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AIMS AND SUMMARY

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
D, and B,-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 *[H]-NECA to platelet membranes did

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



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 a,-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 (K,) 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 *[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 I,-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 IC,, 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.
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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 *[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
*[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 *[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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INTRODUCTION

I. ADENOSINE

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

g N
N‘KN | NE\>H

H,C ,— HN —OCH,

ADENOS I NE S -N-ETHYLCARBOXAMI DOADENOS I NE

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; Kornberg 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 (Kornberg, 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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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
(Burnstock 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 1-2uM or less. As the K 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 3uM 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 Burnstock (1976b), one preferring adenine nucleotides (P,-receptor) the
other adenosine (P,-receptor). The P,-purinergic receptor whose major ligand is ATP,
probably controls ion fluxes through the breakdown of phosphatidylinositol 4,5
bisphosphate (PIP,,, while P,-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 A,-receptors by van Calker et al, (1979) and R;-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 A,-receptors or R,-receptors. In this thesis the terms A,
for the inhibitory and A, for the stimulatory adenosine receptor have been adopted.

The A,-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 A,-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 A,-receptor are the N°-substituted
components. L-N°-(phenylisopropyl)adenosine (PIA) is 3 times more potent than
adenosine on the A;-receptor and 3 to 6 times less potent on the A,-receptor. On
the other hand 5’-ethylcarboxamidoadenosine (NECA) is 5 to 20 times more potent
than adenosine at the A,-receptor and around 10 times less potent on the A;-
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 A,- or A,-receptor have been developed so far. Compared to
caffeine, theophylline is 3 times more potent, and 3-isobutyl-1-methylxanthine 6 to
15 tmes 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 P.-type
adenosine receptors

affinity constant, uM

agent A A, P-site

1
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 A,-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 (PH]NECA) as a ligand for
binding studies was demonstrated by Hiittemann 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; Turnheim 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
Beme 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 A, and prostaglandin E, (Férstermann
et al, 1988). Adenosine seems to contribute to the control of blood flow in brain
(Rubio et al, 1975; Bemne 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 (Burnstock, 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 (Burnstock,
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 (McIlwain, 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 (Burnstock, 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 10nM (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 10nM (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 (Born 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 pM) 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 (PF,) and
B-thromboglobulin (B-TG). A third population of granules (A-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 III. 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 Py 200-500 Ca*; ?

Adrenaline o,-adrenoceptor 200-500 ?

Serotonin SHTLS,) < 50 Ca*; DAG

Vasopressin V. 74-100 Ca*; DAG

PAF PAF, 300-600 Ca™; DAG

Thrombin ' Glycoprotein Ib 300-600 Ca*; DAG

Thromboxane A,/PGH, 1700-2000 Ca**; DAG

Collagen | Glycoprotein Ia 2 /9

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, B-TG, PF,, von Willebrand
factor, fibrinogen and fibronectin are released from o-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 B-TG or PF, 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 (A-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 A, (PLA,), and subsequently oxygenated by the two enzymes,

Arachidonlic acid
-
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Figure 3: Arachidonic acid prostaglandin pathway

cyclooxygenase or lipoxygenase. The products of cyclooxygenase-catalyzed
oxygenation, the cyclic endoperoxides prostaglandin H, (PG H,) and maybe to a lesser
extent prostaglandin G, (PG G,), as well as thromboxane A, (TXA,) formed through

the activity of thromboxane synthase from PG H,, 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 platélet response from a reversible to an irreversible event. In platelets,
most of the arachidonic acid released is converted into thromboxane A, since the
thromboxane synthase is very active. Furthermore no prostacyclin-synthase activity has
been detected in platelets, so that prostacyclin (PG L, 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 A, 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 TXA, in this process. In the past, the formation of
malondialdehyde (MDA) or TXB, 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
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S. Tomlinson et al., Clin. Endocrinol., (1985), 23, 595-610.

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 (IP,) (Michell,
1975). Both, DAG and 1,4,5-IP, 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



40

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 (G;) 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 IP, mobilizes calcium from the dense tubular system and calcium
influx from the extracellular compartment (Berridge, 1984; Majerus 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 PLA, and thus the initiation of the arachidonic
acid pathway. The synergistic action of DAG and IP, seems to play a major role in

stimulus response coupling.
























































































































































































































































































































































































































































































































































































































