10 seconds. The filters were then placed in vials containing 5 ml of Triton 

based scintillation fluid and allowed to solubilize for at least 6  hours before 

counting in a Packard Tri-Carb 2000 CA liquid scintillation analyzer with a tritium 

efficiency of 70%. [3H]-NECA with a specific activity of 26 to 29 Ci/mmol was 

obtained from Amersham. Triton based scintillation fluid was made by dissolving 

4.4 g of PPO and 0.1 g POPOP in 1 litre toluene (BDH). 500 ml triton X-100 

(BDH) was added to the solution and the scintillant stored away in a dark place 

until used.

3.1.9. a 2-adrenoceptor binding assay

The specific o^-adrenoceptor antagonist [3H]RX821002 was used to study o^- 

adrenergic receptors in platelet membranes. Incubation was carried out, according 

to a protocol received from Dr. J. Doxey from Reckitt and Coleman, for 30 minutes 

at 25°C in an Eppendorf tube containing 250 |il final volume. The standard assay 

solution contained 50 mM Tris-HCl, pH 7.5, 10 mmol/L MgCl2, 100 }ig membrane 

protein and the radioligand in a concentration of 0.07, 0.15, 0.31, 0.62, 1.25, 2.5, 

5 or 10 nmol/L. 10 |imol/L of unlabelled RX821002, an imidazoline derivative, was 

included for the determination of nonspecific binding. The binding reaction was 

initiated by the addition of the membrane suspension and terminated by the rapid 

filtration of a 200 |il aliquot through Whatman GF/B glass fibre filters which had 

been wetted in ice cold incubation buffer. The filter was washed twice with 5 ml 

portions of ice cold incubation buffer and transferred into vials containing 5 ml of 

the triton based scintillant (see adenosine receptor assay). Filters were counted after
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a 6  hour solubilization period in a Packard Tri-Carb 2000 CA liquid scintillation 

analyzer. The specific activity of [3H]RX821002 was 43.8 Ci/mmol.

3.1.10. Adenylate cyclase stimulation and cAMP extraction

The kinetics of cAMP formation were measured in PRP prepared from TSC 

anticoagulated blood. PRP (2.5 ml) was transferred to a polystyrene tube and placed 

at 37°C in a Techne Dri-Block (DB-3). The phosphodiesterase inhibitor papaverine 

in a final concentration of 2 mM was added to prevent the degradation of the 

cAMP formed at 5 minutes prior to the initiation of the reaction. Either NaCl (0.9% 

g/v), PG I2 (100 nM), NECA (100 fiM) or the receptor/G-protein independent 

stimulator forskolin (100 |iM) (Insel et al, 1982) were added and aliquots of 300 

|il removed at 0.5, 1, 2, 3, 5, 7.5 and 10 minutes.

A modified version of the method of McIntyre (McIntyre et al , 1985) was 

used to extract cAMP from platelets. Aliquots were spun for 30 seconds at 12,000 

g in a Eppendorf Centrifuge (Model 3200) and the plasma discarded. 1 ml of 70% 

ethanol was added to the platelet pellets before sonication for 20 seconds. The 

deproteinized samples were left to stand for 30 minutes before spinning at 12,000 

g for 5 minutes in the Eppendorf centrifuge. The extracts of cAMP were transferred 

to a glass tube and the extraction procedure repeated. The supernatant was then 

evaporated to dryness at 70°C in a Techne Dri-Block (DB-3) and the residue 

redissolved in 5.4 ml of 50 mM sodium-acetate buffer (pH 6.2) for assay of cAMP.
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3.1.11. Measurement of cAMP

The cAMP[125I]-assay system (single range) from Amersham (RPA 508) using 

magnetic separation was used for the measurement of cAMP-levels. The assay is 

based on the competition between cAMP in the sample and a fixed quantity of 125I- 

labelled cAMP for a limited number of binding sites on a cAMP specific antibody. 

With fixed amounts of antibody and radioactive ligand, the amount of the ’hot’ 

ligand bound to the antibody was inversely proportional to the concentration of 

added ’cold’ ligand. The antibody bound cAMP was then reacted with the Amerlex- 

M second antibody bound to magnetizable polymer particles. Separation of the 

antibody bound fraction was carried out by magnetic separation and the supernatant 

poured off by inverting the rack and placing the tubes on a pad of absorbent tissues 

for draining (5 minutes). The radioactivity contained in the pellet was counted in 

a y-counter and the concentration interpolated from a standard curve. The assay 

covers a range of between 25 and 1600 fmol/tube. In all subjects, the plasma level 

and platelet content of cAMP were measured in unstimulated platelets. Both the 

inter and intra assay variation were less than 5 %.

3.1.12. Extraction and measurement of plasma and platelet catecholamines

Catecholamine extraction was carried out following the procedure of Da 

Prada and Picotti (1979) and catecholamines measured according to the method 

described by Smith and Betteridge (1984). 20 ml of blood were collected into tubes 

containing 1 mmol/L EDTA. PRP was prepared by low speed centrifugation 1000 

rpm (120 g) for 20 minutes at room temperature in a MSE Centaur 2 centrifuge. 

PRP was transferred to a new tube and spun in a MSE Coolspin centrifuge (4°C) 

at 288 rpm (2000 g) for 20 minutes to obtain PPP. Meanwhile, the remainder of
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the blood was also spun at high speed to obtain PPP. The PPP from the two 

fractions was then pooled, divided into three aliquots of 2 ml and stored at -20°C 

until analysis of catecholamines by HPLC. The platelet pellet was washed twice in 

a tyrode buffer containing NaCl (7.6 g), KC1 (0.42 g), EDTA (0.8 g), 

Na2P 0 4 2H20  (0.14 g), NaHC03 (2.1 g), glucose (2 g) and sucrose (4.5 g) per 1000 

ml of distilled water, and spun at 2000 g for 20 minutes (4°C). The pellet was 

stored at -20°C until extraction and measurement of catecholamines.

Perchloric acid (BDH, 1 ml, 0.1 M) was used for the extraction of 

catecholamines from platelet pellets. Homogenization was carried out on ice in a 

ground glass homogenizer using ten strokes. 3,4-dihydroxybenzylamine (DHBA) was 

added as internal standard. The homogenate was spun at 12,000 g for 5 minutes in 

an Eppendorf centrifuge (Model 3200). The supernatant was transferred to another 

tube and frozen at -20°C. Protein measurement on the pellet was done after 

overnight digestion of the pellet in 0.5N NaOH according to the method of Lowry 

(Lowry et al, 1951). Catecholamines were measured on a Waters HPLC-system with 

electrochemical detection and expressed as pmol noradrenaline (NA) or adrenaline 

(A) per mg platelet protein. The Inter-assay variation for NA was lower than 5.7% 

and for A lower than 8.2%, whereas the Intra-assay variations for the two hormones 

were 4.4% and 5.4% respectively.

3.1.13. Urine analysis

Urine analysis in diabetic patients and their controls was carried out on the 

first morning sample using Ames Multistix reagent strips. The following parameters 

were read: glucose and bilirubin (30 seconds), ketone (40 seconds), specific gravity 

(45 seconds), blood (50 seconds), pH, protein, urobilinogen and nitrite (all at 1
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3.1.14. Clinical chemistry

The following measurements were all carried out in the chemical pathology 

laboratory at University College Hospital:

Plasma Glucose levels: Blood was collected into vacutainers containing fluoride / 

oxalate as anticoagulant. Plasma glucose levels were measured according to the 

method of Trindea (1969) using an enzymatic glucose oxidase method (Glucose 

American Monitor, Cat No 4044). The normal range for fasting glucose levels was 

3.3 - 5.6 mmol/L

Glycosylated Haemoglobin (Hb*,): EDTA containing vacutainers were used for 

blood sampling. Glycosylated haemoglobin was determined by electro endosmosis. 

(Meanard et al, 1980). The normal range for HbAi was 5 - 8  %. 

Creatine-vhosvhokinase (CPK): Blood collection was into heparin containing 

vacutainers. CPK was measured according to the recommendation of the German 

Society for Clinical Chemistry (German Standard Methods, 1977), using a kit from 

American Monitor (Cat No. 4035/36). The normal range for CPK was 24-195 IU/L. 

Aspartate transaminase (AST): AST measurements were carried out according to 

the guidelines of the International Federation for Clinical Chemistry. (EFCC 

Methods, 1978), using a kit from American Monitor (Cat No. 7070/74). The normal 

range for AST was 11-55 IU/L

Hydroxybutyrate dehydrogenase (HBD): HBD was measured on a Cobas Bio 250 

according to the method developped by Elliott (1963). A kit (Cat No. 543071) from 

Boehringer Mannheim was used. The normal range for HBD was 55 - 140 IU/L at 

25°
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3.2. Statistical Analysis of Data.

The statistical package in RS/1 (Version 12.00) from Bolt Beranek and 

Newman Inc. (Cambridge, MA 02238) was used for statistical analysis on an IBM- 

PC. For the comparison of samples, all groups were subjected to the Kolmogorov- 

Smimov or Wilk-Shapiro test for normality. If the data was found to be normally 

distributed, either paired t-test was performed or in the case of unpaired samples, 

the data was subjected to the F-test for testing of the equality of variances and then 

depending on the result pooled or unpooled variance t-test was carried out.

If non-parametric tests were indicated by the Wilk-Shapiro test, either the 

Wilcoxon Signed Rank test was used for paired samples or after testing of the 

groups for equality of dispersions (Ansary-Bradley test), the Mann-Whitney test for 

pooled samples with equal dispersions was carried out.

The curvfit program on Euclid written by Neil Castle was used to establish 

binding parameters. Curvfit is a general weighted least square curve fitting program 

using Pattem-search method.

In all graphical representations the star (*) symbol indicates the level of 

significance according to the following scale:

* = p <0.05
** = p <0.01
*** = p <0 . 0 0 1
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IV. R E S U L T S

4.1. Adenosine Mediated Responses in Familial Hypercholesterolaemia

4.1.1. Study design

The first part of the study was carried out on patients with heterozygous 

familial hypercholesterolemia (FH), attending the lipid clinic at University College 

Hospital. Three groups of subjects were studied in this part, namely a group of 

newly diagnosed untreated FH-patients, patients treated with cholestyramine (16 

grams/day) for at least two months, and a sex and age-matched control group. Each 

group consisted of 6  female and 6  male patients. FH was diagnosed on the basis 

of the typical plasma lipid patterns (total cholesterol >7.5 mmol/L, LDL cholesterol 

> 5 . 0  mmol/L), in combination with the clinical signs tendon xanthomata or a 

family history of FH. None of the patients included in the study showed any 

clinical sign of vascular disease nor any other disease than FH. The upper and 

lower age limits were set to 45 and 18 years. Patients had not taken any drugs, 

especially NSAID, steroids, P-blockers, calcium antagonists and ACE-inhibitors, for 

at least two weeks prior to the study and all the subjects were non-smokers.

On the day of recruitment blood pressure and body weight were measured 

and a Butterfly (G20) inserted into the antecubital vein.
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40 ml of blood were withdrawn with 20 ml syringes and mixed with 3.13% 

TSC for the preparation of PRP as described in chapter 3.1.1. The PRP was used 

for aggregation experiments as described in chapter 3.1.3. The aggregation 

experiments included a concentration response curve with ADP (0.125, 0.25, 0.5, 

1, 2, 4, 8  and 16 |iM) to establish a threshold concentration. The threshold 

concentration was used to initiate platelet aggregation in PRP after incubation for 

one minute with adenosine (0.25, 0.5, 1, 2, 4, 8 , 16 and 32 pM), NECA (0.06, 

0.125, 0.25, 0.5, 1, 2, 4, 8  and 16 pM) or PG I2 (1, 2, 4, 8 , 16, 32 and 64 nM). 

Additionally a fixed concentration of ADP of 8  pM, a high concentration resulting 

in 1 0 0 % platelet aggregation in all subjects, was used to measure platelet sensitivity 

to adenosine (1, 2, 4, 8 , 16, 32 and 64 pM), NECA (0.125, 0.25, 0.5, 1, 2, 4, 8 , 

16 and 32 pM) or PG I2 (1, 2, 4, 8 , 16, 32, 64 nM).

Another 40 ml of blood were collected into tubes containing 1 mM EDTA 

for the preparation of platelet membranes (see chapter 3.1.9.). Platelet membranes 

were used for the receptor binding assay with the adenosine analogue 3H-NECA 

(chapter 3.1.10.). The plasma from EDTA anticoagulated blood was used for the 

measurement of plasma lipid and lipoprotein (chapter 3.1.5.).

The blood for the adenylate cyclase stimulation experiments, plasma and 

platelet catecholamine levels and the preparation of the membranes for the receptor 

binding assay with the (^-antagonist was collected on a different occasion from 1 2  

different subjects. No cholestyramine treated patients were recruited for this second 

part of the study. For the assessment of cAMP-accumulation after stimulation of the 

adenylate cyclase with PG I2, NECA and forskolin 40 ml of TSC-anticoagulated 

blood were processed as described in chapter 3.1.1. and experiments conducted as 

described in chapter 3.1.12. and 3.1.13. Formation of cAMP was stimulated either
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with NECA 100 |iM, PG I2 100 nM or forskolin 100 jiM and measured over 10 

minutes in the presence of 2 |iM of the phosphodiesterase inhibitor papaverine.

Plasma levels and platelet contents of the catecholamines adrenaline and 

noradrenaline were established as described in chapter 3.1.14., and the binding assay 

for the otj-adrenoceptor antagonist RX821002 carried out according to the procedure 

described in chapter 3.1.11..

4.1.2. Clinical data

All the values are expressed as means of the 12 patients ± standard deviation

(SD). The mean age was 32 ± 8  years in the control group (C), 32 ± 8  years (p<

0.999) for the cholestyramine-treated FH patients (FH-T), and 30 ± 7 years (p<

0.895) for the untreated FH patients (FH-U). None of the patients or controls was 
and weight

obesevthere was no significant difference in the mean^be tween the three groups (C:

69.1 ± 11.7 kg; FH-T: 62.7 ± 8.4 kg, p< 0.12; FH-U: 66.7 ± 8 . 8  kg, p< 0.6). All

patients and controls were normotensive (C: 118 ± 9 / 78 ± 7; FH-T: 119 ± 7 / 77

± 9, p< 0.81 / p< 0.83; FH-U: 112 ± 14 / 73 ± 12, p< 0.2 /  p< 0.2).

Total plasma triglyceride, cholesterol, and VLDL, LDL, HDLj and HDLj

cholesterol levels are shown in Figure 6 . Plasma triglyceride levels are slightly

increased in FH-patients compared to controls (C: 0.82 ± 0.26 mmol/L, FH-T: 1.14

± 0.6 mmol/L, p< 0.1), the difference being significant in untreated patients (FH-

U: 1.14 ± 0.29 mmol/L, p< 0.008). As expected the most impressive changes are

the increases in total plasma cholesterol (C: 4.46 ± 0.74 mmol/L; FH-T: 7.29 ± 0.73

mmol/L, p< 0.0001; FH-U: 8.59 ± 1.5 mmol/L, p< 0.0001), and LDL-cholesterol

(C: 2.48 ± 0.85 mmol/L; FH-T: 5.35 ± 0.92 mmol/L, p< 0.0001, FH-U: 6.95 ± 1.53

mmol/L, p< 0.0001) in both groups of FH-patients. A marginal decrease in LDL
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Figure 6: Plasma triglycerides and total, LDL, VLDL, HDLj and HDL^cholesterol 
in treated and untreated FH-patients and healthy subjects.

and total cholesterol levels due to the therapy with cholestyramine is seen. Plasma 

VLDL cholesterol levels follow the same pattern being highest in the untreated 

FH-patients (C: 0.22 ± 0.08 mmol/L; FH-T: 0.4 ± 0.23 mmol/L, p< 0.019; FH-U: 

0.43 ±0. 13 mmol/L, p< 0.001). HDL cholesterol levels tend to be lowest in the 

untreated patients in both, the HDLj-subfraction (C: 0.83 ± 0.43 mmol/L, FH-T: 

0.57 ± 0.33 mmol/L, p< 0.099; FH-U: 0.54 ± 0.21 mmol/L, p< 0.04) and in the 

HDL3-subfraction (C: 0.93 ±0.11 mmol/L; FH-T: 0.96 ±0. 18 mmol/L, p< 0.64; 

FH-U: 0.67 ± 0.22 mmol/L, p< 0.002).

An interesting finding was the increase in mean platelet volume (MPV) 

found in both groups of FH-patients (C: 7.7 ± 0.6; FH-T: 8.5 ± 0.8, p< 0.01; FH- 

U: 8.4 ± 0.6, p< 0.001), which is thought to indicate increased platelet turnover.
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4.1.3. Platelet aggregations

Sensitivity to ADP and establishment of the threshold concentration 

ADP-INDUCED PLATELET AGGREGATION
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Figure 7: Platelet sensitivity to ADP in treated and untreated FH-patients and 
healthy subjects. (Data in Table 3, Chapter VI).

The results are presented in Figure 7 and the exact values of the mean, SD, 

SEM and the significance level (p-value) of the curves can be found in Table 3 of 

Chapter VI. Aggregation is expressed in percent of the response obtained with 16 

pM of ADP. There is no significant difference in the ED^-values between the three 

groups (C: 1.1 ± 0.6 pM; FH-T: 0.8 ± 0.3 pM, p< 0.102; FH-U: 0.9 ± 0.7 pM, p< 

0.36). However, ADP sensitivity is slightly, but not significantly increased in FH- 

patients and this tendency is reflected in the mean of the threshold concentrations 

(C: 3.7 ± 1.6 pM; FH-T: 2.8 ± 1.2 pM, p< 0.134; FH-U: 2.5 ± 0.9 pM, p< 0.073).
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Inhibition of ADP-threshold concentration induced platelet aggregation with 

adenosine (Figure 8).

ADP-INDUCED PLATELET AGGREGATION 

ADENOSINE S E N S IT IV IT Y
I n h i b i t i o n  %

- C on tro l  

— FH- t r e a t e d  

• -A* ■ F H -u n tre a ted

n : 12
0.25 0.5 1 2 4 8 16 32

ADENOSINE CH *0
Figure 8 : Inhibition of ADP-induced platelet aggregation with adenosine in treated 
and untreated FH-patients and healthy subjects. (Data in Table 4, Chapter VI).

Adenosine inhibits platelet aggregation induced by a threshold concentration 

of ADP in a concentration-dependent manner in all the three groups studied (Figure 

8 ). The curves represent the mean of the 12 subjects of each group. Only 70 to 80 

% inhibition is obtained even with very high concentrations of adenosine (32 jiM). 

A significant parallel shift of the curve of the untreated FH-patients to the right 

indicates a loss of sensitivity of the platelets to the inhibitory effect of adenosine. 

The exact values of the three curves (mean, SD, SEM, p-value), are shown in 

Table 4 in Chapter VI. Interestingly, patients treated with cholestyramine show
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normal sensitivity to adenosine. The IC50 (expressed as the mean ± SD) of the 

untreated FH-patients is around 3 times higher compared with the IC*, for the two 

other groups (Control: 3.7 ± 2.4 p,M; FH-treated: 3.3 ± 3.2, p< 0.871; FH-untreated:

10.2 ± 7.1, 0.01).

Inhibition of ADP-threshold concentration induced platelet aggregation with NECA 

(Figure 9).

ADP-INDUCED PLATELET AGGREGATION 
NECA S E N S IT IV ITY

i n h i b i t  Ion %

90

C50 :80

70

20

0.06 0.12 0.25 0.5 1 2 A 8 16

ControI

F H -t re a te d

▲ . F H -un trea ted

n 12

NECA

Figure 9; Inhibition of ADP-induced platelet aggregation with NECA in treated and 
untreated FH-patients and healthy subjects. (Data in Table 5, Chapter VI).

NECA the stable analogue of adenosine inhibits platelet aggregation induced 

by a threshold concentration of ADP in a concentration dependent manner. Between 

80 and 90 % inhibition was achieved with concentrations of more than 4 |j.M of
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NECA. Mean, SD, SEM and significance levels of the curves are displayed in Table 

5 of Chapter VII. The analogue was around 5 to 8.5 times more potent than 

adenosine in inhibiting platelet aggregation. Again a shift of the curve of the 

untreated FH-patients to the right was observed indicating a loss of sensitivity to 

the action of NECA. As with adenosine, sensitivity seems to be normal in the 

cholestyramine-treated group. The difference in the IQo between the untreated group 

and the two other groups was statistically significant (C: 0.7 ± 0.6 pM; FH-T: 0.7 

± 0.4 jiM, p< 0.865; FH-U: 1.2 ± 0.5 îM, p< 0.04).

Inhibition of ADP-threshold concentration induced platelet aggregation with 

prostacyclin (Figure 10).

PG I2 is the most potent inhibitor of platelet aggregation. Indeed it is around 

400 times more potent than adenosine in the experiments reported in this thesis. 

Platelet aggregation induced by a threshold concentration of ADP can be completely 

inhibited by concentrations of PG I2 of over 64 nM. The values of the mean, SD, 

SEM and the significance levels of the curves are displayed in Table 6  of Chapter 

VI. Untreated FH-patients show a loss of sensitivity to PG I2 as indicated by the 

shift of the concentration response curve to the right. The IC50 in the control group 

(C: 9.2 ± 1 . 6  nM) is 2.4 times lower than the IC*, of the untreated FH-patients 

(FH-U: 21.9 ± 10.3 nM, p< 0.001). The cholestyramine treated patients show an 

improvement in PG I2 sensitivity (FH-T: 14.6 ± 5.8 nM, p< 0.097), but in contrast 

to the findings with adenosine, the sensitivity is not completely restored.
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ADP-INDUCED PLATELET AGGREGATION 
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Figure 10: Inhibition of ADP-induced platelet aggregation with PG I2 in treated and 
untreated FH-patients and healthy subjects. (Data in Table 6 , Chapter VI).

Adenosine inhibition o f platelet aggregation induced by 8\xM ADP.

Figure 11 shows the inhibition of platelet aggregation induced with a high 

concentration ( 8  |iM) of ADP by adenosine. The resulting concentration response 

curve is very shallow. Even with very high concentrations of adenosine (64 |iM) 

the maximal inhibition remains only just above 55 %. Overall, the concentrations 

of adenosine needed to inhibit aggregation are 7 to 11 times higher at this 

concentration of ADP as compared with the threshold concentration. The means, 

SD, SEM and significance level can be depicted from Table 7 in Chapter VI. With 

this stronger stimulus, the loss of sensitivity in the group of untreated FH-patients 

is less marked. Platelet sensitivity to adenosine in the cholestyramine treated group
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Figure 11: Adenosine inhibition of 8 |iM ADP induced platelet aggregation in 
treated and untreated FH-patients and healthy subjects. (Data in Table 7, Chapter 
VI).

is not significantly different from the control group. When the IC50 is compared, 

there is no significant difference between the control group (C: 39 ± 39 fiM) and 

the cholestyramine treated group (FH-T: 40 ± 23 |iM, p< 0.937). However, in the 

untreated group, the difference in the IC50 from the control group is significant (FH- 

U: 70 ± 37 |iM, p< 0.05). The standard deviations are very high (up to 100 % of 

the mean). The use of a stronger stimulus which was not dosed individually for 

each subject to induce platelet aggregation results in a weaker inhibition, making 

the interpretation of the results difficult.
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Figure 12: NECA inhibition of 8 |iM ADP-induced platelet aggregation in treated 
and untreated FH-patients and healthy subjects. (Data in Table 8 , Chapter VI).

As with adenosine, the slope of the concentration response curve is very 

shallow when platelet aggregation is induced with a fixed concentration of 8  |iM 

ADP (Figure 12). The maximal inhibition in the three groups obtained with 32 jiM 

NECA ranges between 60 and 70 % (see Table 8  of Chapter VI). Under these 

conditions NECA is 3 to 8  times more potent than adenosine. The concentrations 

of NECA needed to inhibit platelet aggregation by 50 % are 7 to 19 times higher 

compared with the experiment where a threshold concentration of ADP was used.

The loss of sensitivity to NECA in the untreated group indicated by a shift 

of the curve to the right is significant only at two points of the curve (0.5 and 1
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|iM). None of the points on the curve of the cholestyramine treated group differs 

significantly from the respective point of the control group. The IC50 of the two FH 

groups are not significantly different from the control group (C: 7.6 ± 7.4 |iM; FH- 

T: 4.8 ± 6.0 (iM, p< 0.327; FH-U: 22 ± 28 |iM, p< 0.1). As is the case for 

adenosine, the standard deviations for the NECA-mediated responses are very high.

Prostacyclin inhibition of platelet aggregation induced by 8\xM ADP.

ADP-INDUCED PLATELET AGGREGATION 
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Figure 13: PG I2-inhibition of 8 |iM ADP induced platelet aggregation in treated and 
untreated FH-patients and healthy subjects. (Data in Table 9, Chapter VI).

In contrast to adenosine and NECA, platelet aggregation induced by the high
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concentration of ADP ( 8  |iM) can still be completely inhibited by concentrations 

of PG I2 of around 128 nM (Figure 13). Also, the slope of the curves remains 

steep. Under these conditions, PG I2 is around 1500 to 2500 times more potent as 

an inhibitor of platelet aggregation than adenosine. The mean, SD, SEM and p- 

values are displayed in Table 9 of Chapter VI. Unlike with adenosine, the clear 

loss of sensitivity to PG I2 is still visible under these conditions. All the points on 

the curve differ significantly from the respective point on the control curve. A 

marked improvement of platelet sensitivity is seen in the cholestyramine treated 

group and none of the points is statistically different from its counterpart of the 

control group. The IQo of the three groups are around 1.3 to 2.3 times higher when 

compared with the IC50 obtained in the aggregation experiments where a threshold 

concentration of ADP was used. Due to the large variation of the responses within 

the groups, the IC50 values of the FH-patients are not significantly different from 

the control group (C: 16.3 ± 6 . 6  nM; FH-T: 18.6 ± 6 .6 , p< 0.398; FH-U: 50.7 ±

22.4, p< 0.4).

4.1.4. Receptor binding with NECA

Binding of [3H]-NECA to platelet membranes was carried out according to 

the method of Hiittemann et al 1984. The description of the membrane preparation 

and the protocol for the binding assay are found in Sections 3.1.9. and 3.1.10. in 

Chapter III. Table 10 in Chapter VI contains the mean, SD and SEM for the total- 

, nonspecific- and specific binding of [3H]-NECA to the membrane preparation in 

the control group expressed in pmol bound/mg protein. Nonspecific binding is linear 

and increases over the range of concentrations from 15 % to almost 50%. Scatchard
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Figure 14: 3H-NECA binding to platelet membranes from healthy subjects. (Data 
in Table 10, Chapter VI).

analysis done on the mean of the 12 subjects suggests the presence of two affinity 

states of the receptor consisting of a high affinity low capacity and a low affinity 

high capacity binding site. Affinity constants calculated by the ’shared.curvfit 

program’ were estimated to be 0.45 pmol/L for Km and 2.5 pmol/L for Km. 

Maximal binding for the two sites was calculated as being 2.5 pmol/mg protein 

(BmKl) and 13.8 pmol/mg protein (Bm#3t2) respectively.

The results of the same binding parameters from the assay carried out on 

membranes from treated FH-patients are found in Table 11 in Chapter VI. Overall 

the result in this group is very similar compared to the control group. Non-specific 

binding is linear over the whole range of concentrations and varies between 15 and 

55 % of the total binding. The two affinity constants were calculated as 0.42
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Figure 15: 3[H]-NECA binding to platelet membranes from treated FH-patients. 
(Data in Table 11, Chapter VI).

|imol/L for KD1 and 1.8 pmol/L for K^. Maximal binding for the two binding sites 

was estimated as 2 pmol/mg protein (Bmiua) and 12.9 pmol/mg protein (Bm#Jl2).

The results from the untreated FH-patients (Table 12 in Chapter VI) follow 

the same pattern as the two other groups. The linear increase of the nonspecific 

binding ranges between 17 % and 54 % of the total binding over the whole 

concentration range. Binding affinity and maximal binding at the high affinity site 

are not significantly different from the control group (KD1 : 0.41 pmol/L; Bmilxl : 2.5 

pmol/mg protein). On the other hand, the values for the low affinity binding site 

are lower than the respective values in the control group (Kk  : 1.6 pmol/L; B„,,7 

: 12.2). The interpretation of this finding is difficult, since the high affinity site, and
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Figure 16: 3H-NECA binding to platelet membranes from untreated FH-patients. 
(Data in Table 12, Chapter VI).

not the low affinity site seems to mediate the antiaggregatory effects of adenosine 

in platelets.

4.1.5. Stimulation of cAMP-formation

Stimulation of cAMP formation in PRP was measured over a period of ten 

minutes after incubation with 100 pM NECA, 100 nM PG I2 and 100 |iM forskolin 

and extraction of cAMP (see Sections 3.1.12. and 3.1.13. in Chapter III). Only 

platelets from untreated FH-patients and the control group consisting of 6 females 

and 6 males were tested.
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Stimulation of cAMP -formation with 100\iM NECA
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Figure 17: Stimulation of cAMP-formation with 100|iM NECA in preincubated with 
2 M papaverine for 5 minutes. (Data in Table 13/14, Chapter VI).

The response of platelets to physiological saline is shown in Figure 17. No 

change in intracellular cAMP levels is seen over 10 minutes with NaCl, all points 

on the curve ranging between 22 and 24 pmol cAMP/mg protein. Basal cAMP 

levels prior to the stimulation do not differ between the two groups (Control: 16.4 

± 5.6; FH-U: 17.8 ± 6.2 pmol cAMP/mg protein). The addition of 100 p.M NECA 

leads to a rapid increase in cAMP peaking at 2 minutes and then falling slowly 

towards basal levels. The formation of cAMP is slower and the maximal stimulation 

is less pronounced in the group of untreated FH-patients. Comparison of the two
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curves of the graph by Student’s t-Test shows that all the points differ significantly 

between the two groups. Maximal| cAMP formation at 2 minutes is 76.7 ± 21.2 

pmol/mg protein for the control group and 50.5 ± 12.7 pmol/mg protein for the 

untreated FH-patients representing an increase by a factor of 4.8x and 2.8x 

respectively.

Stimulation of cAMP -formation with lOOnM prostacyclin
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Figure 18: Stimulation of cAMP-formation with lOOnM PG I2 in preincubated with 
2 M papaverine for 5 minutes. (Data in Table 13/15, Chapter VI).

PG I2 is a much more potent stimulator of adenylate cyclase than adenosine 

or its analogues such as NECA (Figure 18). cAMP formation is very quick and half 

maximal stimulation is achieved after around 30 seconds. Maximal stimulation is
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reached at around 5 minutes (Control: 332 ± 1 3 6  pmol/mg protein; FH-U: 225 ± 

86 pmol/mg protein), where values seem to reach a plateau. Again there is a 

significant difference in the kinetics of cAMP-formation between the two groups 

with untreated FH-patients producing significantly less cAMP between 5 to 10 

minutes after the initiation of the reaction. The maximal stimulation reached 

represents a 20.6 fold (controls) and 12.7 fold (FH-patients) increase of cAMP- 

levels over the basal value.

Stimulation o f cAMP-formation with 100\iM forskolin
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Figure 19: Stimulation of cAMP-formation with IOOjiM forskolin in PRP 
preincubated with papaverine 2 M for 5 minutes. (Data in Table 13/16, Chapter 
VI).
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The diterpene forskolin is a powerful direct stimulator of adenylate cyclase 

independent of a receptor or the stimulatory guanine binding protein Gs. Incubation 

of PRP results in rapid accumulation of cAMP half maximal stimulation being 

achieved at between 1 and 2 minutes. The reaction reaches a plateau at around 10 

minutes. The maximal stimulation of cAMP at 10 minutes is 729 ± 123 pmol/mg 

protein in the control group as opposed to 632 ± 1 5 5  pmol/mg protein in the FH- 

patients. The kinetics are again significantly different in the two groups between 1 

and 7.5 minutes, less cAMP being formed in the FH-group.
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4.1.6. Discussion: Transmembrane signalling in FH

In this thesis the transmembrane signalling process of adenosine receptors has 

been studied in three groups of patients, untreated FH-patients, cholestyramine- 

treated FH patients and healthy volunteers. The treated group received dietary advice 

and the bile sequestrant resin cholestyramine. This drug lowers LDL-cholesterol by 

blocking the reabsorption of bile acid from the intestinal tract and thus disrupting 

the entero-hepatic circulation. This leads to increased bile acid formation from 

cholesterol in the liver. The cholesterol for increased bile acid production comes 

partly from an upregulation of hepatic LDL-receptors and partly from increased de 

novo synthesis. The net-effect on plasma cholesterol levels is a lowering in total 

and LDL-cholesterol of up to 30%. The choice of this drug greatly facilitates the 

interpretation of the results reported here, since it is not taken up into the 

bloodstream and therefore none of the platelet parameters measured in our study 

could have been influenced by direct actions of the drug.

Plasma LDL and total cholesterol levels were markedly increased in the two 

FH-groups as compared to the controls. Total and LDL-cholesterol levels were 

predictably 15 and 23% lower in the cholestyramine treated group compared to the 

untreated FH-patients. HDL-levels tended to be lower in FH-patients as previously 

described than in the controls which is of interest, since especially the HDLj- 

subfraction is regarded as having anti-atherogenic properties. The difference in 

HDL2 between the untreated group and the control group reached statistical 

significance, an indication that the cholestyramine I treatment resulted in an increase 

in plasma HDLj levels

LDL has been reported to sensitize isolated platelets to aggregatory agonists
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(Koller et al, 1982; Aviram and Brook, 1982, Hassall et al, 1983a). Binding sites 

for LDL on the platelet surface were described (Koller et al, 1982). Platelet 

aggregation can be induced by concentrations of LDL above 2g of protein/L 

(Andrews et al, 1987). The secretion of contents of platelet dense granules but not 

that of lysosomes was detected. Furthermore, LDL gave rise to arachidonic acid 

mobilisation from phospholipids and the appearance of products of the cyclo- 

oxygenase pathway.

It is not clear, whether the generation of diacylglycerols observed after 

incubation of platelets is the result of the hydrolysis of phosphoinositides through 

the action of phospholipase C, or as suggested by Siess et al (1983) induced by 

arachidonic acid and its metabolites. The inhibitory effect of PG I2 on platelet 

aggregation can be potently neutralised upon incubation of platelets with LDL 

except at very high concentrations of PG I2 (Hassall et al, 1983b). LDL appear to 

share at least some of the mechanisms of stimulus response coupling of other 

platelet agonists acting primarily through the synthesis of arachidonic acid 

metabolites. On the other hand HDI^ but not HDL3 decreases platelet aggregability 

to LDL.

In the experiments reported here the aggregation response of platelets to 

ADP was marginally increased in both FH-groups compared to the controls, the 

difference not being statistically significant. We found no difference between the 

response in the untreated FH-patients and the cholestyramine treated group. 

Increased platelet sensitivity to agonists in PRP of hypercholesterolaemic patients 

has been described by several authors (Nordoy and Rodset, 1971; Carvalho et al., 

1974; Tremoli et al., 1984;), and malondialdehyde production by platelets was found 

to be slightly increased in FH (Zahavi et al, 1981). In their aggregation experiments,
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Carvalho et al (1974) and Tremoli et al (1984) found the largest differences 

between hypercholesterolaemics and controls with adrenaline as agonist. Using 

collagen, the concentration required to induce a full aggregation response was still 

around four times lower in FH-patients than in controls. The smallest difference was 

found when aggregation was induced by ADP. Our results obtained with ADP 

confirm the marginal difference shown by other authors (Carvalho et al., 1974; 

Tremoli et al., 1984).

Adenosine and the stable analogue NECA inhibited platelet aggregation in 

a concentration dependent manner in platelets stimulated with a threshold 

concentration of ADP. NECA was found to be around nine times more potent than 

adenosine in the control group, consistent with the previously reported potency for 

the compound over adenosine (Cusack and Hourani, 1981). Untreated FH-patients 

were between two to three times less sensitive to the inhibitory effects of adenosine 

and NECA than the cholestyramine-treated patients and the controls.

PG I2 sensitivity in untreated FH-patients was lower by approximately a 

factor of 2.4 compared to the control group. Decreased PG I2 sensitivity in platelets 

from hypercholesterolaemics has previously been reported (Colli et al., 1983). 

Cholestyramine treatment was shown to improve the sensitivity of platelets to PG 

I2 in FH-patients (Lobel et al, 1988). A similar trend was found in the treated- 

patients where the IC^-value improved from 21.9nM (untreated FH-patients) to 

14.6nM, approaching the value found for the control group (9.2nM). Interestingly, 

the improvement in adenosine sensitivity in the cholestyramine treated group was 

much more dramatic matching the normal sensitivity of the control group. Since 

the binding parameters for the three groups were very similar, the difference in 

platelet sensitivity could not be explained by changes at the receptor level. The
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values for the binding affinity and maximal binding for the two binding sites on the 

membrane preparations (KD1 0.45|imol/L; Km 2.5|imol/L; Bmixl 2.5pmol/mg protein; 

Bmua 13.8pmol/mg protein) were in the same range as those described by Huttemann 

et al. (1984)(KD1 0.16|imol/L; Km 2.9|imol/L, BmiXl 8.4pmol/mg protein; Bmtx2 

33.4pmol/mg protein), although maximal binding was generally less in the 

experiments reported here.

More information about the mechanism involved in the loss of sensitivity to 

adenosine was obtained by looking at the kinetics of cAMP formation. The 

formation of cAMP upon incubation of PRP with PG I2 and NECA was clearly 

attenuated in FH-patients when compared to the control group. The finding that 

cAMP-formation with forskolin, a direct activator of the adenylate cyclase (Insel et 

al, 1982) is also considerably reduced suggests, that the activity of the enzyme is 

reduced in FH-patients. Whether cholestyramine treatment improves the function of 

the enzyme cannot be determined from this study as cAMP-levels in the treated FH- 

patients were not measured. However, the fact that platelet sensitivity to adenosine 

in the aggregation experiments was normal in treated patients indicates, that the 

activity of the enzyme is normal. Furthermore it suggests, that the still impaired 

PG I2 sensitivity found in treated FH-patients is not the result of a defect in 

transmembrane signalling but probably of the reduction in the number or affinity 

of PG I2 receptors. It is believed that the postreceptor events, Gs-protein and the 

catalytic adenylate cyclase are shared between PG I2, adenosine, PG D2 and p2- 

adrenoceptors (Cuatrecasas, 1974).

Recent publications seem to confirm the hypothesis of PG I2-receptor changes 

in FH (Paoletti, 1989, Schror, 1989). Increased production of PG I2 by endothelial 

cells in the early stages of atherosclerosis has been demonstrated, and it is possible,
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that the exposure of platelet PG I2-receptors to at least locally increased levels 

causes the downregulation of receptors and postreceptor events. Therefore it cannot 

be excluded, that the loss of adenosine sensitivity in the FH patients is at least in 

part caused by a heterologous type of desensitization of postreceptor-events. This 

type of desensitization has been produced in vitro by Edwards et al (1987) after the 

incubation of platelets from healthy subjects with l|iM  of PG I2 for 24 hours. This 

led to diminished formation of cAMP when the platelets were challenged with 

NECA. On the other hand, the incubation of platelets with ImM NECA resulted in 

decreased formation of cAMP when the platelets were challenged with NECA but 

a normal response to PG I2 was observed. The explanation for this finding might 

be found in the fact, that the number of PG I2-receptors per platelet(10000)is much 

bigger than the number of high affinity adenosine receptors (approximately 1400 

receptors per platelet). Furthermore, the coupling of the receptors through the 

stimulatory guanine binding protein (Gs) could be more effective for PG I2-receptors. 

Indeed upon incubation of platelets with PG I2, intracellular cAMP-levels rose up 

to 15 fold over the basal cAMP-level, whereas with NECA the increase was only 

just over two-fold in these experiments.

An alterantive explanation for my results could be changes in platelet 

membrane composition. Membrane phospholipids are the principal solubilizer of 

cholesterol and an increase in the cholesterol/phospholipid ratio (C/PL) has a great 

influence on parameters of membrane fluidity. An increase in C/PL in platelets 

from FH-patients has been shown by several authors (Howard et al, 1972; Brown 

et al., 1973; Slack and Mills, 1970; Shattil et al, 1977). Cholesterol has direct 

effects on membrane fluidity (Oldfield and Chapman, 1972). Indeed, microviscosity 

of platelet membranes, as determined by the mobility of the hydrophobic fluorescent
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probe, 1,6-diphenyl, 1,3,5-hexatriene, is increased by cholesterol loading and is

proportional to the platelet C/PL (Shattil and Cooper, 1976). Platelet sensitivity to
in

ADP and adrenaline was found to be increasedvplatelets from FH-patients (Shattil 

et al, 1977) and in platelets incubated with cholesterol-rich liposomes (Shattil et al, 

1975). A good correlation was found between the C/PL of platelets and their 

sensitivity to adrenaline. In another study the increase in C/PL led to increased 

hydrolysis of phosphatidylcholine and therefore the liberation of arachidonic acid 

Kramer et al, (1982). Oxidized LDL seems to be even more potent in producing 

membrane fluidity changes (Ardiie et al, 1989).

LDL have been shown to exert direct effects on platelets through specific 

surface receptors (Koller et al., 1982) which is different from the classical ’Brown 

and Goldstein’ receptors found on other cell types (Shmulewitz et al., 1984; Hassall 

and Bruckdorfer, 1985). All our aggregations were carried out in PRP, and the 

possibility of direct effects of lipoproteins on the platelet responses in our 

experiments is an attractive explanation. LDL sensitizes platelets to other agonists 

(Koller et al., 1979; Aviram and Brook, 1982), and may act as agonist in its own 

right (Hassall et al., 1983b). Oxidatively modified lipoproteins are more potent than 

native lipoproteins (Ardiie et al., 1989). The binding of LDL to its platelet receptor 

causes an increase in the mobilization of arachidonic acid from membrane 

phospholipids (Andrews et al., 1987; Ardiie et al., 1989). The increase in 

arachidonic acid is accompanied by an increase in the generation of diacylglycerols 

(Andrews et al., 1989). Siess et al. (1983) suggested that diacylglycerol formation 

is induced by arachidonic acid and its metabolites. However, this response of 

platelets to LDL could only partially be inhibited by the pre-incubation with 

acetylsalicylic acid (Dunn et al., 1988), implying the direct activation of
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phosphoinositol turnover at least to some extent. Alternatively it could be argued 

that membrane fluidity changes are more important than the direct effects of LDL. 

In any case, LDL appear to share at least some mechanisms of stimulus-response 

coupling of other platelet agonists, acting primarily by the stimulation of the 

synthesis of arachidonic acid metabolites.

More recently it has been shown, that at least some of the effects attributed 

to LDL were due to the insufficient removal of the sulhydryl group inhibitor 

thimerosal from LDL-preparations. Thimerosal itself, which was included during the 

preparation of LDL because of its anti-oxidant and anti-bacterial properties, was 

shown to have proaggregatory effects, presumably through the activation of PLA2 

and to increase intracellular calcium levels (Hecker et al., 1989). Newer studies 

suggest that only oxidised LDL is capable of activating platelet PLA2 and IP3- 

tumover (Schachter et al., 1990).
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4.2.1. Study design

The aim of this study was to examine the relationship between o^- 

adrenoceptor-mediated platelet aggregation, plasma lipid and lipoproteins, platelet 

and plasma catecholamine levels and o^-receptor function in FH-patients and healthy 

volunteers. A group of eight untreated patients with heterozygous FH (4 and 4 ) 

were compared with eight sex and age matched controls. The diagnosis of FH was 

made using the same criteria as in the previous study and the exclusion criteria 

were the same.

Body weight and blood pressure were measured before blood was withdrawn 

through a Butterfly (G20) from the antecubital vein. 20 ml of blood were collected 

with a 20 ml syringe and mixed with 3.13% TSC for the preparation of PRP as 

described in chapter 3.1.1. for use in the aggregation experiments (see chapter 

3.1.3.). Aggregation experiments included a concentration response curve with ADP 

(0.125, 0.25, 0.5, 1, 2, 4, 8, 16 |iM) as well as adrenaline (1 and 10 pM) and 

collagen (1 and 10 |ig/ml), to establish platelet sensitivity to these agonists.

A further 40 ml of blood were collected into tubes containing EDTA (ImM 

final concentration). The PRP from EDTA anticoagulated blood was divided into 

two equal samples for the determination of plasma and platelet catecholamine levels 

by HPLC (see section 3.1.14.) and the preparation of platelet membranes (see 

section 3.1.9.). The EDTA-plasma from the ’membrane’ sample was used for the 

measurement of plasma lipid profiles as described in chapter 3.1.5..



104

4.2.2. Clinical data

The values are expressed as means of the 8 patients ± standard deviation 

(SD). The mean age of the control group (35 ± 13 years) was very similar to the 

mean age in the untreated FH-patients (35 ± 15 years p< 0.843). All our subjects 

were of normal body weight (C: 73 ± 13 kg; FH-U: 66 ± 9 kg p< 0.240). Blood 

pressure was found to be normal and not different between the two groups for 

systolic (C: 118 ± 6 mmHg; FH-U: 115 ± 12 mmHg p< 0.854) and diastolic blood

PLASMA L I P I D  LEVELS
mmol/1

10
Controls

Hean + 5D

TRIG T.CHOL LDL VLDL HDL2 HDL3
Figure 20: Plasma triglyceride, total cholesterol and LDL, VLDL, HDLj and HDL3- 
cholesterol levels in untreated FH-patients and controls.

pressure (C: 73 ± 4 mmHg; FH-U: 73 ± 6 mmHg p< 0.854).

Total plasma triglycerides, total cholesterol and the lipoprotein subfractions 

LDL, VLDL, HDL2 and HDL3-cholesterol are shown in Figure 20. The pattern is 

very similar to the respective groups in Figure 6. The most dramatic differences
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are the increase in total cholesterol in FH-patients (FH-U: 9.15 ± 2.11 mmol/L) 

compared to the controls (C: 4.66 ± 0.68 mmol/L p< 0.001) and in LDL-cholesterol 

(FH-U: 7.28 ± 2.12 mmol/L; C: 2.49 ± 0.85 mmol/L p< 0.001). Plasma triglyceride- 

levels (FH-U: 1.51 ± 0.33 mmol/L; C: 1.07 ± 0.40 mmol/L p< 0.032), and VLDL- 

cholesterol (FH-U: 0.69 ± 0 .15  mmol/L; C: 0.44 ± 0.29 mmol/L p< 0.049) were 

found to be moderately increased in FH-patients. There was a non significant 

decrease in HDL^-cholesterol (FH-U: 0.42 ± 0.19 mmol/L; C: 0.66 ± 0.35 mmol/L 

p< 0.111), and a significant decrease in HDL3-cholesterol (FH: 0.76 ± 0.24 mmol/L; 

C: 1.05 ± 0.11 mmol/L p< 0.008) in FH-patients.

ADP-STIMULATED PLATELET AGGREGATION IN UNTREATED
FH-PATIENTS AND HEALTHY SUBJECTS 
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Figure 21: Comparison of the ADP-sensitivity of platelets in FH-patients and 
controls.
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4.2.3. Platelet aggregations

The results (Mean, SD, SEM, p-values) of the aggregation experiments with 

ADP are displayed in Table 17 in Chapter VI. Platelets from FH-patients responded 

with a stronger aggregatory response to 0.25 (p< 0.02), 0.5 (p< 0.009) and 1 (iM 

(p< 0.001) of ADP than normal platelets. The shift in the concentration response 

curve of the FH-patients to the left (Figure 21) indicates increased sensitivity of 

the platelets to the agonist. This trend is also reflected by the ED^-values for the 

two curves which were found to be significantly lower in FH-patients (FH-U: 0.63

PLATELET S E N S I T I V I T Y  TO ADRENALINE AND COLLAGEN 

IN F H - P A T I E N T S  AND HEALTHY SUBJECTS  

Aggregation (X)
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Adrenaline lpM Collagen

Figure 22: Sensitivity of platelets from FH- 
collagen.

ipg / i i l

patients and

Control

FH-untreated

controls to adrenaline and

± 0.21, p< 0.001) than in the control group (C: 0.98 ± 0.12).

Figure 22 shows the results of the aggregation experiments conducted with 1 pM
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adrenaline (left hand) and 1 pg/ml collagen (right hand). The results are expressed 

in percent of the response obtained with 10 (iM adrenaline and 10 |ig/ml collagen 

respectively. The response to 1 pM adrenaline was found to be significantly higher 

in untreated FH-patients (FH-U: 81.2 ± 12.2 %-aggregation, p< 0.006), when 

compared with the control group (C: 47.7 ± 26.4 %-aggregation). Similarly the 

response to 1 pg/ml collagen was lower in controls (C: 80.6 ± 10.6 %-aggregation) 

compared to FH-patients (93.8 ± 2 %-aggregation), the difference being highly 

significant (p< 0.008).

4.2.4 Oj-adrenoceptor binding assay

Binding of the imidazoline derivative 3H-RX821002 to platelet membranes

BINDING OF3 H-RX821002 TO PLATELET MEMBRANES
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K ^m ol/L  Rec./plt 

Control 1.07 417

600 r
—• -  Control n:8

" A -  FH-untrealed n:8
Scatchard analysis

B/F

1000 —z 
\
\

800 - f
\

q  r I i I i I i I i I i I i I t I i I i I i I i

0 1 2 3 4 5 6 7 8 9  10 11 

3 H-RX821002 (nmol/L)

0.48 ** 334 200

400

600

0 100200300400500600700
bound (fm oi/m g protein)

Figure 23: Binding of the (^antagonist 3H-RX821002 to platelet membranes.
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was carried out as described in the section 3.1.11. of Chapter HI. The Mean, SD, 

SEM and p-values for the specific binding are shown in Table 18 in Chapter VI. 

Non specific binding was found to be linear ranging between 12 to 43 % of the 

total binding. The data of the saturation of binding is shown in Figure 23. Scatchard 

analysis on the data using the shared.curvfit program (see section 3.2.) suggests the 

presence of one class of receptors. The calculated dissociation constant (KD) was 

significantly lower in untreated FH-patients (FH-U: 0.48 ± 0.23 nmol/L, p< 0.006) 

compared to the controls (C: 1.07 ± 0.45 nmol/L), indicating an increase in the 

affinity of the receptor for the ligand. The number of receptors per platelet 

calculated from the maximal binding (Bm„) was found to be lower in FH-patients 

(334 ± 170 receptors/platelet), when compared to the control group (417 ± 175 

receptors/platelet). Although the fall in the number of receptors was around 20 %, 

the difference between the two groups was not significant due to the large variation.

4.2.5. Catecholamine measurements

The results from the plasma and platelet catecholamine measurements are 

shown in Figure 24. The extraction method and the assay procedure were described 

in section 3.1.16. in Chapter HI. The plasma level of noradrenaline (left hand of 

figure) was found to be increased in FH-patients (2.55 ± 0.6 pmol/ml) compared to 

the control group (1.54 ± 0.63 pmol/ml), the difference being significant (p< 0.005). 

No significant difference between the two groups was found when plasma adrenaline 

levels were compared (C: 0.25 ± 0.14 pmol/ml; FH-U: 0.21 ± 0.08 pmol/ml, p< 

0.514). Similarly platelet contents of noradrenaline were significantly increased in 

FH-patients (3.13 ± 1.04 pmol/mg protein, p< 0.014) over controls (1.93 ± 0.63 

pmol/mg protein), but no difference in the platelet contents of adrenaline was found
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CATECHOLAMINE LEVELS IN PLASMA AND PLATELETS

P l a s m a  l e v e l s  
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Figure 24: Plasma and platelet adrenaline and noradrenaline levels in untreated FH- 
patients and controls.

between the two groups (C: 0.15 ± 0.08 pmol/mg protein; FH-U: 0.15 ± 0.07 

pmol/mg protein, p< 0.948).
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4.2.6. Correlations: Lipds and catecholamines

A number of interesting correlations were found, when the values of the two 

groups were pooled. Correlation coefficients are shown in Table 19.

Table 19: Correlation coefficients for comparisons between plasma lipoproteins, 
catecholamine levels, platelet aggregation and binding parameters. (Plsm NA = 
plasma noradrenaline; Pit NA = platelet noradrenaline; Adren. = ED^ for 
aggregation to adrenaline; ADP = ED^ for aggregation to ADP).
Significance limits for v=n-2 degrees of freedom (n: 14): 2oc=0.05 p<0.4973; 2a=0.01 
p< 0.6226; 2a=0.001 p<0.7419.

Plsm NA Pit NA k d Bjnax

Aggregation 
Adren. ADP

T.CHOL. 0.781 0.631 -0.798 -0.488 0.564 -0.688
LDL 0.808 0.656 -0.779 -0.505 0.580 -0.687
VLDL 0.323 0.061 -0.324 -0.016 0.587 -0.378
h d l 2 -0.482 -0.350 0.168 0.211 -0.716 0.179
h d l 3 -0.339 -0.392 0.437 0.314 -0.311 0.639
Trig. 0.403 0.202 -0.480 -0.368 0.552 -0.308
Plasma NA 0.628 -0.700 -0.632 0.437 -0.453
k d
Bm„

0.522 -0.392
-0.205

0.495
0.088

A strong correlation was found between plasma NA and total cholesterol 

(R=0.781, p< 0.001) or LDL-cholesterol (R=0.808, p< 0.001)(Figure 25). Plasma NA 

and platelet content of NA correlated well (R=0.628, p<0.01), suggesting that 

plasma NA might be constantly elevated. It was of interest to find that the binding 

affinity (KD) of the otj-receptor for the ligand increases in relation to total 

cholesterol (R=-0.798, p< 0.001) or LDL-cholesterol (R=-0.779, p< 0.001)(Figure 

26). The influence of increased plasma LDL-cholesterol and total cholesterol on 

platelet sensitivity to ADP could be shown by correlations between the plasma 

lipoprotein levels and the ED^-values from the aggregation experiments. Increased 

sensitivity to ADP (decrease in the ED^) was found to be correlated with plasma 

LDL-cholesterol (R=-0.687, p< 0.01) as well as total cholesterol (R=-0.688, p<
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CORRELATION BETWEEN PLASMA NA-LEVELS AND LDL
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Figure 25: Correlation between plasma noradrenaline and plasma LDL-cholesterol. 

0.01).

The other lipoproteins VLDL, HDL3 and plasma triglycerides did not show 

any significant correlation to plasma and platelet NA-levels, platelet function or 

binding parameters, with the exception of HDL^-cholesterol, whose increase in 

plasma was associated with an increase in platelet sensitivity to adrenaline (decrease 

in ED*).
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CORRELATION BETWEEN PLASMA LDL AND KD
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Figure 26: Correlation between plasma LDL-cholesterol and the dissociation 
constant KD of c^-adrenoceptors in platelet membranes.
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4.2.7. Discussion : a 2-adrenergic receptors in FH

Circadian rhythms have been described in a variety of physiological events. 

Plasma catecholamine levels have been shown to follow such a circadian pattern, 

increasing rapidly in the early morning and peaking at around noon (Turton and 

Deegan, 1974; Tofler et al, 1987). Platelet aggregation is modulated by 

catecholamines and platelet aggregability to adrenaline has been found to increase 

in parallel with the elevation of the hormone in plasma, peaking at around 9 a.m. 

(Tofler et al., 1987). This finding was confirmed and a second peak of 

hyperaggregability to adrenaline at around 8 to 9 p.m. was identified later (Mehta 

et al., 1989). The response to ADP was shown to be only moderately increased in 

the early morning (Tofler et al., 1987). Interestingly the peak frequency for 

myocardial infarction (MI) and episodes of angina occurs between 6 a.m. and noon, 

with a second but small peak frequency in the late afternoon (Muller et al., 1985; 

Campbell et al., 1986). It has therefore been proposed that the sudden increase in 

circulating catecholamine levels may at least in some cases precipitate MI (Tofler 

et al, 1987).

Platelets from patients with FH are more sensitive to adrenaline and ADP 

than platelets from normal persons (Carvalho et al., 1974). MI is one of the major 

problems associated with FH. Our results confirm earlier reports regarding 

hyperaggregability in FH-patients. The concentration response curve obtained with 

ADP in FH-patients was clearly shifted to the left and the ED^-values of the FH- 

patients significantly lower compared to the control group (p< 0.001). Using a fixed 

concentration of 1 |ig/ml of collagen to induce platelet aggregation, FH-patients 

showed a significantly stronger response than the control group (p< 0.008). As in 

the study of Carvalho et al (1974), the biggest difference between the two groups
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was found when platelet aggregation was induced with adrenaline (p< 0.006). 

Although in our study, the difference between the two groups seemed to be less 

dramatic than in the study of Carvalho et al, where one third of ADP and collagen 

and 25 times less adrenaline was needed in FH-patients to induce the same degree 

of platelet aggregation as in healthy subjects.

The pattern of the plasma lipoproteins resembles very much our findings in 

the previous experiment. A highly significant increase in total and LDL-cholesterol 

and marginal increases in VLDL-cholesterol and plasma triglycerides are a 

characteristic feature of FH. Again a decrease in the antiatherogenic lipoprotein 

HDLj as well as HDL3 was found in FH-patients. It was important to demonstrate 

that all our subjects were normotensive, since hypertension is associated with 

abnormal platelet function.

Plasma-levels and platelet-content of NA but not adrenaline were found to 

be elevated by almost a factor of two in FH. Furthermore there appears to be a 

relationship between plasma NA and either plasma LDL or total cholesterol. Platelet 

NA-content was also found to be correlated with plasma LDL-levels. None of the 

other lipoproteins correlated with plasma or platelet NA-levels. Presumably, the 

additional NA seen in the FH-patients is of sympathetic origin, and the increased 

platelet content may be indicative of an enhanced sympathetic tone. NA is taken up 

by platelets via a carrier mediated transport system (Abrams and Solomon, 1969), 

and it has been suggested that the platelet catecholamine content may provide a 

long-term index of sympathoadrenal activity (Zweifler and Julius, 1982). Increased 

sympathetic tone might lead to downregulation of platelet o^-receptors observed in 

this study, a mechanism which may partly compensate for the increase in platelet 

aggregability. The 20% fall in platelet receptor numbers was not significant due to
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the large variation between the individual subjects. It is not clear, whether the 

increase in plasma NA-levels in combination with the increased affinity of the 0 2 - 

receptors for the ligand could have caused a homologous type of receptor 

desensitization. Alternatively the decrease in maximal binding could be the result 

of membrane composition changes. A reduced content of negatively charged sialic 

acid residues has been observed in FH which might interfere directly with binding 

or indirectly through an influence on the three-dimensional structure of the oCj- 

adrenergic receptor (Lupu and Calb, 1988).

The inverse relationship between plasma LDL or total cholesterol, and the 

binding affinity of the ligand for the receptor is important. Increased platelet 

aggregability in FH has been shown previously to be associated with an increase 

in the cholesterol/phospholipid ratio in platelet membranes (Shattil et al., 1977), 

which was found to be closely correlated to changes in microviscosity (Shattil and 

Cooper, 1977). Excess cholesterol may exert its effect on platelet membranes by 

creating a more viscous microenvironment which influences the position or mobility 

of membrane components responsible for the reception or transmission of 

aggregation stimuli. The components affected could include the receptor, the G- 

proteins or membrane-located enzymes such as PLA2, PLC and adenylate cyclase. 

Indeed, direct effects of cholesterol on membrane fluidity have been reported 

(Oldfield and Chapman, 1972). The increase in binding affinity seen in my 

experiments is closely related to the increase in total plasma cholesterol and LDL- 

cholesterol, and this finding could be attributed to membrane changes.

LDL has been shown to act as a direct agonist, as well as potentiating the 

action of other promoters of platelet aggregation at low concentrations (Hassall et 

al., 1983). The secretion of the contents of platelet dense granules, an increase in
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the mobilization of arachidonic acid from phospholipids and increased formation of 

diacylglycerol upon incubation of platelets with LDL have also been reported 

(Andrews et al., 1987). LDL caused shape-change and aggregation in human 

platelets and this was found to be associated with a rise in intracellular calcium 

(Dunn et al., 1988). However, further studies with aequorin-loaded platelets have 

caused a re-evaluation of the data, since it was recognised, that the antibacterial 

thimerosal used for the preparation of LDL was not completely removed by the 

dialysis. Thimerosal, is known to increase intracellular calcium (Hecker et al., 1989). 

The newer studies have shown, that only oxidised but not native LDL is an 

effective platelet activator (Ardiie et al., 1989; Schachter et al., 1990). Lipid 

peroxides are formed in subendothelial tissue to a higher degree in FH-patients than 

in healthy subjects and increased concentrations of oxidised lipoproteins are found 

in the blood in FH-patients. They may therefore play a role in the increased 

aggregability found in these patients. LDL may share at least some mechanisms of 

stimulus-response coupling with other agonists. Further studies will be necessary to 

re-evaluate the situation properly.

The hyperaggregability to all agonists commonly seen in FH-patients could 

be the result of the elevated catecholamine levels and the increased affinity of the 

o^-receptor for adrenaline and NA. It is tempting to speculate why the NA plasma 

levels are elevated in FH. The close correlation between plasma-levels and platelet 

content of NA found in this study together with the close relation found between 

the two parameters and total or LDL-cholesterol suggests an association between the 

two parameters. Human adipose tissue contains both fa and otj adrenergic receptors 

controlling lipolysis. The stimulation of pr receptors results in an increase of 

lipolysis whereas receptor stimulation exerts an antilipolytic effect. Berlan and
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Lafontan have demonstrated that both adrenaline and NA competed with a higher 

affinity for o^-sites than for pr sites on adipocytes. Furthermore the number of 

receptors is approximately three times higher than the number of pj-receptors. They 

concluded that at low concentrations the catecholamines would exert an antilipolytic 

effect on adipocytes, whereas at higher concentrations this effect would disappear. 

It could therefore be speculated that the increase in NA is linked to this antilipolytic 

effect of the hormone as a response to the increase in plasma lipoprotein levels 

(Berlan and Lafontan, 1985).

Alternatively, when thromboxane A2-generation was stimulated with 

arachidonic acid in platelet microsomes the release of noradrenaline from adrenergic 

nerves increased (Trachte and Stein, 1988). Therefore the increased platelet activity 

observed in FH-patients might be directly responsible for the increase in plasma 

NA. This finding suggests that the antihypertensive properties of thromboxane 

synthase inhibitors might be mediated through the removal of the potentiative 

neuromodulator thromboxane A2.
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4.3. Adenosine Mediated Responses in Insulin Dependent Diabetics.

4.3.1. Study design

In this study, transmembrane signalling through the adenosine receptor was 

compared in patients with insulin dependent diabetes mellitus and an age matched 

control group. Twelve female patients attending the diabetic clinic at University 

College Hospital and twelve healthy subjects were recruited. Only patients with 

proliferative retinopathy were considered for the study. None of the patients and 

controls showed any signs of peripheral vascular disease, neuropathy or 

cardiovascular disease. The absence of nephropathy was confirmed by testing the 

first morning urine for the excretion of albumin using the microalbuminuria test- 

kit AlbuSure™ (see Chapter 3.1.8.). All our subjects were non-smokers who had not 

taken any drugs, except insulin, for at least four weeks prior to the study.

On the day of recruitment urine was collected for the measurement of 

microalbuminuria. Additionally, urine was analyzed for glucose, bilirubin, ketone, 

specific gravity, blood, pH, protein, urobillinogen, nitrite and leucocytes using Ames 

Multistix reagent strips. Body weight and blood pressure were measured and a 

Butterfly (G20) inserted into the antecubital vein.

40 ml blood were collected with 20 ml syringes and mixed with 3.13% 

TSC for the preparation of PRP using low speed centrifugation as described in 

chapter 3.1.1.. Half of the PRP was used for aggregation experiments a described 

in chapter 3.1.3.. The aggregation program included a concentration response curve 

with ADP (0.125, 0.25, 0.5, 1, 2, 4, 8 and 16 |J.M) to establish a threshold
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concentration. The threshold concentration was defined as the lowest concentration 

of ADP inducing secondary aggregation (> 90% aggregation). The threshold 

concentration was used to induce platelet aggregation after incubation of PRP for 

one minute with adenosine (0.25, 0.5, 1, 2, 4, 8, 32 and 64 p.M), the stable 

analogue NECA (0.06, 0.12, 0.25, 0.5, 1, 2, 4, 8, 16, 32 and 64 |iM) or 

prostacyclin (1, 2, 4, 8, 16, 32, 64, 128 nM). Additionally the sensitivity of platelets 

to 1 or 10 |iM adrenaline and 1 or 10 |Xg/ml collagen was tested.

The other half of the PRP from TSC-anticoagulated blood was used to 

measure cAMP accumulation after stimulation with 100 |iM NECA, 100 nM 

prostacyclin or 100 fiM forskolin according to the procedure described in chapters 

3.1.12. and 3.1.13..

For the preparation of membranes 40 ml of blood were collected into tubes 

containing 1 mM EDTA (see chapter 3.1.9.). Binding of 3H-NECA to platelet 

membranes was carried out according to the method described in chapter 3.1.10.. 

The plasma from EDTA anticoagulated blood was used for the estimation of total 

triglyceride, total cholesterol and LDL, VLDL, HDLj and HDL^-cholesterol.

Finally blood was collected into vacutainers containing fluoride/oxalate and 

EDTA and sent off to the Chemical Pathology laboratory for the measurement of 

plasma glucose levels and glycosylated haemoglobin (HbAi).
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4.3.2. Clinical data

Values are expressed as means of the 12 subjects ± standard deviation (SD). 

The mean age for the two groups was 51 ± 10 years for the controls and 53 ±11 

years (p< 0.606) for the diabetics. All subjects were of normal weight (C: 65 ± 7 

kg; IDDM: 66 ± 10 kg, p< 0.788). No significant difference was found in diastolic 

blood pressure (C: 78 ± 6 mmHg; IDDM: 78 ± 10 mmHg, p< 0.999). Systolic 

blood pressure was found to be significantly increased in diabetics (C: 120 ± 11 

mmHg; IDDM 137 ± 15 mmHg, p< 0.005).

PLASMA GLU COSE AND G L Y C O S Y L A T E D  H A E M O G L O B IN  IN  

D I A B E T I C S  AND HEALTHY S U B J E C T S

j Control 

I IDDK

n : 12

Glucose (aunol/L) HBA1 (X)
Figure 27: Plasma glucose levels and glycoasylated haemoglobin (HbA1) in insulin 
dependent diabetics with proliferative retinopathy and healthy subjects.

Urine analysis with Ames Multistix gave normal results for bilirubin,
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ketones, blood, protein, urobilinogen, nitrites and leucocytes in all subjects. The 

absence of microalbuminuria (cut off point set at 30 mg/L) was confirmed using the 

AlbuSure™ test-kit. Specific gravity of the urine was estimated as 1.015 ± 0.007 

for the controls and 1.017 ± 0.009 for the diabetics, the difference not being 

significant (p< 0.613). Similarly, no difference in pH of the urine was found 

between the two groups (C: 5.8 ± 0.8; EDDM: 5.7 ± 0.8, p< 0.807). All the 

diabetics but not the controls showed some degree of glycosuria (C: negative; 

IDDM: 46 ± 30 mg/dl).

P LA S M A  L I P I D  L E V E L S

mmol/1

Controls

TRIG T.CHOL LDL VLDL HDLZ HDL3
Figure 28: Plasma triglyceride and lipoprotein levels in insulin dependent diabetics 
with proliferative retinopathy and healthy subjects.

Plasma glucose levels (Figure 27) were found to be strongly elevated in 

diabetics (9.9 ± 4.7 mmol/L) compared with the healthy subjects (4.2 ± 0.4 mmol/L, 

p< 0.001). Glycosylated haemoglobin (Figure 27), a long term indicator of overall
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glycaemic control, was significantly increased in diabetics (11.7 ± 3.6 %) compared 

to the controls (5.8 ± 0.9 %, p< 0.001).

Plasma lipid and lipoprotein levels are shown in Figure 28. Diabetics showed 

a significant increase in plasma triglycerides (1.44 ± 0.69 mmol/L) compared to our 

controls (0.98 ± 0.24 mmol/L, p< 0.047). VLDL-cholesterol was moderately 

increased in diabetics (0.66 ± 0.31 mmol/L) compared to the healthy subjects (0.44 

±0.13 mmol/L, p< 0.035). No significant difference was found in total cholesterol 

(C: 5.20 ± 0.62 mmol/L; IDDM: 5.66 ± 1.30 mmol/L, p< 0.278) and LDL- 

cholesterol (C: 3.21 ± 0.93 mmol/L; IDDM: 3.54 ± 0.86 mmol/L, p< 0.365) 

between the two groups. Similarly, HDLj-cholesterol (C: 0.66 ± 0.29 mmol/L; 

IDDM: 0.56 ± 0.39, p< 0.485), and HDL^-cholesterol (C: 0.92 ± 0.19 mmol/L, 

IDDM: 0.90 ± 0.34, p< 0.879) did not differ significantly.

4.3.3. Platelet aggregations

Platelet sensitivity to agonists

The mean platelet volume (MPV) measured on the Coulter Counter was 

found to be similar in both groups (C: 7.5 ± 0.4; IDDM: 7.9 ± 0.5, p< 0.077), 

indicating normal platelet turnover in the diabetics.

Platelet sensitivity to 1 and 10 |ig/ml collagen and 1 and 10 }iM adrenaline 

was measured in PRP. The stimulation of platelets with the higher concentrations 

of both agonists resulted in 100 % aggregation in all subjects. The aggregation 

response to 1 (ig/ml collagen is shown in Figure 29. No significant difference
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between the two groups was found (C: 85.1 ± 10.8 %; IDDM: 88.7 ± 19.3 %, p< 

0.580). The aggregatory response of platelets to adrenaline (Figure 29) was found 

to be increased in diabetics (70.7 ± 22.4 %) compared to the controls (57.0 ± 26.2 

%) the difference not reaching statistical significance (p< 0.181).
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Figure 29: Sensitivity of platelets from insulin dependent diabetics with proliferative 
retinopathy and healthy subjects to 1 fig/ml collagen and 1 fiM adrenaline.

The incubation of platelets with different concentrations of ADP resulted in 

an increase in platelet aggregation (see Figure 30). The mean, SD, SEM and p- 

values are shown in Table 20 in Chapter VI. The response to ADP is virtually the 

same in both groups and this is reflected by the ED^-values which do not differ

Controls IDDM
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Figure 30: Sensitivity of platelets from insulin dependent diabetics with proliferative 
retinopathy and healthy subjects to ADP (Data in Table 20, Chapter VI).

significantly (C: 0.87 ± 0.19 ^M; IDDM: 0.81 ± 0.39 p< 0.646). For the 

following experiments where we examined platelet sensitivity to PG I2, adenosine 

and NECA, 3 |iM ADP was selected to stimulate platelet aggregation in all subjects.
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Adenosine inhibition o f platelet aggregation induced by 3 \\M ADP (Figure 31).

Adenosine inhibited platelet aggregation induced by 3 |J.M ADP in a 

concentration dependent manner (Figure 31 and Table 21). Platelet aggregation is 

completely inhibited by adenosine in the high micromolar range. A significant 

parallel shift of the curve of the diabetic group to the right indicates a loss of 

platelet sensitivity to the inhibitory effect of adenosine. The ICso-value (mean ± SD) 

for the diabetics was found to be about four times higher compared to the control 

group (IDDM: 21.2 ± 11.7 C: 5.3 ± 1.9 p< 0.001).
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Figure 31: Inhibition of 3 fiM ADP-induced platelet aggregation with adenosine in 
insulin dependent diabetics with proliferative retinopathy and healthy subjects (Data 
in Table 21, Chapter VI).

c o n t ro l
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NECA inhibition o f p latelet aggregation induced by 3 fiM ADP (Figure 32).

NECA the stable analogue of adenosine inhibited ADP-induced platelet 

aggregation completely in the medium micromolar range Figure 32 and Table 22). 

NECA was 5 times more potent in controls and 3.5 times more potent in diabetics 

than adenosine. The inhibition was found to be concentration dependent. As with 

adenosine, the loss of sensitivity to NECA in diabetics is indicated by the shift of

ADP-INDUCED PLATELET AGGREGATION 
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Figure 32: Inhibition of 3 |iM ADP-induced platelet aggregation with NECA in 
insulin dependent diabetics with proliferative retinopathy and healthy subjects (Data 
in Table 22, Chapter VI).

the concentration response curve to the right. The IC^-value was found to be six 

times higher in diabetic patients (IDDM: 6.0 ± 8 .8  |iM) compared to the controls 

(C: 0.93 ± 0 .3  |iM), the difference being significant (p< 0.01).
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Prostacyclin inhibition o f platelet aggregation induced by 3 pAf ADP (Figure 33).

Prostacyclin potently inhibited platelet aggregation induced by 3 pM ADP 

(Figure 33 and Table 23). The cyclic endoperoxide was found to be 390 times 

more potent in the controls and over 1000 times more potent in the diabetics than 

adenosine. This difference between the two groups is the result of the decrease in
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Figure 33: Inhibition of 3 pM ADP-induced platelet aggregation with PG I2 in 
insulin dependent diabetics with proliferative retinopathy and healthy subjects (Data 
in Table 23, Chapter VI).

adenosine sensitivity in diabetics. Although the sensitivity of the platelets from 

diabetics to PG I2 is slightly decreased as indicated by the IC^-values (IDDM: 20.5 

± 12.5 nM; C: 13.5 ± 6.7 nM), the difference is not statistically significant (p< 

0.103).
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4.3.4. Receptor binding with NECA

Binding of [3H]-NECA to platelet membranes of insulin dependent diabetics 

and healthy subjects was carried out as described in Sections 3.1.9. and 3.1.10. in 

Chapter ID.

NECA-BINDING TO PLATELET MEMBRANES
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Figure 34: Binding of 3[H]-NECA to platelet membranes from healthy subjects. 
(Data in Table 24, Chapter VI).

Figure 34 shows the curves for the total-, specific- and nonspecific-binding 

to the membrane preparation from healthy subjects. The respective data (mean, SD, 

SEM) expressed in pmol bound per mg protein is found in Table 24 in Chapter VI. 

Nonspecific binding increases in a linear fashion over the range of concentrations 

from 15 % to 55 % of total binding. The Scatchard analysis carried out on the 

mean of the 12 subjects suggests the presence of two affinity states of the receptor, 

consisting of a high affinity low capacity and a low affinity high capacity site. The
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affinity constants (KD) for the two sites were calculated as being 0.16 p.M and 1.5 

(iM. Maximal binding (Bmax) was estimated as 3.0 pmol/mg protein for the high 

affinity, and 13.8 pmol/mg protein for the low affinity site.

NECA-BINDING TO PLATELET MEMBRANE5
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Figure 35: Binding of 3[H]-NECA to platelet membranes from insulin dependent 
diabetics with proliferative retinopathy. (Data in Table 25, Chapter VI).

The binding data for NECA to platelet membranes from insulin dependent 

diabetics is shown in Figure 35 and the Data is contained in Table 25 in Chapter 

VII. Nonspecific binding was found to be linear and increased from 39 % to 55 % 

over the range of concentrations tested. The dissociation constant for the high 

affinity site was calculated as 0.25 jiM. This represents an increase of about 56 % 

over the respective value found in the healthy subjects and indicates a decrease in 

the affinity of the receptor for the ligand. Maximal binding to the high affinity site 

was also found to be lower (2.3 pmol/mg protein) compared to the healthy subjects 

(3.0 pmol/mg protein), representing a decrease in the number of receptors by over
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23 %. The values for the low affinity high capacity binding site were found to be 

very similar to the values found in the control group (K^: 1.6 pM, Bmiot2: 13.6 

pmol/mg protein. With the exception of the affinity constant and the maximal 

binding found for the high affinity site in diabetics, all binding parameters were 

similar to the values found for the controls and the hyperlipidaemics in the FH- 

study.

4.3.5. Stimulation of cAMP-formation

Stimulation of cAMP-formation in PRP with 100 |iM NECA, 100 nM PG 

I2 and 100 |iM forskolin was measured over a period of ten minutes after 

preincubation for 5 minutes with 2 pM of the phosphodiesterase inhibitor papaverine 

(for detailed description see Sections 3.1.12. and 3.1.13. in Chapter El).

The response of platelets from insulin dependent diabetics with proliferative 

retinopathy and healthy subjects to NaCl is shown in Figure 36 (Table 26). NaCl 

does not appear to have any effect on the accumulation of cAMP, since the values 

for the two groups range between 14.2 and 25.5 pmol cAMP/mg protein. cAMP- 

levels tended to be marginally lower in diabetics although the difference was not 

statistically significant.
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Stimulation o f cAMP-formation with 100 \xM NECA
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Figure 36: Stimulation of cAMP-formation in PRP from insulin dependent diabetics 
with proliferative retinopathy and healthy subjects with 100 |iM NECA. (Data in 
Table 26/27, Chapter VI).

Incubation of platelets with 100 |iM NECA led to a rapid increase in 

intracellular cAMP-levels peaking at 2 minutes and falling progressively towards 

basal levels (Figure 36, Table 27 in Chapter VI). The formation of cAMP is much 

slower and the peak-value significantly lower in insulin dependent diabetics with 

proliferative retinopathy (51.5 ± 24.9 pmol/mg protein, p< 0.01), compared to 

healthy subjects (78.4 ± 23.8 pmol/mg protein). This peak value represents an 

elevation by a factor 4.5x in healthy subjects and 3.6x in diabetic patients. 

Comparison of the two corresponding points on the curves by Student’s t-Test 

shows that all the points are significantly different.
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Stimulation o f  cAMP-formation with 100 nM prostacyclin

As already seen in the study on FH-patients, PG I2 is a much more potent 

stirmulator of adenylate cyclase (Figure 37). The response is very rapid and the 

peaik-level is reached at around 2 to 3 minutes. The peak-values represent cAMP- 

elewations of 16.0x for the controls and 19.3x for the diabetics over basal levels. 

Affcer three minutes the levels are starting to decrease slowly. In all points the two 

curves do not differ significantly from each other. Overall, in both groups the 

curves look very similar to the control group in the FH-study and do not differ 

significantly from each other.
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Figure 37: Stimulation of cAMP-formation in PRP from insulin dependent diabetics 
with proliferative retinopathy and healthy subjects with 100 nM PG I2 (Data in 
Tables 26/28, Chapter VI).
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Stimulation o f  cAMP-formation with 100 \xM forskolin

Forskolin, the powerful direct stimulator of adenylate cyclase, leads to a 

rapid increase in intracellular cAMP-levels increasing over the whole period of 10 

minutes. The values for the two groups at 10 minutes represent elevations of cAMP 

over the basal level of 39.6x in healthy subjects and 45.8x in insulin dependent 

diabetics with proliferative retinopathy. None of the corresponding points on the two 

curves differs significantly when compared with Student’s t-Test, indicating normal 

activity of the enzyme in both groups.
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Figure 38: Stimulation of cAMP-formation in PRP from insulin dependent diabetics 
with proliferative retinopathy and healthy subjects with 100 fiM forskolin (Data in 
Tables 26/29, Chapter VI).
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4.3.6. Discussion: Transmembrane signalling in IDDM

The transmembrane signalling process of adenosine receptors was studied in 

12 female patients with insulin dependent diabetes and compared to a group of 12 

healthy subjects. The diabetic patients were suffering from proliferative retinopathy. 

Patients showing peripheral vascular disease, nephropathy, neuropathy or 

cardiovascular disease were not recruited in our study. Therefore, compared to most 

other studies in the literature, our population was much more homogenous, however 

it is impossible to exclude large vessel disease on clinical ground alone. 

Contradictionary results on platelet function in diabetics in the literature can at least 

in part be blamed on the poor selection of patients in these studies.

Vascular disease itself can cause changes in platelet behaviour (Ludlam et 

al, 1983; Handin et al, 1978; Celia et al, 1979; Stewart et al, 1983; Zahavi and 

Zahavi, 1985). In diabetic patients without vascular disease, the majority of reports 

found increased aggregation to various agonists (Sagel et al, 1975; Colwell et al, 

1976; Halushka et al, 1977; 1981a; Stuart et al, 1979; Silberbauer et al, 1981; Janka 

et al, 1983). Two studies did not show increased aggregation (Petersen and 

Gormsen, 1978; Corbella et al, 1979). In our study, we could not detect 

hyperaggregability to 1 p.g/ml collagen and the response to 1 |iM adrenaline and to 

various concentrations of ADP was increased by less than 10 % in diabetics 

compared to the control group the difference failing to reach statistical significance. 

Systolic blood pressure was significantly increased in the diabetics. However this 

moderate increase in blood pressure is unlikely to have influenced our experiments, 

since it has been demonstrated, that abnormal platelet function is only present in 

subjects with a mean blood pressure of over 160 mmHg. The mean platelet volume
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(MPV) was found to be increased in diabetics (7.9 ± 0.5) compared to the controls 

(7.5 ± 0.4, p< 0.077), but again the difference was not significant Prostacyclin 

sensitivity in our study showed a mild impairment in diabetics indicated by a shift 

of the concentration response curve to the right. The IC^ value for the diabetics 

was 58 % higher (21 ± 3.9 nM) but not significantly different from the value found 

in healthy subjects (13.3 ± 2.2 nM). All these findings point towards mild 

abnormalities in platelet function in insulin dependent diabetics as seen in other 

studies. The reason for the lack of statistical significance in our aggregation 

experiments might be explained by the relatively small number of patients we 

recruited compared to the other studies.

Platelet sensitivity to the inhibitory effect of adenosine and the stable 

analogue NECA was strongly impaired in IDDM. More than 4 times (p< 0.001) the 

concentration of adenosine and 6.5 times (p< 0.01) the concentration of NECA was 

needed to inhibit platelet aggregation induced by a threshold concentration of ADP 

in insulin dependent diabetics.

Binding studies with 3H-NECA on platelet membranes from diabetics and 

healthy subjects indicated a decrease of 23 % in the maximal binding to the high 

affinity low capacity site in the diabetics. Additionally, the affinity of the receptor 

for the ligand decreased by 36 % in diabetics. No differences in binding affinity 

and maximal binding of 3H-NECA to the low affinity high capacity site between the 

two groups were detected. The alterations in the binding parameters of the high 

affinity site are interesting, since the biological effects of adenosine are mediated 

by this receptor.

Not surprisingly the formation of cAMP in PRP from diabetics incubated 

with 100 pM adenosine was delayed and less marked compared to the controls. The



136

values rose to 3.6 times over basal levels in diabetics as opposed to 4.5 times in 

controls. The basal cAMP level was found to be marginally lower in diabetics 

(IDDM: 14.2 ± 4.8 pmol/mg protein, C: 17.5 ± 6.5 pmol/mg protein, p< 0.2). No 

difference in cAMP-formation stimulated with 100 nM prostacyclin and 100 pM 

forskolin was seen. This is not surprising, since in the platelet aggregation 

experiments we did not find any difference between the two groups. The results 

suggest that PG I2-receptor coupling mediated by the guanine stimulatory binding 

protein (Gs) as well as the activity of adenylate cyclase are normal in our patients.

Several explanations have been put forward to explain abnormal platelet 

function in diabetics. Some studies found a good correlation between platelet 

abnormalities and the extent of vascular disease (Heath et al, 1971; Kwaan et al, 

1972; Passa et al, 1974; Bensoussan et al, 1975; O’Malley et al, 1975; Creter et al, 

1978; Khosla et al, 1979; Fuller et al, 1979), but this is not a universal finding 

(Hassanein et al, 1972; Sagel et al, 1975; Colwell et al, 1976; Dassin et al, 1978; 

Gensini et al, 1979; Stuart et al, 1979; Silberbauer et al, 1981; Brooks et al, 1983; 

Jones et al, 1985).

Some authors have found good correlations between plasma levels of the 

platelet specific protein p-thromboglobulin as a measure of in vivo platelet release 

reaction and the metabolic control in diabetics (Preston et al, 1978; Brooks et al, 

1983; Voisin et al, 1983), although others found no correlation (Betteridge et al, 

1981) and near normal glycaemic control did not correct abnormal platelet reactivity 

(Jackson et al, 1984). The two platelet surface proteins glycoprotein lib and Ilia are 

required for normal platelet aggregation in response to ADP, collagen and thrombin 

(Hack and Crawford, 1984; McGregor et al, 1983). Platelets from diabetics have 

been shown to exhibit a much higher level of glycosylation compared to non
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diabetic controls (Sampietro et al, 1986). A study by Yatscoff et al (1987) found 

bo relationship between the level of glycation and platelet aggregation suggesting 

that the functional changes in platelets are not influenced by the level of glycation.

The changes in serum lipoproteins found in diabetics might in part be 

responsible for the functional abnormalities observed in platelets (Betteridge et al, 

1981). Numerous studies in erythrocytes from diabetics have shown an increase in 

the membrane cholesterol-phospholipid molar ratio (Bryszewska et al, 1986; Baba 

et al, 1979) and reduced deformability (Brownlee and Cerami, 1981). Reduced 

membrane fluidity was found to be associated with nonenzymatic glycosylation in 

erythrocytes from diabetics and in erythrocytes incubated with high glucose 

concentrations (Watala et al, 1985; Bryszewska and Szosland, 1988). Only one study 

has addressed this question in platelets (Winocour et al, 1990). The ratio of plasma 

VLDL + LDL to HDLj + HDL3 cholesterol was found to be significantly greater 

in diabetic than in control subjects. Reduced membrane fluidity was found to be 

associated with these changes. This finding is interesting, since a moderate increase 

in plasma LDL-cholesterol and a significant increase in plasma VLDL-cholesterol 

was observed in this study.

Membrane composition changes or the glycosylation of receptor proteins 

might explain the affinity change of the high affinity receptor for adenosine 

observed in diabetics. However, the decrease in platelet sensitivity to adenosine and 

the reduction in maximal binding are consistent with a homologous type of 

downregulation of adenosine receptors. This type of downregulation is caused by 

the constant exposure of receptors to its ligand. Because of the well known 

regulatory function of adenosine on blood supply in peripheral tissue it is tempting 

to speculate, that the presence of microvascular disease in our patients causes the



138

release of adenosine or its production from ATP in order to vasodilate capillaries 

and improve tissue oxygenation. This would at least locally lead to high 

concentrations of adenosine causing the downregulation of the receptors on platelets.
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4.4. Adenosine Mediated Responses in Myocardial Infarction

4.4.1. Study design

The release of ATP from the ischaemic heart during myocardial infarction 

has been demonstrated (Rubio et al, 1974; Berne and Rubio, 1974b). It provides a 

rich substrate for the formation of adenosine which through its vasodilatory effect 

mediated by the production of endothelial derived relaxing factor leads to the 

improvement of tissue oxygenation. Furthermore adenosine has been assigned a role 

in the regulation of thrombus size through its antiaggregatory effects on platelets. 

The introduction of coronary thrombolysis with streptokinase or recombinant tissue 

plasminogen activator has significantly improved the prognosis for infarct patients. 

However, despite these efforts and the antiplatelet therapy with aspirin, rethrombosis 

rates of 45 per cent have been reported Gold et al, 1986; Sherry S. 1987). Platelets 

are undoubtedly important in the pathogenesis of rethrombosis (Griguer et al, 1980).

In the studies presented here the question whether the formation of adenosine 

could downregulate platelet adenosine receptors thereby neutralizing its antiplatelet 

effects in the immediate post-infarct period was addressed. Such a mechanism would 

favour the occurrence of thrombotic complications. We recruited 10 patients from 

the intensive care unit at University College Hospital and 10 age and sex matched 

controls. MI was diagnosed on the basis of classical electrocardiogram findings, and 

the typical increase in plasma creatine kinase (CPK: normal range 24 - 195 IU/L), 

aspartate transaminase (AST: normal range 1 1 - 5 5  IU/L) and hydroxybutyrate 

dehydrogenase levels (HBD: normal range 55 - 140 IU/L). Recruitment took place 

between 12 to 24 hours after the onset of pain. None of the patients was suffering
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from any chronic illness or was on long term therapy before the development of 

chest pain.

All patients had received coronary thrombolysis with streptokinase (1.5 

mU/100 ml/ h) and some had received 5 mg diamorphine, 100 to 200 mg 

hydrocortisone, 10 mg chlorpheniramine and some had been started on 25 mg of 

the |3-blocker metoprolol. Since the completion of the ISIS-2 study in 1988 (ISIS- 

2, 1988) showing an improvement in the risk of mortality with a combination of 

streptokinase and aspirin, all Ml-patients are put on a daily dose of 150 mg of the 

antiplatelet agent at UCH. This forced a change in the initial protocol and it was 

decided to give the same dose of aspirin to our controls at 9 to 14 hours prior to 

the blood sampling. Thrombolytic therapy with streptokinase did not produce any 

significant changes in any parameter of platelet aggregation (Berridge et al, 1989), 

and the antiplatelet effect of (3-blockers develops only after the treatment with the 

drugs for several days.

The study was approved by the ethical committee at UCH and written 

consent was obtained from all patients.

On the day of recruitment blood pressure and body weight were measured 

and a Butterfly (G20) inserted into the antecubital vein. 40 ml of blood were 

withdrawn with 20 ml syringes and mixed with 3.13 % TSC for the preparation of 

PRP (see Section 3.1.1.). The platelet count in TSC was adjusted to 200 x 109 

platelets per litre. Approximately half of the PRP was used in the aggregation 

experiments and the rest for the measurement of cAMP-formation after incubation 

with NECA, PG I2 and forskolin.

The sensitivity of platelets to various concentrations of ADP (0.25, 0.5, 1, 

2, 4, 8, 16, 32 p.M), to 1 or 10 p.M adrenaline, and to 1 or 10 |ig/ml collagen was
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established. Platelet aggregation induced by a threshold concentration of ADP was 

inhibited with adenosine (0.01, 0.1, 1, 10, 100 pM), the stable analogue NECA 

(0.01, 0.1, 1, 10, 100 pM) or PG I2 (2, 4, 8, 16, 32, 64, 128 nM).

The stimulation of cAMP-formation was measured in PRP according to the 

method described in Sections 3.1.12. and 3.1.13.. PRP was preincubated with 2 mM 

of the phosphodiesterase inhibitor papaverine for five minutes before being 

challenged with 100 pM NECA, 100 nM PG I2 or 100 pM forskolin.

Another 20 ml of blood were collected into tubes containing 1 mM EDTA 

for the preparation of platelet membranes (see Section 3.1.9.). Platelet membranes 

were used in the receptor binding assay with 3[H]-NECA (Section 3.1.10.), and the 

PPP obtained was used for the measurement of total cholesterol and triglyceride 

levels as well as LDL, VLDL, HDLj and HDL3-cholesterol.

4.4.2. Clinical data

All values are expressed as means of the 10 patients ± standard deviation

(SD) with the exception of the plasma CPK, AST and HBD values in Figure 39

which are expressed as medians. The mean age of the Ml-patients was around 54
I in the control group 

± 7 years as compared to 57 ± 11 yearsv’(p< 0.412). Some of the Ml-patients were

obese, but the mean body weight was not significantly different from the control

group (MI: 84.6 ± 13.5 kg; C: 76.0 ± 6.0 kg; p< 0.082). Systolic (C: 119 ± 10

mmHg; MI: 119 ± 12 mmHg; p< 0.969) and diastolic blood pressure (C: 75 ± 8

mmHg; MI: 69 ± 7 mmHg; p< 0.068) are similar in both groups.

Figure 39 shows the increase of plasma CPK, AST and HBD levels in the

postinfarct period on day one, two and three. Plasma CPK levels increased rapidly
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PLASMA C P K .  AS T  AND HBD L E V E L S  I N  I N F A R C T  
P A T I E N T S  ON DAYS O N E .  TVO AND TH REE

n : 10

Figure 39: Increase in plasma CPK, AST and HBD levels on days 1, 2 and 3 after 
the onset of chest pain in infarct patients. Median of 10 MI-pntients. The horizontal 
bars in the graph represent upper and lower normal range.

from 318 IU/L (day 1) to 997 IU/L (day 2), and fell back to 412 IU/L on day 3. 

AST levels increased from 137 IU/L at day 1 to reach a plateau 205 IU/L at day 

2 and 3 (209 IU/L). In contrast, plasma HBD increased slowly over the three days 

from 130 IU/L (day 1), to 192 IU/L (day 2) and 281 IU/L (day 3).

Plasma triglyceride and cholesterol levels as well as the lipoprotein 

subfractions LDL, VLDL, HDL2 and HDL^-cholesterol are shown in Figure 40. 

Plasma triglyceride levels were found to be elevated in infarct patients (1.55 ± 0.71 

mmol/L) compared to healthy subjects (1.04 ± 0.41 mmol/L; p< 0.063). Total 

plasma cholesterol (C: 5.26 ± 0.72 mmol/L; MI: 5.05 ± 0.67 mmol/L; p< 0.505) 

and LDL-cholesterol (C: 3.26 ± 0.79 mmol/L; 3.38 ± 0.95 mmol/L; p< 0.777) were
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Figure 40: Plasma triglyceride, total cholesterol and LDL, VLDL, HDLj, and HDL3- 
cholesterol in infarct patients and healthy subjects.

not significantly different between the two groups. VLDL-cholesterol was found to 

be moderately increased in MI (0.57 ± 0.25 mmol/L) compared to healthy subjects 

(0.46 ± 0.19 mmol/L), the difference not reaching statistical significance. 

Interestingly, HDL^-cholesterol was lower in MI (0.39 ± 0.19 mmol/L) than in 

controls (C: 0.65 ± 0.41 mmol/L; p< 0.088), a trend also found for HDL3- 

cholesterol (MI: 0.70 ± 0.22 mmol/L; C: 0.89 ± 0.24 mmol/L; p< 0.077), the 

difference just not reaching statistical significance.
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4.4.3. Platelet aggregations

Increased platelet consumption during the infarct was suggested by an 

increase in the mean platelet volume measured on a Coulter Counter from 7.4 ± 0.6 

in healthy subjects to 8.4 ± 0.8 in infarct patients (p< 0.0066).

Platelet sensitivity to collagen and adrenaline

As a result of the treatment of the patients and controls with 150 mg aspirin, 

the following results have to be interpreted with caution. Indeed the inhibitory effect 

of aspirin was seen in both groups to a similar extent when platelets were 

challenged with 1 and 10 (ig/ml collagen or 1 and 10 pM adrenaline respectively 

(Figure 41). No secondary aggregation was observed with 1 pM adrenaline (C: 27.9 

± 8.7 %; MI: 26.6 ± 4.9 % aggregation; p< 0.693), or 10 pM adrenaline (C: 42.2

PLATELET SENSITIVITY
A ggregation  %

®  Control

HH1 Infarct patients

Collagen Collagen Adrenaline Adrenaline
lfjg/ml lO^ig/ml lpM  10pM

Figure 41: Platelet sensitivity to 1 and 10 pM adrenaline and 1 and 10 pg/ml 
collagen in healthy subjects and infarct patients. All subjects had received 150 mg 
of aspirin between 9 to 15 hours prior to blood sampling.
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z 112.1 %; MI: 44.5 ± 8.2 % aggregation; p< 0.634). Platelet aggregation induced 

by 10 M-g/ml collagen induced secondary aggregation in healthy subjects on aspirin 

(99>.3 ± 2.2 %) and Ml-patients (99.0 ± 4.0 % aggregation; p< 0.774). Again the 

lower concentration of 1 |ig/ml collagen did not cause secondary aggregation in 

botih groups (C: 30.2 ± 13.6 %; MI: 31.9 ± 12.6 % aggregation; p< 0.778). Overall 

no difference was detected between the responses of infarct patients and healthy 

subjects to adrenaline and collagen.

Platelet sensitivity to ADP

The responses of platelets from the two groups challenged with ADP are 

shown in Figure 42. The means, SD, SEM and the p-values are expressed in Table 

30 in Chapter VI. ADP-induced platelet aggregation was found to be concentration

ADP-INDUCED PLATELET AGGREGATION
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Figure 42: Platelet sensitivity to ADP in healthy subjects and infarct patients. All 
subjects had received 150 mg aspirin between 9 to 15 hours prior to blood 
sampling. (Data in Table 30, Chapter VI).
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dependent. Secondary aggregation was induced by 4 |iM ADP in both groups. The 

EDjo-value calculated for the Ml-patients was slightly lower (MI: 1.16 ± 0.39 (iM) 

than in healthy subjects (C: 1.68 ± 0.69 pM), the difference almost being significant 

(p< 0.052). This result might point towards an increased aggregability of platelets 

from Ml-patients to this agonist. Again the influence of aspirin can be seen. The 

ED^-values are about twice as high compared to healthy subjects not receiving 

aspirin.

Inhibition o f platelet aggregation with adenosine

Adenosine inhibits platelet aggregation induced by a threshold concentration 

of ADP in a concentration-dependent manner in both groups (Figure 43, Data in 

Table 31 in Chapter VI). The maximal inhibition with the highest concentration of

ADP-INDUCED PLATELET AGGREGATION 
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n : 1 0

ADENOSINE CpM}

Figure 43: Inhibition of ADP-induced platelet aggregation with adenosine in healthy 
subjects and infarct patients. (Data in Table 31, Chapter VI)J ADP 4pM
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100 pM adenosine did not exceed 63.9 %. No difference in the IC50 value between 

the two groups was observed (C: 19.8 ± 33.6 pM; MI: 21.2 ± 32.3; p< 0.924). The 

concentration response curves are very shallow and compared to the experiments 

carried out in controls not receiving aspirin, the IC50 are approximately a factor 5.5 

higher in patients on aspirin.

Inhibition of platelet aggregation with NECA

NECA like adenosine inhibits platelet aggregation induced by a threshold 

concentration of ADP in both groups in a concentration-dependent manner (Figure 

44, Data in Table 32 in Chapter VI). The maximal inhibition achieved with 100 pM 

NECA was 75 %. The IC^-values for the two groups did not differ significantly (C: 

2.02 ± 2.93 pM; MI: 2.47 ± 2.65 pM, p< 0.724), although it was found to be

ADP-INDUCED PLATELET AGGREGATION 
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Figure 44: Inhibition of ADP-induced platelet aggregation with NECA in healthy 
subjects and infarct patients. (Data in Table 32, Chapter VI). j ADP 4pM
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slightly higher in MI patients. The standard deviation was very high in both groups. 

NECA was 8.5 to 10 times more potent than adenosine. As with adenosine, the 

curves are very shallow and the ICso-values are a factor 5 to 6 higher in aspirin- 

treated patients compared to controls not receiving aspirin.

Inhibition o f platelet aggregation with prostacyclin

ADP-INDUCED PLATELET AGGREGATION 
PROSTACYCLIN SENS IT I V I TY
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Figure 45: Inhibition of ADP-induced platelet aggregation with PG I2 in healthy 
subjects and infarct patients. (Data in Table 33, Chapter V I).1 ADP 4jjlM

Figure 45 shows the inhibition of ADP-threshold concentration induced 

platelet aggregation with PG I2. Means, SD, SEM and p-values can be found in 

Table 33 (Chapter VI). PG I2 potently inhibits platelet aggregation blocking it 

completely in the high nanomolar range. No difference in sensitivity of the two 

groups to PG I2 were found although the IC^-value was moderately increased in 

infarct patients (43 ± 34 nM) compared to healthy subjects (34.6 ± 19.5 nM; p<

ControI

Infarct patien ts
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0.482). PG I2 was around 500 times more potent than adenosine and 58 times more 

potent than NECA as an inhibitor of platelet aggregation. Interestingly, both aspirin- 

treated groups were approximately 4.2 times less sensitive to PG I2 than non aspirin 

receiving controls.

4.4.4. Receptor binding with NECA

Binding of [3H]-NECA to platelet membranes was carried out as described 

in Sections 3.1.9. and 3.1.10. in Chapter VI. Table 34 in Chapter VI shows the 

mean, SD and SEM for the total-, nonspecific- and specific binding of [3H]-NECA 

to the membrane preparation in the control group expressed in pmol/mg protein. 

Figure 46 shows the saturation of binding as well as the Scatchard plot. Nonspecific 

binding increases in a linear fashion from 15 to around 50 % of the total binding.

NECA-BINDING TO PLATELET MEMBRANE5 
s a tu ra tio n  o f D fnoing ana Scatcnara a n a ly s is
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Figure 46: 3[H]-NECA binding to platelet membranes in healthy subjects. (Data in 
Table 34, Chapter VI).



150

Scatchard analysis was carried out on computer using the ’shared.curvfit’ program 

written by Neil Castle. The dissociation constants for the high (KD1) and the low 

affinity (Kk ) receptor were calculated as 0.41 pmol/L and 2.6 pmol/L respectively. 

Maximal binding was estimated as 3.2 pmol/mg protein (Bmilxl) and 13.8 pmol/mg 

protein (Bmtx2) for the two binding sites.
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Figure 47: Binding of 3[H]-NECA to platelet membranes from infarct patients. 
(Data in table 35, Chapter VI).

The data of the binding assay carried out in platelet membranes from Ml- 

patients is shown in Table 35 (Chapter VI) and graphically represented in Figure 

47. No difference in the affinity of both the high affinity binding site for adenosine 

(KD1 = 0.38 p.mol/L) and the low affinity binding site (Km = 2.4 |imol/L) was seen 

when the values were compared to the control group. Maximal binding to the low



151

affinity high capacity site was similar to the value found in healthy subjects (Bmtx2 

= 13.7 pmol/mg protein). Binding to the high affinity low capacity binding site 

appeared to be lower compared to the control group (Bmtxl = 2.3 pmol/mg protein).

4.4.5. Stimulation of cAMP-formation

cAMP-formation was stimulated in PRP with 100 |iM NECA, 100 nM PG 

I2 and 100 |iM forskolin preincubated with 2 mM of the phosphodiesterase inhibitor 

papaverine for 5 minutes according to the procedure described in Sections 3.1.12. 

and 3.1.13. in Chapter III. The formation of cAMP was measured over a period of 

10 minutes.

Stimulation o f cAMP-formation with 100 |iM NECA

The response of platelets to 100 |iM NECA is shown in Figure 48. The data 

can be found in Table 36 of Chapter VI. Basal cAMP-levels were found to be 

similar in both groups (C: 18.9 ± 3.4 pmol/mg protein; MI: 22.0 ± 4.6 pmol/mg
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Figure 48: Stimulation of cAMP-formation in PRP with 100 pM NECA in healthy 
subjects and infarct patients. (Data in Table 36, Chapter VI).

protein; p< 0.109). The challenge of the platelets with NECA led to an increase in 

intracellular cAMP-levels peaking at 3 minutes and then decreasing slowly towards 

basal level. The maximal increase in healthy subjects at three minutes (88.9 ±21.1 

pmol/mg protein) represents an increase of 4.7 fold over basal level. In infarct 

patients, the increase was less marked, the difference between the two groups being 

significant at 1, 3, 7.5, and 10 minutes. The peak value at 2 minutes (66.7 ± 13.65 

pmol/mg protein) represents an elevation of the intracellular cAMP-level over the 

basal value by a factor 3.0 x. This value is approximately 25 % lower than the 

peak value found in healthy subjects.

C o n t r o l s
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Stimulation o f cAMP-formation with 100 nM prostacyclin

PG I2 powerfully stimulated cAMP-formation in PRP (Figure 49, Data in 

Table 37). Levels reached a plateau between 7.5 to 10 minutes in both groups, and 

no significant difference between the groups could be detected over the ten minutes. 

At maximal stimulation, intracellular cAMP-levels were 18.9 times above basal level 

in healthy subjects (C: 356.3 ± 96.8 pmol/mg protein), while in Ml-patients the 

values increased by a factor of 14.6 (MI: 320.4 ± 63.9 pmol/mg protein). Both 

curves compare well with the findings in healthy subjects who had not received 

aspirin (Figure 18).
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Figure 49: Stimulation of cAMP-formation in PRP with 100 nM PG I2 in healthy 
subjects and infarct patients. (Data in Table 37, Chapter VI).
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Stimulation o f  cAMP-formation with 100 |xM forskolin

Direct stimulation of the adenylate cyclase with the diterpene forskolin 

resulted in a rapid increase in intracellular cAMP-levels over ten minutes (Figure 

50, Data in Table 38). A plateau was reached at around five minutes. The increase 

represents an elevation by a factor of 28 over basal values in both groups. Although
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Figure 50: Stimulation of cAMP-formation in PRP with 100 fiM forskolin in 
healthy subjects and infarct patients. (Data in Table 38, Chapter VI).

the levels reached in healthy subjects are slightly lower, the differences are not 

statistically significant, indicating that there was no difference in the activity of the 

enzyme between the two groups.
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4.4.6. Discussion: Transmembrane signalling in myocardial infarction

In healthy subjects coronary blood flow depends entirely on the myocardial 

oxygen consumption rate. The energy to support the constant work of the heart 

comes from aerobic metabolism. Fatty acids are the primary fuel, accounting for 

about 70 % of the oxygen supplied to the heart. The magnitude of oxygen 

extraction by the heart exceeds that of any other organ. Because oxygen extraction 

is very nearly complete, the heart can only respond to increased workloads by 

increasing coronary heart flow. In view of the vasodilatory effects of adenosine 

during hypoxia, Berne (1961) proposed that adenosine might be the major link that 

couples coronary flow rate to the metabolic state of the heart. This hypothesis has 

been thoroughly investigated and is now generally accepted (Rubio and Berne, 1975; 

Belloni, 1979; Bache and Dymek, 1981). It has also been demonstrated that the 

release of purines from the heart is increased during ischaemia in man (Fox et al, 

1974, 1979; Remme et al, 1977; Kugler et al, 1979). Similarly increased release of 

prostaglandins in ischaemia and hypoxia was found in animals, the major 

prostaglandin produced being PG I2 in the rabbit heart (DeDeckere et al, 1977), but 

this was not confirmed in a study in patients with ischaemic heart disease (Edlund 

et al, 1985).

The aim of our study was to test the hypothesis, that the formation of 

adenosine from ATP released by the ischaemic heart during myocardial infarction 

would lead to a compensatory downregulation of adenosine receptors on platelets. 

Because of the important inhibitory effects that adenosine normally exerts on 

platelet function, this loss in sensitivity could help to explain the high incidence of 

reinfarction in Ml-patients.
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During the processing of our application for the permission to conduct such 

a study by the ethics committee at UCH, the results from the second international 

study of infarct survival (ISIS-2) were published in the Lancet (ISIS-2, 1988). In 

this study carried out on 17,187 patients with suspected MI entering 417 hospitals, 

the effect of thrombolytic therapy with an infusion over 1 hour of 1.5 mU 

streptokinase and the treatment for one month with 160 mg/day aspirin as well as 

the combination of both treatments resulted in a significant reduction of the 5-week 

vascular mortality. The combination of the two drugs gave even better results, the 

effects appearing to be additive. The reduction in vascular and overall mortality 

remained highly significant for both treatments in the follow-up period. As a result, 

aspirin was introduced as a standard treatment for infarct patients at UCH. This in 

turn forced us to reevaluate the protocol for our study since it included platelet 

aggregation experiments who would be strongly influenced by the therapy with 

aspirin. Given the obvious benefits of aspirin treatment we found that it was clearly 

unethical to withdraw patients from the treatment with aspirin in order to conduct 

our study and decided to give the same amount of 150 mg aspirin at a similar time 

prior to the collection of the blood to all the controls. Platelet aggregation studies 

were carried out with the primary aim to study the effect of antiplatelet treatment 

on platelet function in the early post-infarct period. It was hoped, that the binding 

studies and the stimulation of cAMP-formation would not be influenced by aspirin.

In our study, total plasma triglyceride levels were elevated and HDL^ and 

HDL3-cholesterol levels decreased in infarct patients. None of our patients was 

hypercholesterolemic or hypertensive but most patients were clearly obese. The 

majority of infarcts (7) were classified as anterior infarcts and the remaining 3 were 

classified as inferior infarcts. Elevations of plasma CPK, AST and HBD levels were



157

seen in all Ml-patients as was the typical ST-elevation in the ECG.

As expected, platelet aggregation studies were strongly influenced by the 

aspirin. Secondary aggregation was prevented with both concentrations of adrenaline 

(1 and 10 pM), as well as the low concentration of collagen (1 pg/ml). 

Additionally, the concentration of ADP needed to induce '50 % platelet aggregation 

was found to be slightly increased by a factor 1.8 over controls not receiving 

aspirin. No difference in the sensitivity of platelets to adrenaline and collagen 

between infarct patients and healthy subjects was seen with the exception of ADP- 

induced aggregation, where the difference in the ED^ reached almost statistical 

significance. Our result stands in contrast to studies showing hyperaggregability to 

various aggregating agents after MI (Zahavi, 1977; Prazich et al, 1977; Packham, 

1978; Sorkin et al, 1982). Sequential platelet tests suggested that platelet 

aggregability increased during the first days after MI, remained high for 4 to 6 days 

and then gradually decreased over the next two to three weeks. Measurement of the 

mean platelet volume showed a significant increase in Ml-patients suggesting 

increased consumption of platelets during and probably also in the time immediately 

after the onset of MI. This is in agreement with the report by Cameron (Cameron 

et al, 1983). It is possible, that the treatment of our patients and controls with 

aspirin has masked the potential differences in platelet sensitivity to the agonists in 

the study reported here.

Adenosine receptor binding showed a decrease in the receptor number of the 

high affinity low capacity site in MI, but no changes in binding affinity. Similarly, 

cAMP-formation with NECA was diminished significantly indicating downregulation 

of the adenosine mediated response. On the other hand, the stimulation of cAMP- 

formation with PG I2 and the direct adenylate cyclase stimulator forskolin was of
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the same magnitude in both groups, suggesting normal receptor coupling through 

the guanine stimulatory binding protein Gs and normal activity of the adenylate 

cyclase. This result could be indicative for a homologous type of adenosine receptor 

downregulation in infarct patients.

Another result from this study is of interest. The concentration response 

curves for adenosine, NECA and PG I2 are very shallow in both groups compared 

to the control groups from our FH and diabetes study. The ICso for adenosine in 

aspirin-treated controls is 4 fold higher than the IC50 in the control group from our 

study in IDDM. Similarly the IC50 for NECA (2.1 times) and PG I2 (2.6 times) were 

higher in aspirin treated subjects. Because we found cAMP-formation to be of 

similar magnitude in both groups, the result points towards an effect of aspirin on 

transmembrane signalling distal to adenylate cyclase. It would be interesting to 

investigate, whether aspirin influences calcium release from the dense tubular 

system, calcium influx or the resequestration of calcium. Alternatively, aspirin might 

exert an inhibitory effect on protein phosphorylation mediated maybe through an 

effect on protein kinases. Aspirin has been shown to decrease platelet o^-receptor 

affinity for agonists as well as antagonists (Mehta et al, 1988). This effect was 

observed when intact platelets or platelet lysates were incubated with aspirin, as 

well as after oral ingestion of 650 mg aspirin. It cannot be excluded that the 

decrease in the binding of NECA to the adenosine receptor in our study, is the 

result of receptor acetylation influencing the binding of the ligand to the receptor.

Platelet aggregation, especially secondary aggregation, was potently inhibited 

by a single dose of 150 mg aspirin. Although this is a highly desirable response, 

our finding about the negative influence of the drug on inhibitors of platelet 

function like PG I2 and adenosine is rather worrying. The effects of aspirin on the



159

interaction of platelets with endothelial cells should be further investigated, in the 

light of the important antiadhessive role attributed to PG I2. Further studies should 

be carried out to find out whether, unlike the acetylation of the enzyme cyclo- 

oxygenase caused by aspirin, the effects observed in this study are reversible. The 

time course of this reversibility could be a crucial factor in determining the 

potential benefits of aspirin as an antiplatelet agent. This result could help to 

explain the rather disappointingly mild improvement in overall mortality observed 

in primary and secondary prevential trials with aspirin.
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4.5. ou-adrenoceptors in Myocardial Infarction

4.5.1. Study design

Catecholamines are important modulators of platelet aggregation acting 

synergistically with other agonists. Diurnal variations in platelet aggregability such
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Figure 51: Binding of 3[H]-RX821002 to platelet membranes in healthy subjects and 
infarct patients.

as the morning increase in platelet sensitivity are mostly the result of plasma 

catecholamine changes (Tofler et al, 1987, Brezinski et al, 1988). Since the majority 

of infarcts occur in the early morning hours (Myers and Dewar, 1975; Tunstall et 

al, 1975; Reinberg and Smolensky, 1983; Muller et al, 1985; 1987;) it was 

suggested, that the sudden morning increase in plasma catecholamine levels could
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trigger MI.

Because of the importance of catecholamines in the processes leading to MI 

this part of my thesis was designed to gather more information in infarct patients 

to back up the results obtained on the adenosine receptor. Plasma adrenaline and 

noradrenaline levels and platelet contents of the catecholamines were measured in 

EDTA-plasma (3.1.16., Chapter III) and binding of the dj-adrenoceptor antagonist 

RX82I002 to platelet membranes was measured in the same patients and healthy 

subjects used in the adenosine study (3.1.11., Chapter IE).

4.5.2. a 2-adrenoceptor binding assay

Binding of 3[H]-RX821002 to platelet membranes from infarct patients and 

healthy subjects is shown in Figure 51. The data for the specific binding can be 

found in Table 39 of Chapter VI. The graph shows the saturation of binding for the 

two groups and the right panel shows the Scatchard plot. The two saturation curves 

differ slightly and maximal binding seems to be less in the infarct patients. This is 

confirmed by the scatchard plot which gives an estimate for the maximal binding 

of around 640 fmol/mg protein in the control group as compared to 575 fmol/mg 

protein in the infarct patients. This represents a decrease of 10 % in the maximal 

binding. Probably of more relevance is the increase in the dissociation constant in 

the infarct group from 1.1 nmol/L in healthy subjects to 1.6 nmol/L in infarct 

patients.
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4.5.3. Catecholamine measurements

Plasma levels of adrenaline and noradrenaline in infarct patients and healthy 

subjects are shown in Figure 52. Both catecholamines were found to be elevated in 

infarct patients (MI: 1.25 ± 1.37 pmol/ml adrenaline; 4.67 ± 2.75 pmol/ml 

noradrenaline) compared to our healthy subjects (C: 0.52 ± 0.23 pmol/ml adrenaline, 

p< 0.131; 3.09 ± 1.07 pmol/ml, p< 0.116). The differences were not statistically 

significant due to the large variation between the individual subjects. In contrast 

platelet contents of adrenaline (C: 0.27 ± 0.07 pmol/mg protein; MI: 0.25 ±0 .1  

pmol/mg protein, p< 0.601) and noradrenaline (C: 2.90 ± 0.84 pmol/mg protein; MI: 

2.94 ± 1.75 pmol/mg protein, p< 0.943) were very similar in both groups.

CATECHOLAMINE LEVELS IN  PLASMA AND PLATELETS

Controls

In farc t  patients

n : 10

plasma level 
p a o l / n l

platelet content: 
pnol/iig protein

Adrenal  m e N or a d r e n a l i n e Ad re n al i neNo r a d r e n a l i n e

Figure 52: Plasma levels and platelet contents of noradrenaline and adrenaline in 
healthy subjects and infarct patients. Values in pmol/ml and pmol/mg protein.



163

4.5.4. Discussion: o^-adrenergic receptors in MI

During the early phases of acute myocardial ischaemia catecholamines are 

released (Opie, 1978). They further stimulate platelet aggregation (Fleming et al, 

1976) and increase cAMP-levels in the ischaemic area (Opie, 1978). A close 

correlation between infarct size determined by enzyme release and the plasma 

concentration of adrenaline has been reported earlier (Oswald et al, 1986). 

Catecholamines may significantly contribute to myocardial damage through the 

activation of platelets which then release powerful vasoconstrictors such as 

thromboxanes and serotonin. These events might exaggerate the disturbed balance 

between oxygen demand and supply in the ischaemic myocardium.

In the study reported here a moderate elevation of plasma adrenaline and 

noradrenaline was detected at between 14 to 24 hours after the onset of chest-pain, 

although the difference was not significant. Platelet catecholamine contents, a 

possible long term indicator of plasma catecholamine levels (Zweifler and Julius, 

1982), were similar in both groups. On the other hand, a 10 % decrease in the 

maximal binding was found in infarct patients although, when the increase in the 

MPV in this group is taken into consideration the absolute number of receptors per 

platelet is the same in both groups. The number of receptors has previously been 

reported to be reduced immediately following MI (Sakaguchi et al, 1986). 

Antiplatelet therapy with aspirin by inhibiting the release of catecholamines from 

platelets might have prevented the downregulation of o^-receptors in my study.

The finding of decreased binding affinity of the o^-receptor for the antagonist 

in infarct patients merits further thoughts. Direct effects of aspirin on binding 

affinity of o^-adrenoceptors have been described when healthy subjects were given



650 mg of aspirin (Mehta et al, 1988). Similar effects were demonstrated when 

intact platelets or platelet membranes were incubated with aspirin for 30 minutes 

(Mehta et al, 1988). The fact, that in my study both groups had received 150 mg 

aspirin, but only the infarct patients showed an increase in the dissociation constant, 

suggests another mechanism to explain the results. It might be relevant to note that 

the aspirin dose was 4.3 times lower in our experiment compared to the dose used 

by Mehta et al.. Further investigations in a larger population of infarct patients will 

be necessary to substantiate the findings reported here and to establish the 

mechanisms involved.
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4.6. Experiments in Rats

4.6.1. Study design

Relatively easy access of blood platelets has made it possible to investigate 

in vitro aggregation extensively in human platelets. However, animal models are 

often required to test drugs and study the effects of various nutrients on platelet 

function. Diabetes, resembling human insulin dependent diabetes can be induced by 

a single intravenous injection of streptozotocin. Similarly, animal models have been 

developed to induce atherosclerosis by putting rats on an atherogenic diet containing 

cholesterol. Atherosclerosis develops rapidly resembling the disease seen in humans 

with hyperlipoproteinaemia. Initially we planned to take advantage of these models 

and carry out some of our studies in rats. This would have had the advantage, to 

have a more homogenous population compared to studying humans.

I was aware of the fact, that numerous reports had shown species variations 

in platelet aggregation and discovered that the response to adenosine was no 

exception. Back in the late sixties and early seventies numerous studies showed that 

adenosine inhibited platelet aggregation induced by ADP in humans, dogs, rabbits 

and cats but not in the rat, horse, guinea pig and cat (Sinakos and Caen, 1967; 

Philp and Bishop, 1970; Dodds, 1978).

The study was aimed at finding out why adenosine did not have any 

inhibitory effect on rat platelets. Platelet aggregation with 0.125, 0.25, 0.5, 1, 2, 4 

and 8 |iM ADP was measured in rat PRP obtained by cardiac puncture from 

anaesthetized animals. PRP was then incubated for one minute with either 0.08, 0.8, 

1, 2, 4, 8, 16, 32, 64 or 80 |iM of adenosine or the stable analogue NECA, before
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being challenged with 2 fiM ADP. Additionally, the sensitivity of rat platelets to 

prostacyclin (0.5, 1, 2, 4, 8 or 16 nM) was tested.

Similarly aggregation was induced by incubating platelets with 0.01, 0.1, 1 

and 10 |ig/ml collagen. The effect of adenosine and NECA (1, 2, 4, 8, 16, 32 or 

64 |iM) on platelet aggregation induced by 10 |ig/ml collagen was examined. 

Furthermore, platelet aggregation induced by the same concentration of collagen was 

inhibited with PG I2 (1, 2, 4, 8, 16, 32, 64 nM).

Binding of 3[H]-NECA to rat platelet membranes was carried out according 

to the method described in Section 3.1.10.. Finally, cAMP-formation in rat PRP was 

stimulated with 100 nM prostacyclin, 100 |iM NECA and 100 (XM forskolin, and 

cAMP extracted and measured as described in Sections 3.1.12. and 3.1.13..
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4.6.2. Platelet aggregations

ADP-induced platelet aggregation in rats

Figure 53 shows the sensitivity of rat platelets to ADP. The means, SD, 

SEM and the ED^ can be found in Table 40 in Chapter VI. Platelets aggregated in 

a concentration dependent manner and full aggregation was obtained with 

concentrations of over 2 pM. The ED^ for ADP was calculated as 0.5 ± 0.17 pM. 

The individual rats did not differ noticeably in their sensitivity to ADP and a 

concentration of 2 pM ADP was chosen for the following studies to induce platelet 

aggregation. The aggregation response did not appear to be irreversible in rats and

A D P - IN D U C E D  P L A T E L E T  AGGREGATION
A g g r e g a t  i o n  %

100 

90 

80 

70 

60 

50 

40  

30 

20 

10 

0
0 . 1 2  0 . 25  0 . 5  1 2 4 8

ADP Cp^O
Figure 53: Sensitivity of rat platelets to various concentrations of ADP. (Data in 
Table 40, Chapter VI).
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rapid disaggregation occurred usually within 5 minutes after inducing platelet 

aggregation. This could indicate, that no secondary aggregation characterized by the 

release of the contents from platelet granules took place.

Effect o f  adenosine and NECA on 2 \iM ADP-induced p latelet aggregation

Platelets were incubated with adenosine or NECA over a large concentration 

range for 1 minute before inducing platelet aggregation with 2 (iM ADP. The result 

are shown in Figure 54 and the data to the graph can be found in Tables 41 in 

Chapter VI. None of the concentrations of adenosine between 80 nM and 80 p.M 

showed any effect on ADP-induced platelet aggregation. The same result was found 

with NECA tested over the same concentration range. The aggregation response 

remained with both drugs in all concentrations between 93 and 102 % of the
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Figure 54: Effect of adenosine and the stable analogue NECA on 2 ADP- 
induced platelet aggregation in rat PRP. (Data in Table 41, Chapter VI).
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response seen with ADP-alone.

Inhibition o f 2 \xM ADP-induced platelet aggregation with prostacyclin

Figure 55 shows the sensitivity of rat platelets to PG I2. The mean, SD, 

SEM and p-value of the individual points is shown in Table 42 in Chapter VI. As

ADP-INDUCED PLATELET AGGREGATION 

PROSTACYCLIN SENSITIVITY
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Figure 55: Inhibition of 2 (iM ADP-induced platelet aggregation with PG I2 in rat 
PRP. (Data in Table 42, Chapter VI).

in humans, prostacyclin is a powerful inhibitor of ADP-induced platelet aggregation 

in rats. Fifty percent inhibition of the aggregatory response was achieved with a 

concentration of 4.2 ± 0.47 nM PG I2. Complete inhibition was observed with 

concentrations of over 16 nM.
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Collagen induced platelet aggregation in rats

The results of this experiment are shown in Figure 56 and the data to the 

graph is contained in Table 43. Collagen is a very potent agonist in rats. The 

response to collagen seemed to be an all or nothing effect. Irreversible aggregation 

was observed with 1 and 10 |ig/ml collagen while the two lower concentrations (0.1
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Figure 56: Sensitivity of rat platelets to collagen. (Data in Table 43, Chapter VI).

and 0.01 |ig/ml) did not show any effect. The variation in the response to this 

agonist in different animals was very small. The sensitivity of rat platelets is in the 

same range found in human platelets. The higher concentration of 10 jig/ml collagen 

was chosen to induce platelet aggregation in the following experiments.
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Effects o f  adenosine and NEC A on platelet aggregation induced by 10 [ig/ml

collagen

Figure 57 shows the effect of adenosine and the stable analogue NECA in 

concentrations between 1 and 64 (iM on platelet aggregation induced by 10 [ig/ml 

collagen. The mean, SD, SEM and p-values can be found in Table 44 of Chapter

I N H I B I T I O N  OF COLLAGEN INDUCED P L A T E L E T  

AGGREGATION IN RATS WI T H ADENOSIN E AND NECA
A g g r e g a t i o n  C & O

A d e n o s  i n e  

N E C A

6
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Figure 57: Efects of adenosine and the stable analogue NECA on 10 |ig/ml 
collagen-induced platelet aggregation in rat PRP. (Data in Table 44, Chapter VI).

VI. The result is very much the same as previously seen with ADP as agonist. Over 

the whole range of concentrations no effect could be detected with adenosine and 

NECA. The mean aggregatory response remained in all cases between 95 and 103 

% of the response seen with collagen alone. Again the variation in the response 

between individual rats was extremely small.
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Inhibition of 10 |xM collagen induced platelet aggregation with prostacyclin in rat 

platelet rich plasma

The result is shown in Figure 58 and the exact data can be found in Table 

45 of Chapter VI. PG I2 inhibited collagen induced platelet aggregation in a 

concentration dependent manner. Aggregation was almost completely prevented with

COLLAGEN INDUCED PLATELET AGGREGATION 
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Figure 58: Inhibition of 10 fig/ml collagen-induced platelet aggregation with PG I2 
in rat PRP. (Data in Table 45, Chapter VI).

64 nM PG I2 and the inhibition of 14 % obtained with just 16 nM PG I2 was 

significant (p< 0.05).



173

4.6.3. Receptor binding with NECA

Binding of 3[H]-NECA to membranes prepared from rat platelets is shown 

in Figure 59. The mean, SD and SEM for the total, nonspecific and specific binding 

is contained in Table 46. The graph shows the saturation of binding on the left 

hand and the Scatchard plot on the right. Nonspecific binding was found to be 

linear and very low ranging between 4.5 and 31 % of the total binding. Scatchard 

analysis on the saturation of binding data indicated two binding sites with different 

affinities. The maximal binding calculated by the program gave a value of 3.62 

pmol/mg protein for Bmaxl and 13.17 pmol/mg protein for Bmix2. The dissociation 

constants for the two binding sites were calculated as 0.23 |iM for KD1 and 2.15 

fiM for Kk,. The values were found to be very close to those found for the human 

adenosine receptor on platelets.
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Figure 59: Binding of 3[H]-NECA to membranes from rat platelets. Saturation of 
binding and Scatchard plot. (Data in Table 46, Chapter VI).
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4.6.4. Adenylate cyclase stimulation

Rat PRP was incubated with 2 mM of the phosphodiesterase inhibitor 

papaverine for 5 minutes before the addition of 100 nM PG I2, 100 |iM NECA, 100 

fiM forskolin or saline. No change in intracellular cAMP-levels was found over ten 

minutes when platelets were challenged with saline or NECA. In contrast 

prostacyclin and forskolin caused a rapid accumulation of cAMP reaching a plateau 

with both agonists at around five minutes. The maximal stimulation achieved with 

forskolin was slightly higher (2498 pmol/mg protein) than wdth PG I2 (2064 

pmol/mg protein), representing an increase of 29 fold and 24 fold respectively over 

the basal level.
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Figure 60: Stimulation of cAMP-formation with 100 nM PG I2, 100 jiM NECA, 
100 jiM forskolin and saline in rat PRP preincubated with 2 mM papaverine for 5 
minutes. (Data in Table 47, Chapter VT).
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4.6.5. Discussion: Adenosine in rat platelets

In rats platelet aggregation with ADP and collagen was found to be 

completely reversible even with the highest concentrations used within five minutes 

after the incubation of PRP with ADP. This suggests that no release reaction took 

place, since adhesive proteins such as vWF and fibronectin released from a-granules 

on activation as well as serotonin, adrenaline and thromboxane are necessary to 

form a stable aggregate. The lack of secondary aggregation in rats with ADP has 

been reported in rats and other mammals such as dogs, bulls, pigs, rabbits, sheep 

and donkeys. Human platelets are generally more sensitive to arachidonic acid, 

collagen and ADP than rat platelets. In my studies in PRP, the ED50 in rats was not 

higher than in humans.

PG I2 potently inhibited ADP as well as collagen induced platelet 

aggregation. PG I2 has been shown earlier to inhibit platelet aggregation in rats 

(Moncada et al, 1977b). Not surprisingly, PG was also found to inhibit platelet 

aggregation in rats (Kloeze, 1967; Moncada et al, 1977b), since the E-prostaglandin 

seems to share the same receptor as PG I2. Rat platelets are somewhat unusual in 

the sense that PG D2 has no inhibitory effect on aggregation in this species, 

suggesting that there might be no surface receptor for the D-prostaglandin (Moncada 

et al, 1977b; Hwang, 1980).

Adenosine inhibits ADP-induced platelet aggregation in humans, dogs, rabbits 

and pigs but not in rats, horses, guinea pigs and cats (Sinakos and Caen, 1967; 

Philp and Bishop, 1970; Dodds, 1978). Furthermore, dipyridamole does not inhibit 

platelet aggregation in rats, horses guinea pigs and cats (Philp and Bishop, 1970; 

Dodds, 1978). The lack of any effect of adenosine or the analogue NECA on
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collagen and ADP-induced aggregation reported here is therefore not surprising.

Binding studies on rat platelet membranes with 3[H]-NECA indicate the 

presence of binding sites for adenosine. The binding parameters were found to be 

very similar to what we found in human platelet membranes. This does not 

necessarily mean, that these sites are adenosine receptors. When we incubated rat 

PRP with 100 |iM NECA we could not detect any change in intracellular cAMP- 

levels over a period of ten minutes. On the other hand the responses to 100 nM 

prostacyclin and 100 \iM  forskolin were marked indicating a functional 

transmembrane signalling pathway for prostacyclin and a high activity of adenylate 

cyclase. From these results it is possible to speculate, that adenosine binding sites 

on rat platelets are probably not coupled through the stimulatory guanine binding 

protein Gs. It remains to be seen, whether the binding site identified is a true 

adenosine receptor and if it is, whether there is a structural defect possibly in the 

membrane spanning region or the cytoplasmic tail of the receptor.

The result on transmembrane signalling in rats further emphasizes the 

enormous species differences in platelet function, thus limitating the use of animals 

as a substitute for humans. Since human platelets are easily accessible, experiments 

should be carried out on human platelets whenever the experimental conditions 

permit it. Unfortunately there is no in vivo model of platelet aggregation in humans 

available. It will therefore still be necessary to carry out certain studies in animals. 

Depending to the mechanism one wants to study, the type of animal has to be 

chosen very carefully.
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V. GENERAL DISCUSSION

Role of Adenosine in Platelet Function

The physiological effects of adenosine are diverse, including the regulation of 

blood flow, lipolysis, neurotransmission, smooth muscle cell physiology and platelet 

aggregation. The concentration of adenosine needed to inhibit platelet aggregation is 

in the middle micromolar range. It can therefore be questioned, whether adenosine 

exerts any inhibitory effect on platelets, since the plasma content is unlikely to reach 

this level under physiological conditions. However, in ischemia and during MI, ATP 

is released and broken down to adenosine by ectonucleotidases. Locally this might 

lead to the accumulation of adenosine to a level sufficient to exert an inhibitory effect 

on blood platelets. In the case of total occlusion of a blood vessel, the rise in the local 

concentration of adenosine in the ischaemic area can be expected to be even larger 

due to reduced clearance from the site.

The results obtained from insulin dependent diabetics with proliferative 

retinopathy suggests that the reduced adenosine sensitivity of platelets might be the 

result of general ischaemia in peripheral tissue caused by the extensive microvascular 

disease. Impairment of tissue oxygenation resulting in increased formation of 

adenosine would lead to a homologous type of platelet adenosine receptor 

desensitization. Our observation would thus be the consequence of a classic feedback- 

mechanism. Adenosine exerts its vasodilatory effect through the release of EDRF.
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Further experiments should be aimed at establishing, whether EDRF-mediated 

vasodilation is also impaired. The combination of both these effects could facilitate 

the formation of microthrombi and the development of tissue necrosis in diabetics.

In our diabetic group I did not find any sign of hyperaggregability to ADP, 

collagen or adrenaline. Similarly the mean platelet volume, an indicator of platelet 

turnover, was not found to be different in the two groups. This result suggests, that 

the loss of sensitivity to adenosine has indeed no immediate consequence for platelet 

turnover and supports the previous statement, that the adenosine component of platelet 

inhibition is probably only important in ischemia and during total occlusion of a blood 

vessel.

The inhibitory effects of adenosine on platelet aggregation during MI might 

represent a physiological function of the nucleotide. The action of adenosine is aimed 

at improving tissue oxygenation in the infarct area and to limit thrombus size. In this 

acute situation only a marginal impairment of adenosine sensitivity of platelets was 

detected. However the prompt use of thrombolytic therapy (streptokinase and aspirin), 

may have reduced the degree of ischemia and thus a more pronounced loss of 

adenosine receptors. Interestingly, enhanced platelet turnover was suggested by the 

increase in mean platelet volume. This is not surprising since even under the best 

conditions thrombolytic therapy was started several hours after the onset of chest pain.

The studies in diabetics and infarct patients suggest that adenosine receptor 

mediated responses are subject to adaptive changes. In his experiments, Edwards et 

al (1987) have shown that homologous desensitization can occur in vitro after platelets 

had been incubated with 50 pM 2-chloroadenosine for 24 hours. The data from 

diabetics with proliferative retinopathy suggests, that this type of desensitization,
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characterized by a decrease in the adenosine receptor number, might also occur in 

vivo. It would be interesting to investigate whether other adenosine receptor mediated 

responses are affected as well. However it is possible, that the platelet adenosine 

receptor is more strongly affected than adenosine receptors on other cells since 

platelets are not capable of synthesizing complex receptor proteins once they have 

been degraded.

Adenosine is a weak inhibitor of platelet aggregation. Its effects can be 

relatively easy overcome by increasing the concentration of the pro-aggregatory 

agonist. In our experiments on FH-patients, when platelets were challenged with 8 pM 

ADP, platelet aggregation was not inhibited by more than 60% even at a concentration 

of ImM adenosine. In contrast PG \  completely prevented platelet aggregation 

induced by this concentration of ADP. An explanation might be found in the fact that 

PG \  is a much more powerful stimulator of cAMP-formation than adenosine. The 

difference could be the consequence of different receptor numbers for the two agonists 

or maybe the efficiency of the coupling of these receptors through the stimulatory 

guanine binding protein to adenylate cyclase. As in the in vitro experiments (Edwards 

et al, 1987), the desensitization to adenosine observed in our study in diabetics does 

not affect PG \  mediated responses.

In contrast to the results from diabetics, the findings in FH-patients support the 

idea that the loss of platelet sensitivity to adenosine is caused by membrane 

composition changes. The increase in the cholesterol/phospholipid ratio with its impact 

on membrane fluidity parameters seems to affect almost every step of transmembrane 

signalling of the membrane located units such as the receptor, receptor coupling and 

adenylate cyclase activity. These changes not only affect signal transmission through
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the anti-aggregatory adenosine and PG \  receptor, but are probably also responsible 

for the increase in platelet sensitivity to pro-aggregatory agonists like adrenaline as 

observed in this thesis, and to ADP, collagen and thrombin. My study on c^- 

adrenoceptors in FH showed a close relationship between the degree of 

hypercholesterolaemia and alterations in receptor binding. This, together with the 

improvement in adenosine and PG ^-sensitivity of treated FH-patients observed in our 

study further underlines the need for aggressive lipid lowering therapy in FH.

Adenosine may have an important inhibitory role in the control of platelet 

behaviour during ischaemia. However no indication could be found to support the 

nottion that adenosine plays a role as a modulator of platelet function under normal 

conditions. Adenosine should probably be seen as local rather than systemic principle 

that modulates blood flow and under special circumstances platelet function in the 

miccrocirculation. Therefore an escape phenomenon on its platelet effects does not 

eassily develop and would remain without any big consequences as long as no major 

ev«ent such as ischemia, coronary occlusion or a stroke occurs.
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Table 3: ADP-INDUCED PLATELET AGGREGATION IN FH-PATIENTS AND 
CONTROLS.

P latelet aggregation in x

ADP
n:i2

0.12uM 0 .25uM B.5uM luM 2uM 4uM 8uM

Contro1
Mean '/. 7.300 15.600 28.600 50.600 78.700 93.800 98.40
SD 4.400 9.000 12.300 12.100 17.500 9.500 4.80
SEM 1.300 2.600 3.600 3.500 5.1B0 2.70B 1.40

FH-T
Mean V. 7.200 16.700 35.900 67.000 90.000 97.200 97.50
SD 5.000 10.700 15.600 20.500 11.500 3.800 4.30
SEM 1.700 3.100 4.500 5.900 3.300 1.100 1.20
P< 0.953 0.780 0.217 0.027 0.077 0.271 0.63

FH-U
Mean V. 9.700 24.200 39.200 67.200 88.6B0 95.500 100.50
SD 6.100 14.700 18.70B 24.800 16.500 9.400 4.50
SEM 1.800 4.200 5.400 7.200 4.800 2.700 1.30
P< 0.290 0.095 0.114 0.054 0.169 0.660 0.20

Table 4: INHIBITION OF ADP-THRESHOLD CONCENTRATION INDUCED 
PLATELET AGGREGATION WITH ADENOSINE.

Inhibition of p la te le t  aggregation in x

Adeno=
sine

0.25uN 0.5uM luM 2uM 4uM 8uM 16uN 32uM

Control
Mean 7.400 15.400 28.800 41.000 59.600 66.800 72.380 77.400
SD 5.400 7.900 14.600 16.900 15.800 10.900 9.000 9.700
SEM 1.600 2.300 4.208 4.900 4.300 3.100 2.600 2.800

FH-T
Mean 5.350 18.000 28.000 47.600 57.400 63.400 72.400 76.000
SD 5.700 8.400 9.900 12.700 14.800 12.400 12.400 12.400
SEM 1.600 2.400 2.800 3.700 4.300 3.600 3.600 3.600
P< 0.376 0.441 0.869 0.292 0.722 0.742 0.999 0.761

FH-U
Mean 0.400 2.900 10.200 18.600 31.200 51.900 61.900 69.200
SD 0.900 4.280 10.100 16.700 19.300 17.200 10.900 8.400
SEM 0.300 1.2B0 2.900 4.800 5.600 5.000 3.1B0 2.400
P< 0.001 0.002 0.002 0.004 0.001 0.019 0.018 0.037



181

Table 5. INHIBITION OF ADP-THRESHOLD CONCENTRATION INDUCED 
PLATELET AGGREGATION WITH NECA

NECA a 
n : 12

.12uN

INHIBITION OF PLATELET AGGREGATION IN X 

8.25uH 0.5uH luN 2uN 4uN 8uH 16uN

Control
Mean 14.500 35.700 51.380 65.700 75.20 79.200 81.700 83.500
SD 8.000 18.208 16.900 15.200 12.20 11.900 9.800 8.200
SEM 2.300 5.300 4.900 4.400 3.50 3.400 2.880 2.400

FH-T
Hean 14.400 32.500 48.200 69.800 78.70 83.508 83.2B0 87.400
SD 11.300 15.000 28.400 12.800 14.30 12.108 11.680 11.600
SEN 3.300 4.300 5.900 3.700 4.10 3.500 3.400 3.300
P< 0.354 0.537 0.690 0.473 0.52 0.385 8.735 0.354

FH-U
Mean 4.200 12.000 31.700 53.800 57.50 75.500 88.400 81.500
SD 4.400 6.300 12.680 11.700 11.70 9.400 6.300 6.000
SEN 1.300 1.800 3.600 3.400 3.40 2.700 1.800 1.700
P< 0.601 B.001 0.004 0.832 0.13 0.408 8.704 8.587

Table 6. INHIBITION OF ADP-THRESHOLD CONCENTRATION INDUCED
PLATELET AGGREGATION WITH PROSTACYCLIN

Inhibition of p la te le t  aggregation in V.

PGI2 inM 2nH 4nM 6nH 16nH 32nM 64nH
n:l2

Control
Hean 4.00 9.400 23.900 44.200 75.900 89.100 96.500
SD 4.20 7.100 5.500 5.700 11.000 4.400 1.400
SEN 1.20 2.000 1.600 1.700 3.200 1.300 0.400

FH-T
Hean 0.00 3.200 7.200 22.000 62.300 90.800 97.300
SD 0.00 2.900 3.900 11.900 24.300 16.000 11.800
SEH 0.00 0.000 1.100 3.400 7.000 4.600 3.400
P< 0.014 ie-04 0.001 0.098 0.732 0.816

FH-U
Hean 0.04 2.000 8.500 18.308 44.500 67.100 90.800
SD 0.10 4.000 11.500 17.B00 19.100 18.400 6.000
SEH 0.04 1.200 3.300 4.900 5.500 5.300 1.700
P< 0.010 le-04 0.001 0.001 0.002 0.008
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Table 7. INHIBITION OF ADP 8(lM INDUCED PLATELET AGGREGATION 
WITH ADENOSINE

Inhibition of p la te le t aggregation in y.

Adeno= luH 2uM 4uf1 8uH 16uH 32uH 64uH
sine

Control
Hean 3.300 12.100 22.900 33.800 39.300 46.300 52.300
SD 3.000 10.200 15.400 15.700 17.200 16.800 17.300
SEH 0.900 2.900 4.500 4.500 5.000 4.800 5.000

FH-T
Hean 2.400 7.800 15.000 25.600 31.800 45.500 51.400
SD 2.700 7.700 12.000 16.9B0 17.900 18.100 13.500
SEH 0.800 2.200 3.500 4.900 5.200 5.200 3.900
P< 0.495 0.249 0.177 0.229 0.308 0.909 0.898

FH-U
Hean 4.000 6.500 10.800 22.300 29.400 35.200 51.800
SD 4.400 6.100 9.800 14.300 14.000 12.800 9.300
SEH 1.300 1.800 2.800 4.100 4.100 3.700 2.700
P< 0.648 0.113 0.031 0.075 0.139 0.080 0.940

Table 8. INHIBITION OF ADP 8|iM INDUCED PLATELET AGGREGATION 
WITH NECA.

Inhibition  of p la te le t  aggregation in v.

NECA
n:i2

0.25uH 0.5uH luH 2uH 4uN 8uH 16uH 32uH

Control
Hean 12.400 27.40 39.000 45.300 53.400 56.100 58.000 69.800
SD 8.300 19.40 23.100 24.680 25.200 25.000 26.300 26.200
SEN 2.400 5.60 6.700 7.100 7.300 7.200 7.600 13.100

FH-T
Hean 7.600 14.10 29.700 45.280 53.900 60.300 64.480 66.900
SD 7.300 10.30 18.000 21.400 19.700 20.000 16.280 13.300
SEN 2.100 3.00 5.200 6.280 5.700 5.800 4.700 3.800
P< 0.151 0.05 0.284 0.999 0.957 0.651 0.486 0.631

FH-U
Hean 7.400 11.60 21.600 30.200 37.400 44.500 52.000 60.300
SD 7.900 10.60 16.800 16.600 19.200 16.500 13.600 14.700
SEH 2.300 3.10 4.900 4.800 5.500 4.800 3.900 4.200
P< 0.147 0.82 0.047 0.090 0.090 0.194 0.490 0.366
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Table 9. INHIBITION OF ADP 8jiM INDUCED PLATELET AGGREGATION 
WITH PROSTACYCLIN.

In h ib itio n  of p la t e le t  aggregation  in /.

PGI2
n :l2

InM 2nH 4nH 8nH 16nH 32nH 64nM 128nH

Contro1 
Kean 1.500 3.400 8.600 24.900 53.500 80.300 93.700
SD 2.000 3.600 5.400 16.200 18.300 14.300 5.000
SEH 0.500 1.000 1.600 4.700 5.300 4.100 1.400

FH-T
Hean 0.600 1.400 3.000 11.800 43.308 81.100 94.700
SD 1.700 2.300 4.900 12.600 23.100 15.100 4.600
SEH 0.500 0.700 1.400 3.600 6.700 4.300 1.300
P< 0.282 0.120 0.014 0.037 0.244 0.896 0.615

FH-U
Hean 0.800 2.000 4.600 8.200 16.800 34.300 66.000 88.5
SD 2.000 3.400 6.300 7.800 9.800 20.800 20.700 9.6
SEH 0.600 0.980 1.800 2.200 2.800 6.000 1.700 2.8
P< 0.453 0.333 0.105 0.005 ie-04 le-04 8.001
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Table 10: BINDING OF 3H-NECA TO PLATELET MEMBRANES (pmol/mg 
protein).

Control Group

NECA 0.25uN 0,5uH luN 1.5uH 2uH 3uM 4uM 5uH 6uH 8uM
nI12

to ta l bound
Mean 2.60 4.40 7.1 9.3 11.1 14.2 16.7 19.2 21.7 25.1
SD 0.90 1.20 1.7 2.6 1.6 1.9 2.4 2.4 2.4 2 .6
SEN 0.20 0.30 6.5 0.6 0.5 8.6 0.7 0.7 6 .7 0 .8

nonsp. bound
Hean 0.40 0.G0 1.5 2.3 3.1 4.8 6.6 7.4 9 .1 11.7
SD 0.06 0.20 B.3 0.5 0.6 1.2 1.3 1.4 1.7 2 .4
SEN 0.62 0.05 6.1 0.2 0.2 8 .3 6.4 0.4 6 .5 0 .7

spec. bound
Hean 2.25 3.70 5.5 7.6 8.6 9.5 16.9 12.6 12.6 13.5
SD 0.83 1.10 1.7 1.7 1.5 1.5 1.5 2.0 2 .2 2 .2
SEN 0.24 0.30 0.5 0.5 0.4 0.4 0.4 0.6 0 .6 0 .6

Table 11: BINDING OF 3H-NECA TO PLATELET MEMBRANES (pmol/mg
protein).

Ireated FH-Patients

NECA B.25uH 0.5uH luH 1.5uH 2uM 3uH 4uH 5ut1 6uM BuN
n :i2

to ta l bound
Nean Z.60 4.20 6.86 9.00 16.8 13.8 16.7 19.0 21.4 25.7
SD 0.60 0.80 1.10 1.30 1.6 2.1 3.1 3.7 4 .4 5.7
SEN 0.20 0.20 0.30 0.40 8.5 0.6 0 .9 1.1 1.3 1.7

nonsp. bound
Hean 0.42 0.84 1.00 2.60 3.3 5.0 6.5 8.3 10.0 13.7
SD 0.15 0.31 0.59 0.95 1.2 1.8 2 .3 2.8 3 .4 4.8
SEN 0.B4 0.09 0.17 0.27 8.4 0.5 6.7 0.8 1.0 1.4

spec. bound
Nean 2.20 3.40 5.10 6.40 7.5 8.9 16.3 16.6 11.4 12.0
SD 0.60 0.60 0.90 1.00 0.8 0.9 1.5 1.8 1.9 1.7
SEN 0.20 0.20 0.30 0.30 6.2 0.3 6.4 0.5 6.6 0.5
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Table 12: BINDING OF 3H-NECA TO PLATELET MEMBRANES (pmol/mg 
protein).

Untreated FH-Patlents

NECA
n :12

0.25uM 0.5uM lull 1.5uN 2uN 3uN 4uN 5uH 6uM 8uN

to ta l
Hear
SD
SEN

bound
2.57
0.56
0.16

4.32
0.98
0.28

7.10
1.40
0.40

9.38 
2.30 
0.70

11.30
2.60
0.70

14.40
2.90
0.80

17.8
3.4
1.0

20.0
3.9
1.1

23.1
4.3
1.3

26.5
5.2
1.5

nonsp. 
Nean 
SD 
SEN

bound
0.44
0.16
0.05

0.88
0.29
0.08

1.80
0.68
0.Z0

2.75
0.99
0.29

3.70
1.46
0.42

5.30
1.66
0.48

6.8
2.5
0.7

8.7
2.8 
0.8

10.6
3.7
1.1

13.8
4.6
1.3

spec.
Hean
SD
SEN

bound
2.12
0.54
0.15

3.46
0.86
0.25

5.33
1.13
0.33

6.59
1.77
0.51

7.60
1.60 
0.50

9.20
1.50
0.40

11.0
1.2
0.3

11.3
1.4
0.4

12.5
1.3
0.4

12.7
1.4
0.4
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Table 13: STIMULATION OF cAMP-FORMATION IN PLATELET-RICH
PLASMA PREINCUBATED WITH 2|uM PAPAVERINE FOR 5 MINUTES.

Influence of NaCl on cAMP-fornation in p la te le t rich plaana

TIME
n:l2

30” 1* 2* 3* 5' 7 .5 J

i1
. 

1 
5 

1i

Control
Hean 23.400 23.300 23.700 24.100 23.700 24.500 23.800
SD 9.208 9.200 7.900 8.900 8.300 9.000 7.700
SEn 2.600 2.700 2.300 2.600 2.400 2.600 2.200

FH-U
Hean 22.300 21.000 21.300 22.000 23.200 23.200 23.200
SD 4.500 4.400 3.900 2.700 3.600 4.900 3.800
SEM 1.300 1.300 1.100 0.000 1.100 1.400 1.100
P< 0.718 0.615 0.371 0.441 0.827 0.663 0.817

Table 14: STIMULATION OF cAMP-FORMATION IN PLATELET-RICH 
PLASMA AFTER PREINCUBATION WITH 2|iM OF PAPAVERINE FOR 5 
MINUTES.

Kinetics of cAMP-fornation after stimulation with 10BuN NECA.

TIME
n:i2

30" 1* 2* 3* 5J 7 .5 J 10’

Contro1
Mean 46.700 60.600 76.700 77.800 62.100 53.900 46.300
SD 14.200 22.500 21.200 21.200 19.600 17.200 13.400
SEM 4.100 6.500 6.100 6.100 5.700 5.000 3.900

FH-U
Mean 31.500 38.900 50.100 48.100 38.500 33.900 35.100
SD 5.000 6.100 12.700 9.500 9.800 8.600 10.500
SEM 1.400 1.800 3.700 2.700 2.800 2.500 3.000
P< 0.004 0.007 0.001 0.002 0.002 0.002 0.032
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Table 15: STIMULATION OF cAMP-FORMATION IN PLATELET-RICH
PLASMA AFTER PREINCUBATION WITH 2^iM PAPAVERINE FOR 5
MINUTES.

Kinetics of cAMP-fornation after  s t  initiation with 10BnH prostacyclin.

TIME
n:i2

30" 1* 2’ 31 5J 7.5* 10’

Contra 1
Mean 176.00 243.20 271.30 297.30 331.80 338.30 309.70
SD 71.70 69.80 77.60 90.40 135.70 157.40 125.90
SEN 20.70 20.20 22.40 26.10 39.20 45.40 36.30

FH-U
Nean 152.70 200.30 207.50 215.20 225.40 196.80 177.70
SD 77.20 95.00 75.30 73.60 86.30 90.50 87.10
SEN 22.30 27.40 21.70 21.20 24.90 26.10 25.10
P< 0.45 0.22 0.05 0.02 0.03 0.01 7e-03

Table 16: STIMULATION OF cAMP-FORMATION IN PLATELET-RICH 
PLASMA AFTER PREINCUBATION WITH 2[iM PAPAVERINE FOR 5 
MINUTES.

Kinetics of cAMP-fornation after stimulation uith L00uN forsKolin.

TINE 30" 1' 2* 3' 5' 7 .5 i 10*
n:l2

Control
Nean 251.000 400.000 483.000 571.000 648.000 706.000 729.000
SD 70.000 136.000 141.000 156.000 162.000 140.000 123.000
SEN 20.000 39.000 41.000 45.000 47.000 40.000 35.000

FH-U
Nean 223.000 293.000 354.000 409.000 482.000 549.000 632.000
SD 60.000 70.000 81.000 84.000 106.000 140.000 155.000
SEN 17.000 20.000 23.000 24.000 30.000 40.000 45.000
P< 0.031 0.028 0.012 0.004 0.007 0.011 0.103
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Table 17: ADP-INDUCED PLATELET AGGREGATION IN FH-PATIENTS AND 
CONTROLS.

PLATELET AGGREGATION UITH ADP IN UNTREATED FH-PATIENTS AND CONTROLS.

00
1 1 1

0.125uM 0.25uN 0.5uM 1 uN 2 uN 4 uM 8 uM 16 uN

Ccmtro 1
MEAN 3.4 9.2 21.8 52.9 80.8 96.5 98.3 100
SD 4.4 4.0 5 .6 5 .4 9.1 7 .5 2 .4 0
SEN 1.6 1.4 2 .0 1.9 3.2 2 .7 0 .9 0

FH-U
MEAN 6.3 16.3 42.7 81.0 88.2 96.8 98.3 100
SD 3.8 6.3 17.0 15.4 11.5 3 .5 4 .8 5e-0 i
SEN 1.3 2.2 6 .0 5.4 4.1 1.2 1.7 2e-01
P< 0.2 2e-02 9e-03 le-03 0.2 0 .9 1.0

Table 18: SPECIFIC BINDING OF 3H-RX821002 TO PLATELET MEMBRANES 
FROM PATIENTS WITH FH AND CONTROLS.

SPECIFIC BINDING OF 3H-RX821002 TO PLATELET NEHBRANES IN UNTREATED 
FH-PATIENTS AND CONTROLS

nnol/L 
n :Q

0.08 tiN 8.16 nM 6.32 nM 8.64 nN 1.25 nN 2.5 nN 5 nN 10 nN

CONTROL
HEAN 48,500 87.50 149.25 232.B7 348.00 443.87 546.00 580.00
SD 21.448 39.65 66.15 162.45 143.74 166.15 229.60 175.60
SEN 7.583 14.62 23.39 36.22 50.82 58.74 61.20 62.10

FH-U
HEAN 76.875 127.88 200.87 278.12 361.62 452.56 466.00 490.00
SD 25.570 47.12 83.17 165.14 151.66 194.26 196.10 187.90
SEN 9.640 16.66 29.41 37.17 53.60 68.66 69.30 66.40
P< 0.630 0.88 0.19 0.40 0.86 6.93 8.95 6.33
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Table 20: ADP-INDUCED PLATELET AGGREGATION IN INSULIN
DEPENDENT DIABETICS AND HEALTHY CONTROLS.

P la te le t aggregation in V.

ADP
n:l2

0.12SuN 0.25uN 0.5uN luN 2uN 4uN 8uH 16uM

CONTROL
Nean V. 5.7 14.5 28.2 57.7 02.2 97.0 98.1 99.8
SD 5.2 8.5 10.7 11.9 10.1 6 .9 3 .5 0 .8
SEN 1.5 2.5 3.1 3.4 2.9 2 .0 1.0 0 .2

IDDH
Nean V. 5.0 14.5 36.9 67.7 85.4 97.2 98.9 100.1
SD 3.9 6.9 18.5 25.3 12.9 4 .1 3 .9 0 .5
SEN 1.1 2.0 5 .3 7.3 3.7 1.2 1.1 0 .1
P< 0.7 1.0 0 .2 0.2 0 .5 0 .9 0 .6 0 .5

Table 21: INHIBITION OF ADP-THRESHOLD CONCENTRATION INDUCED 
PLATELET AGGREGATION WITH ADENOSINE IN INSULIN DEPENDENT 
DIABETICS AND HEALTHY SUBJECTS.

In h ib i t io n  of p l a t e l e t  ag g reg a tio n  in  V.

Adeno=
sine

0.25uN 0.5uN luM 2uN 4uH 8uN 16uN 32uN 64uN

CONTROL
NEAN 5.6 10.8 19.4 30.7 47.9 62.3 69.7 73.7 75.9
SD 7.0 B.l 9.3 10.8 17.4 10.4 10.7 9 .2 9.5
SEN 2.0 2.3 2.7 3.1 5.0 3.0 3.1 2.6 2.7

IDDN
NEAN 2.3 4.5 8.7 14.5 22.7 39.3 45.8 57.4 65.2
SD 5.0 7.3 12.2 16.2 18.6 24.7 21.5 13.1 11.5
SEN 1.5 2.1 3.5 4.7 5.4 7.1 6.2 3.8 3.3
P< 0.2 6e-B2 2e-02 9e-03 2e-B3 9e-03 3e-03 2e-03 2e-02
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Table 22: INHIBITION OF ADP-THRESHOLD CONCENTRATION INDUCED
PLATELET AGGREGATION WITH NECA IN INSULIN DEPENDENT
DIABETICS AND HEALTHY SUBJECTS.

Inhibition of p la te le t aggregation in '/.

NECA
n:i2

0.06uN 0 .12uH 0.25uM 0.5uM luH 2uH 4uN 6uN 16uN 32uH

C0NTF0
NEAN 3.1 9.9 20.9 33.9 56.8 72.4 77.2 79.1 81.5 80.8
SD 3.7 7.0 10.0 16.6 11.1 10.7 11.1 9.1 0.9 8.6
SEN 1.1 2.2 3.1 4.8 3.2 3.1 3.2 2.6 2.6 2.5

IDDN
HEAN 0.5 2.0 5.4 13.5 24.1 41.3 59.4 66.6 69.4 70.6
SD 1.6 3.9 6.9 13.5 21.1 18.5 21.0 13.5 13.6 11.B
SEN 0.5 1.1 2.0 3.9 6.1 5.4 6.1 3.9 3.9 3.4
P< 4e-02 6e-03 le-03 3e-03 le-03 le-03 2e-02 le-02 2e-02 2e-02

Table 23: INHIBITON OF ADP-THRESHOLD INDUCED PLATELET
AGGREGATION WITH PG I2 IN INSULIN DEPENDENT DIABETICS AND 
HEALTHY SUBJECTS.

Inhibition of p latelet aggregation in 2

PGI2
n:l2

CONTROL

InM 2nM 4nH 8nH 16nH 32nM 64nM 128nM

HEAN 4.3 9.0 18.7 31.8 62.5 81.4 94.1 96.5
SD 4.9 6 .9 8.8 17.6 23.3 9 .6 5 .3 2 .4
SEH 1.4 2.0 2 .5 5.1 6 .7 2 .8 1 .5 0 .7

IDDM
HEAN 4.6 6 .7 12.7 24.2 44.5 74.8 88.0 93.0
SD 7.9 10.1 14.5 16.0 26.1 23.2 9 .9 6 .9
SEH 2.3 2.9 4 .2 4.6 7 .5 6 .7 2 .9 2 .0
P< 6.9 0 .5 0 .2 0.3 9e-02 0 .4 Be-02 0 .1
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Table 24: BINDING OF Tl-NECA TO PLATELET MEMBRANES FROM 
HEALTHY SUBJECTS.

NECA
n:12

0.25uM 0.5uN luM

Control Group 

1.5uH 2uN 3uM 4uH 5uH 6uH 8uH

to ta l bound
HEAN 2.6 4.3 6.62 9.4 10.3 13.4 16.4 18.8 21.0 24.3
SD 0.7 1.0 1.34 1.7 1.2 1.3 1.5 1.7 2.1 2.1
SEN 0.2 0.3 0.39 0 .5 0.3 0 .4 0.4 0 .5 0 .6 0.6

nonsp. bound
NEAN 0.4 0.7 1.42 2.1 2.9 4.3 5 .4 6 .8 8.5 10.9
SD 5e-02 0.2 0.24 0.4 0 .4 0.8 0.9 1.1 1.3 1.8
SEN le-02 Se-02 0.07 0.1 0.1 0.2 0 .3 0.3 0 .4 0.5

spec. bound
NEAN 2.2 3.6 5.20 6.7 7.4 9.1 11.0 12.0 12.5 13.4
SD 0.7 0.9 1.26 1.7 1.1 1.2 1.3 1.5 1.7 1.9
SEN 0.2 0.3 0.36 0.5 0.3 0 .4 0.4 0.4 0.5 0.5

Table 25 : BINDING OF 3H-NECA TO PLATELET MEMBRANES FROM
INSULIN DEPENDENT DIABETICS.

Insulin  Dependent D iabetics

NECA 0.25uN 0.5uN luM 1.5uN 2uH 3uN 4 llM 5uN 6uN 8uN
n :l2

to ta l bound
HEAN 2.3 3.9 6.5 9.4 11.5 15.4 IB. 8 22.0 24.2 30.3
SD 0.5 1 .1 1.4 2.0 2 .2 2.3 3.0 4.0 4.0 5.6
SEN 0.1 0.3 0.4 0.6 0.6 0.7 0.9 1.1 1.2 1.6

nonsp. bound
NEAN 0.7 1.2 2.2 3.4 4 .2 6.4 8 .3 10.5 12.3 16.8
SD 0.3 0.6 0.9 1.3 1.5 2.5 3.1 3.9 4.5 6.1
SEN la-01 0.2 0.3 0.4 0 .4 0.7 0 .9 1.1 1.3 1.8

spec. bound
NEAN 1.6 2.7 4.3 6 .0 7 .3 9.0 10.7 11.5 11.8 13.5
SD 0.6 1.1 1.4 1.6 1.9 1.8 1.8 2.1 2.1 1.9
SEN 0.2 0.3 0.4 0.5 0.6 0.5 0.5 0.6 8.6 0.6
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Table 26: cAMP-FORMATION IN PLATELET RICH PLASMA WITH NaCl
AFTER PREINCUBATION WITH 2\iM  PAPAVERINE FOR 5 MINUTES.

Influence of NaCl on cAMP-fornat ion in p la te le t  r ic h  p iasna

TIME basal 30" 1* r 3' 5J 7 .5 ' 10'
n ’.12

CONTROL
MEAN 17.5 25.4 25.1 25.7 25.4 25.5 25.2 25.4
SD 6.5 13.4 12.6 12.4 11.8 12.6 10.7 10.9
SEM 1.9 3.9 3 .6 3.6 3.4 3.6 3.1 3.2

IDDM
MEAN 14.2 19.3 19.1 19. B 20.1 19.4 19.3 18.8
SD 4.8 4.3 3 .3 3.8 4 .7  4.6 4.5 4.2
SEM 1.4 1.2 0 .9 1.1 1.4 1.3 1.3 1.2
P< 0.2 0.2 0 .1 0.1 0.2 0.1 le-01 7e-02

Table 27: STIMULATION OF cAMP-FORMATION IN PLATELET RICH
PLASMA WITH 100 liM NECA AFTER PREINCUBATION WITH 2 liM
PAPAVERINE FOR 5 MINUTES.

Kinetics of cAMP-fornation a f te r  s tin itia tio n  u ith 100uM NECA

TIME basal 30" 1* 2* 31 5* 7 .5J 10*
n :l2

CONTROL
MEAN 17.5 50.6 65.3 78.8 78.4 62.7 54.7 47.5
SD 6.5 14.3 23.7 25.3 23.8 21.5 18.9 15.6
SEM 1.9 4.1 6.8 7.3 6.9 6.2 5.5 4.5

IDDM
MEAN 14.2 29.5 35.5 46.9 51.5 37.2 32.8 30.5
SD 4.8 11.4 13.4 24.2 24.9 19.4 18.8 16.9
SEM 1.4 3.3 3.9 7.0 7.2 5.6 5.4 4.9
P< 0.2 le-03 le-03 4e-03 le-02 6e-03 9e-03 2e-02
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Table 28: STIMULATION OF cAMP-FORMATION IN PLATELET RICH
PLASMA WITH 100 |iM PG I2 AFTER PREINCUBATION WITH 2 \iM
PAPAVERINE FOR 5 MINUTES.

Kinetics of cANP-fornation after stinulation with 10BnN PGI2

TINE
n! 12

basal 30" V 2' 3* 5* 7.5' 10’

CONTROL
HEAN 17.5 188.4 247.9 264.7 280.4 280.6 266.7 238.7
SD S .5 91.8 77.9 76.1 66.6 67.5 71.3 56.2
SEN 1.9 26.5 22.5 22.0 19.2 19.5 20.6 16.2

IDDH
HEAN 14.2 166.1 236.9 273.5 252.8 255.0 223.1 221.1
SD 4.8 73.8 77.7 7B.4 84.7 137.4 70.1 77.2
SEN 1.4 21.3 22.4 22.6 24.5 39.7 20.2 22.3
P< B.2 0.5 0.7 B.8 0.4 0.6 0.1 0.5

Table 29: STIMULATION OF cAMP-FORMATION IN PLATELET RICH 
PLASMA WITH 100 |iM FORSKOLIN AFTER PREINCUBATION WITH 2 îM 
OF PAPAVERINE FOR 5 MINUTES.

K inetics of cAMP-fornation after stip u la tio n  with 100uN forskolin

TINE
n:l2

cAMP
basal

30” 1' 2' 3' 5' 7 .5 ' 10'

CONTROL
NEAN 17.5 234 373 427 508 582 651 694
SD 6.5 70.9 145 146 158 160 146 134
SEN 1.9 20.5 41.9 42.2 45.6 46.2 42.1 38.8

IDDN
NEAN 14.2 240 334 449 545 582 617 651
SD 4.8 64.6 88.9 125 177 208 213 212
SEN 1.4 18.7 25.7 36.1 51.1 60.0 61.6 61.2
P< 0.2 0 .8 B.4 0.7 0 .6 1.0 0.7 0.6
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Table 30: ADP-INDUCED PLATELET AGGREGATION IN INFARCT PATIENTS
AND HEALTHY SUBJECTS.

Aggregation in '/.

ADP
n:10

0.25uM 0.5uM luM 2uM 4uT1 8uM 16uf1 32uM ED50

Control
Mean v. 10.3 25.5 38.5 55.4 89.1 91.5 95.5 95.5 1.580
SD 5.1 10.0 15.7 18.4 7.7 5.2 7.0 5.7 0.590
SEM 1.5 3.1 5.8 5.8 2.4 1.7 2.2 2.2 0.228

HI
Mean v. 11.1 23.8 48.4 58.9 88.4 95.6 99.4 99.5 1.158
SD 4.1 7.8 17.4 11.8 5.5 5.9 1.5 0.9 0.390
SEM 1.3 2.5 5.5 3.5 2.1 1.9 8.5 0.5 0.120
P< 0.7 0.7 0.2 6e-02 0.8 6e-02 0.1 0.4 0.052

Table 31: INHIBITION OF ADP-INDUCED PLATELET AGGREGATION WITH 
ADENOSINE IN INFARCT PATIENTS AND HEALTHY SUBJECTS.

Inhibition in x

Adenosine
n:l0

0 .0 luM 0.1uM luM 10u M 100uM IC50

Control
Mean 5.82 20.37 31.97 54.48 63.92 19.830
SD 5.39 11.75 14.01 12.33 10.66 33.638
SEM 2.82 3.72 4.43 3.90 3.37 10.630

MI
Mean 5.88 13.75 34.53 52.90 60.64 21.200
SD 3.35 7.72 10.13 8.51 5.52 32.300
SEM 1.06 2.44 3.20 2.69 1.75 10.200
P< 0.59 8.15 0.65 0.74 0.40 0.924
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Table 32: INHIBITION OF ADP-INDUCED PLATELET AGGREGATION WITH
NECA IN INFARCT PATIENTS AND HEALTHY SUBJECTS.

Inhibition in v.

NECA
n:i0

0 .0 luM B.luM luH 10uN 100U11 IC50

Control
Mean 13.80 25.71 45.52 69 75.41 2.020
SD 9.03 13.27 15.85 11 10.18 2.930
SEN 2.86 4.20 5.01 3.349 3.22 0.930

m
Mean 10.34 27.48 48.87 61 69.83 2.470
SD 3.42 7.35 8.43 7.620 3.64 2.650
SEM 1.08 2.32 2.67 2.410 1.15 0.840
P< 0.28 0.72 0.56 0.051 0.13 0.724

Table 33: INHIBITION OF ADP-INDUCED PLATELET AGGREGATION WITH 
PG I2 IN INFARCT PATIENTS AND HEALTHY SUBJECTS.

Inhibition in x

PGI2 2nd 4nN 8nM 16nN 32nM 64 nM 128 nM IC50
n:l0

Control
Mean 5.4 12.6 18.1 31.9 52.5 76.8 90.1 34.60
SD 4.2 7.9 8.9 18.2 21.9 17.7 8.5 19.50
SEN 1.3 2.5 2.8 5.8 6 .9 5.6 2.7 6.20

HI
Mean 5.9 13.3 21.7 27.0 56.8 69.5 81.0 43.00
SD 6.7 13.2 17.6 20.2 25.2 23.3 15.3 34.00
SEN 2.1 4.2 5.6 6.4 8.0 7.4 4.8 11.00
P< 0.8 0.9 0.6 0.6 0 .7 0.4 0.1 0.4B
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Table 34: BINDING OF 3H-NECA TO PLATELET MEMBRANES FROM 
HEALTHY SUBJECTS.

NECA
n:12

B.25uN 0.5uN luH

Control Group 

1.5uM 2uN 3uN 4uM 5uM 6uN 8uN

to ta l bound
MEAN 2.6 4.3 6.62 9.4 10.3 13.4 16.4 18.8 21.0 24.3
SD 0.7 1.0 1.34 1.7 1.2 1.3 1.5 1.7 2.1 2.1
SEfl 0.2 0.3 0.39 0.5 0.3 0 .4 0.4 0 .5 0.6 0.6

nonsp. bound
MEAN 0.4 0.7 1.42 2.1 2.9 4 .3 5.4 6 .8 8.5 10.9
SD 5e-02 0.2 0.24 0.4 0.4 0 .8 0.9 1.1 1.3 1.8
SEN le-02 5e-02 0.07 0.1 0.1 0 .2 0 .3 0.3 0.4 0.5

spec. bound
MEAN 2.2 3.6 5.20 6.7 7.4 9 .1 11.0 12.0 12.5 13.4
SD 0.7 0.9 1.26 1.7 1.1 1.2 1.3 1.5 1.7 1.9
SEK 0.2 0.3 0.36 0.5 0.3 0 .4 0.4 0 .4 0.5 0.5

Table 35: BINDING OF 3H-NECA TO PLATELET MEMBRANES FROM
INFARCT PATIENTS.

In fa rc t P a tien ts

NECA 0.25uN 0.5uN luN 1.5uM 2uN 3uN 4uN 5uM 6uN 8uH
n:12

to ta l
NEAN 2.4 4.1 6.8 9.4 11.4 14.9 18.3 21.0 23.6 28.4
SD 0.5 1.1 1.4 2.1 2.4 2.6 3.2 3 .9 4.2 5.4
SEN 0.2 0.3 0.4 0.6 0.7 0.7 0.9 1.1 1.2 1.6

nonsp.
NEAN 0.5 1.1 2.0 3.1 4.0 5.0 7.6 9 .6 11.4 15.3
SD 0.2 0.4 0.8 1.1 1.5 2.1 2.8 3 .3 4 .1 5.4
SEN 7e-02 0.1 0.2 0.3 0.4 0.6 0.8 1.0 1.2 1.5

spec .
NEAN 1.9 3.1 4.8 6.3 7.4 9.1 10.8 11.4 12.1 13.1
SD 0.5 1.0 1.3 1.7 1.8 1.6 1.5 1.8 1.7 1.7
SEN 0.2 0.3 0.4 0.5 0.5 0.5 0.4 0 .5 0 .5 0 .5
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Table 36: STIMULATION OF cAMP-FORMATION WITH 100 |iM NECA IN 
INFARCT PATIENTS AND HEALTHY SUBJECTS.

cAHP-fornation (jwol/ng protein)

NECA
n:10

basal 30" 1J 2’ 3J 5* 7 .5J 10*

Control
Mean ig .b&s 52.277 70.847 79.% 88.90 75.458 76.649 74.028
SD 3.451 9.495 12.800 13.90 21.12 18.270 20.521 26.370
SEN 1.891 3.003 4.048 4.39 6.68 5.777 6.489 8.339

hi
Mean 21.947 46.372 53.8B6 66.74 60.09 58.420 56.710 52.044
SD 4.536 9.425 7.002 13.65 13.01 19.676 14.573 13.774
SEN 1.456 2.981 2.214 4.32 4.11 6.222 4.608 4.356
P< 0.109 0.180 0.002 0.06 2e-03 0.060 0.022 0.031

Table 37: STIMULATION OF cAMP-FORMATION WITH 100 nM PG I2 IN 
INFARCT PATIENTS AND HEALTHY SUBJECTS.

cANF-foritation (pMOl/ng protein)

PGI2
n :l0

basal 30" 1’ 2J 3J 5J

i
-vl in

i

10J

Control
Nean 18.868 132.3 177.54 232.26 312.48 338.36 356.32 352.99
SD 3.451 23.6 24.14 23.28 66.25 75.54 96.79 94.07
SEN 1.091 7.5 7.63 7.36 20.95 23.89 30.61 29.75

HI
Mean 21.947 109.1 171.72 255.41 283.47 284.93 318.58 320.41
SD 4.636 46.6 64.68 67.62 55.43 61.12 64.84 63.87
SEN 1.466 14.7 20.45 21.38 17.53 19.33 20.50 20.20
P< 0.109 0.2 0.79 0.33 0.30 0.10 0.23 0.38
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Table 38: STIMULATION OF cAMP-FORMATION WITH 100 |iM FORSKOLIN 
IN INFARCT PATIENTS AND HEALTHY SUBJECTS.

cANP-foriution (pnol/ng pro tein)

Forskol
n:10

basal 30" 1J 2* 3* 5'

inN

10’

Control
Maan 18.868 232.426 329.405 393.36 483.80 513.196 517.115 534.190
SD 3.451 62.677 86.934 77.42 87.72 94.423 111.908 140.631
SEN 1.091 19.B28 27.491 24.46 27.74 29.859 35.388 44.471

HI
Naan 21.947 217.091 31B.227 432.81 527.17 619.730 607.060 611.925
SD 4.536 43.155 52.135 79.59 92.08 121.041 104.948 97.000
SEN 1.466 13.647 16.487 25.17 29.1Z 38.276 33.1B8 30.674
P< 0.109 0.532 0.731 0.28 0.29 0.042 0.080 0.167

Table 39: BINDING OF 3H-RX821002 TO PLATELET MEMBRANES FROM 
INFARCT PATIENTS AND HEALTHY SUBJECTS.

SPECIFIC BINDING OF RX821002 TO PLATELET MEMBRANES

nnol/L
n:iB

0.08 nN 0.16 nM 0.32 nN 0.64 nM 1.25 nN 2.5 nH 5 nM 10 nN

CONTROL
NEAN 44.800 85.300 143.20 221.70 330.60 421.90 521.30 557.60
SD 18.745 34.653 57.81 89.54 125.63 145.22 200.67 153.47
SEN 5.920 10.948 18.28 28.30 39.70 45.90 63.40 48.50

FH-U
MEAN 29.200 54.100 98.00 177.30 250.10 371.20 453.40 512.40
SD 13.655 25.163 44.41 56.14 80.% 103.70 104.72 100.34
SEN 4.320 7.960 14.00 17.75 25.60 32.79 33.11 31.73
P< 0.058 0.067 0.11 0.14 0.27 0.45 0.36 0.66
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Table 40: ADP-INDUCED PLATELET AGGREGATION IN PLATELET RICH 
PLASMA OF RATS.

Aggregation in ’/.

ADP
n:l2

B.lZSuM 0.25uM 0.5uM lull 2uPI 4uM 8uH ED50

Mean y. 2 .7 22.9 51.4 76.2 90.8 95.8 99.80 0.50
SD 3.7 9 .9 16.4 7 .4 4 .3 4 .5 0.60 0.17
SEM 1.1 2 .8 4.7 2 .1 1.2 1.3 0.17 0.05

Table 41: INHIBITION OF ADP-THRESHOLD CONCENTRATION INDUCED 
PLATELET AGGREGATION WITH ADENOSINE AND NECA IN RAT 
PLATELET RICH PLASMA.

n!f> 0.08uM 0.8uM luM

Aggregation 

2uM 4uM

in

8uN 16uM 32uM 64uH 80uM

MECA
Maan V. 93.3B 92.3 97.5 99.80 99.3 95.70 98.3 99.58 102.0 95.5
SD 3.10 8.2 4.2 6.70 7.5 10.00 3.8 4.80 7.9 12.1
SEM 1.20 2.3 1.7 2.70 3.1 2.90 1.6 2.00 3.2 4.9
P< 5e-03 0.1 0.3 0.97 0.9 0.20 0.4 0.90 0.6 0.5

Adanos
Mean '/. 94.50 97.8 96.8 97.70 99.3 95.20 97.8 99.70 99.8 93.2
SD 5.00 9.9 3.6 5.20 6.3 6.40 6.1 7.90 7.0 9.2
SEM 2.5B 4.0 1.5 2.10 2.6 2.60 2.5 3.20 2.8 3.7
P< 0.10 0.7 0.1 0.40 0.9 0.95 0.5 8.95 1.0 0.2

Table 42: INHIBITION OF ADP-THRESHOLD INDUCED PLATELET 
AGGREGATION WITH PG I2 IN RAT PLATELET RICH PLASMA.

Aggregation in V.

PGI2
n:6

0.5nf1 InM 2nM 4nM 8nM 16nM ID50

Mean ’/. 97.5 96.7 88.70 53.40 12.90 3.900 4.20
SD 3.4 5.6 7.80 7.70 7.10 1.700 0.47
SEM 1.4 2.3 3.20 3.10 2.90 0.700 0.19
P< 0.2 0 .3 0.05 le-03 le-03 0.001
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Table 43: COLLAGEN INDUCED PLATELET AGGREGATION IN PLATELET 
RICH PLASMA OF RATS.

Aggregation in V.

Collagen 
n 16

0 .0 lu g /n 1 0 . lug/M1 lu g /n l 10ug/nl

Mean V. 4 .5  5 .7 00.7 100
SD 3 .6  5 .0 12.2 0
SEN 1.4  2 .0 5 .0 0

Table 44: INHIBITION OF 10 ^ig/ml COLLAGEN INDUCED PLATELET 
AGGREGATION WITH ADENOSINE AND NECA IN PLATELET RICH 
PLASMA OF RATS.

n:6 luN 2uN

Aggregation in X 

4uM 8uM 16uN 32uN 64uN

NECA 
Nean X 99.9 96.30 95.580 98.2 97.6 96.50 94.90
SD 1.2 3.10 3.480 2.6 3 .5 2.40 4.10
SEN 0.5 1.30 1.400 1.1 1.4 1.00 1.70
P< 0.9 0.05 0.025 0.2 0 .2 0.02 0.05

Adenosin
Nean X 101.3 102.00 99.900 102.0 102.1 100.70 99.50
SD 5.3 5.00 3.200 4.1 4 .2 3.20 4.70
SEN 2.2 2.00 1.300 1.6 1.7 1.30 1.90
P< 0.6 0.40 0.975 0.2 0 .3 0.70 0.90

Table 45: INHIBITION OF 10|!g/ml COLLAGEN INDUCED PLATELET 
AGGREGATION WITH PG I2 IN PLATELET RICH PLASMA OF RATS.

Aggregation in X

PC! 12 InM 2nM 4nN 8nN 16nM 32nN 64nN
n!6

Nean x 100.30 101.2 101.1 98.4 85.800 14.200 11.800
SD 6.70 6.0 5.2 3 .9 6.400 5.600 4.400
SEN 2.70 2.5 2.1 1.6 2.600 2.300 1.800
P< 0.95 0.7 0.7 0.4 0.005 0.001 0.001



201

Table 46: BINDING OF 3H-NECA TO PLATELET MEMBRANES FROM RAT 
PLATELETS.

BINDING OF NECA TO PLATELET NENBRANES FROM RATS

NECA 0.25u 0.5uH luN 1.5uN 2uK 3uN 4uH 5uM 6uN 8uH
n S 6

to ta l
Mean

bound 
4.08 5.98 8.46 10.31 11.5 13.3 15.1 17.0 17.9 20.2

SD 0.68 6.23 0.24 0.43 0.5 0.3 1.0 1.3 1.3 1.4
SEN 0.28 0.09 0.10 0.18 0.2 0.1 0 .4 0 .5 0.5 0 .6

nonsp
Nean

bound
0.18 0.38 0.72 1.05 1.4 2.3 3 .1 3.7 4.4 6 .3

SD 0.05 0.12 0.18 0.27 0.3 0.7 0 .9 1.1 1.2 1.6
SEN 0.02 0.05 0.08 0.11 0.1 0.3 0.4 0.4 0.5 0 .7

s p e d
Nean

bound
3.91 5.58 7.75 9.25 10.1 11.0 12.1 13.2 13.5 13.9

SD 0.70 0.23 0.08 0.19 0.2 0.4 0 .4 0.3 0.2 0.4
SEN 0.29 0.09 0.03 0.08 7e-02 0.2 0 .2 0 .1 le-01 0 .2

Table 47: STIMULATION OF cAMP-FORMATION WITH NaCl, lOOnM PG I2, 
100|iM NECA AND lOO îM FORSKOLIN IN PLATELET RICH PLASMA FROM 
RATS.

n:6 basal 30" 1' 2* 3 ' 5J 7 .5 ' 10'

NaCl Nean 87 75 76 79 75 75 68 65
SD 27 9 13 19 15 15 9 9
SEN 11 4 5 8 6 6 3 4

PGI2 Nean 87 857 1144 1624 1788 2064 1982 1954
100nN SD 27 226 245 242 209 458 434 416

SEN 11 92 100 99 85 187 177 170
P< le-03 le-03 le-03 le-04 le-03 le -0 3 le-0 3

NECA Nean 87 66 66 67 63 69 69 62
100uN SD 27 4 14 11 8 11 12 10

SEN 11 2 6 5 3 5 5 4
P< le-01 2e-01 2e-01 88-02 3e-01 Be-01 6e-01

Forsko lin Nean 87 1435 1674 1931 2274 2498 2394 2373
100uN SD 27 266 231 356 379 378 397 379

SEN 11 109 94 146 155 154 162 155
P< le-03 le-03 le-03 le-03 le-03 le -0 3 le-0 3
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