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PREFACE

The processes of haemostasis and thrombosis are
complex and involve the interaction of a number of factors
including platelets, blood coagulation, the vessel wall and
blood flow patterns.
to be important.

The role of platelets is considered

In order to understand the reactions

involved in these physiological and pathological

processes,

an understanding of the mechanism of platelet adhesion to
surfaces and of platelet aggregation is essential.

Although

considerable advances have been made in the understanding of
platelet aggregation since the discovery more than a decade
ago that adenosine diphosphate is a potent aggregating agent,
the precise biochemical mechanisms involved in aggregation
have not yet been determined.

Recent investigations have

confirmed that a "plasmatic atmosphere" of coagulation factors
surround the platelets, but the reason for this relationship
has not been elucidated.

It is well recognised, however, that

when platelets aggregate platelet factor 3 (a contribution by
platelets essential to blood coagulation) becomes available
on the platelet surface and thus provides a catalytic surface
for the coagulation mechanism.

Therefore, it is possible that

coagulation reactions are involved in platelet reactions.
Evidence will be presented that blood coagulation and platelet
reactions such as aggregation and release are interdependent.
Evidence on the mechanism of action and role of heparin is also
presented.

Finally, evidence of accelerated coagulation and

abnormal platelet function is reported, and the implications
of these findings to mechanisms of thrombosis and atherosclerosis
is discussed.
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CHAPTER I
INTRODUCTION

DISCOVERY OF THE PLATELET
The mammalian platelets is a small (2-4µ in diameter)
disc-shaped formed element of the blood, containing many
organelles but not a nucleus, and performing various functions.
Because of its small size, the discovery of the platelet awaited
the development of the compound microscope.

The introduction

of the achromatic lens enabled Gulliver in 1841 to describe
minute spherules 2.5µ in diameter which became granulated
particles after a few hours storage (Robb-Smith, 1967).

In the

same account, Robb-Smith regarded William Addison (1842) a
contemporary of Gulliver as codiscover of the platelet.

Robb-

Smith also cited two Germans, Simon in 1842 and Zimmerman in
1846 observing the presence of platelets in blood.

However,

Virchow (1858) the German pathologist, regarded the observed
particles as artifacts.
In these early reports, it is only possible to deduce
that platelets had been detected either because they were
represented in relation to a fibrin network (as Addison showed)
or because they gave certain characteristic reaction~ (as
Zimmerman described); but in 1864 there appeared a drawing by
Lionel Beale of human blood elements in which the platelets
were clearly displayed (Robb-Smith, 1967).

Schultze in 1865

observed the coalescence of platelets into granular masses and
the relation this phenomenon had to fibrin formation.

·osler

(1874) extended this finding by observing that platelets
circulate in blood vessels as individual elements with no
tendency to stick together.

He further observed that on removal

of the blood from the animal, platelets threw out pseudopodia
and formed granular masses.

In the previous year, Ranvier

(1873) and Vulpian (1873) noted, respectively, that such
corpuscular blood elements adhered to glass readily and had
a definite relation to fibrin formation.

At about this time,

it had become clear that platelets were not artifacts but
rather that they were formed elements of the blood which were
in some way involved in blood coagulation and thrombosis.
Before the final acceptance of the existence of
platelets, Wharton-Jones in 1850 had already observed their
involvement in thrombosis while studying the effect of the
inflammatory reaction, on the circulation in the web of the
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frog's foot.

Zahn, also in 1875, observed that following

injury to the frog's blood vessel, cells accumulated from
flowing blood and occluded the lumen.

Between the years 1882

and 1887 experimental studies in mannals by Bizzozero (1882),
Eberth and Schirnrnelbusch (1886) and Welch (1887) showed that
platelets were the first blood elements to accumulate at the
point of vessel injury.

Lubnitzky (1885) examined histological

sections of haemostatic plugs and confirmed that platelets were
involved in the formation of these plugs.

The importance of

platelets in haemostatic function was further strengthened by
Krauss (1853) and Denys (1887) who showed that certain patients
with reduced platelet numbers were afflicted with purpura.
After these initial investigations, no further advances in
knowledge occurred until the advent of the electron microscope,
the application of improved biochemical techniques and a better
understanding of the coagulation pathways that led to fibrin
formation.
PLATELETS AND HAEMOSTASIS
On the basis of light and electron microscopic
studies (Zucker, 1947; Hughes, 1959; 1962; Kjaerheim and Hovig,
1962; Jorgensen and Borchgrevink, 1963; Hovig et al., 1967) the
following sequence of events has been proposed as occurring in
the process of haemostasis:
(i)

Initially, platelets adhere to the damaged vessel
wall (Platelet adhesion), within a few seconds of
Injury.

(ii)

Additional platelets adhere to the platelets
initially adhering to the vessel wall and to each
other (platelet aggregation) accounting for the
growth of the haemostatic plug.

(iii)

The final step is the appearance of fibrin in a
recognisable form at the periphery of the platelet
aggregate (blood coagulation).

Platelet adhesion
With the aid of the electron microscope in the study
of in vivo haemostasis, it is now recognised that the initial
adherent layer of platelets at the site of injury does not
attach to damaged endothelial cells but rather to subendothelial
tissue (Mustard et al., 1967; T'sao and Spaet, 1967). Platelets
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adhere to various subendothelial components including collagen
and basement membrane fibrils

(Hughes and Lapiere, 1964; Spaet

and Erichson, 1966; Baumgartner et al., 1967b; Tranzer and
Baumgartner, 1967; Branemark and Ekholm, 1968; T'sao and Glagov,
1970; Stemerman et al., 1971; Sheppard and French, 1971;
Sheppard, 1972).
Recently, a mechanism has been proposed for platelet
adhesion to collagen on the basis of an enzyme-substrate
reaction as proposed by Roseman (1970) for intercellular
adhesion.

According to this hypothesis the formation of an

enzyme-substrate complex between the carbohydrate portion of
collagen and an enzyme (glucosyltransferase) on the surface of
platelets is involved in platelet adhesion to collagen
(Jamieson et al., 1971; Barber and Jamieson, 1971).

This

hypothesis is consistent with the findings of Wilner et al.,
1968a, b).

These authors showed that platelet adhesion to

collagen required free €-amino group and that collagenase
inhibited this adhesion.

The collagen glucosyltransferase also

required the presence of free €-amino group and collagenase
treatment of collagen also inhibited the enzyme reaction.
However, it is difficult to reconcile this hypothesis with the
observation by Lyman et al.

(1971) that platelet-collagen

adhesion required fibrinogen.
Platelet release reaction
The adhesion of platelets to collagen results in the
release from the platelets of stored granular substances like
adenosine diphosphate (ADP), adrenaline and serotonin (Zucker
and Borelli, 1962; Hovig, 1963; Spaet and Cintron, 1963).

The

platelet exhibits a variegated picture when viewed under the
electron microscope.

The most numerous formed organelles

observed are the granules.

These form a heterogeneous group

and at least two identifiable structures are described:
granules and the very electron dense bodies

a-

(Hovig, 1968).

The

dense bodies have been demonstrated to be storage sites for
serotonin and adenine nucleotides (Pletscher, 1968; Da Prada
et al., 1972).

a-granules are considered to be lysosomes,

possibly containing proteolytic enzymes (Hovig, 1968).

Under

the influence of various stimuli, platelets release the biochemical substances stored within these organelles (Holmsen et

4
al., 1969).

Grette in 1962 first coined the term "blood

platelet release reaction" to describe the biochemical reaction
that occurs when platelets discharge selectively and rapidl y
serotonin, adenine nucleotides, amino acids and proteins under
the action of thrombin.

Since Grette's description, the

release reaction has been extensively studied and certain
general points can be made concerning this phenomenon.
Recent research has clearly established the release
reaction as a secretory process

(Stormorken, 1969).

The process

is selective in that only substances stored in the a-granules
and the dense bodies are released (Holmsen, et al., 1969).

At

37°c, the release is rapid and maximum release is reached
within 60 seconds.

Energy derived from both glycolysis and

oxidative phosphorylation is required (Murer, 1968).

The

molecular mechanism involved is thought to be similar to that
of muscle contraction.

Calcium is considered the transmitter

messager and initiates a contraction wave possibly involving
the contracile protein thrombosthenin.

There are two plausible

ways whereby the contraction wave could lead to the emptying
of the granular material into the extracellular space:

(i)

reverse pinocytosis or (ii) discharge into an invagination of
the plasma membrane (Day and Holmsen, 1971).

Although the

platelets are degranulated after the process, energy me·tabolism
continues and platelet functions like clot retraction and
aggregation are retained (Holmsen et al., 1969).
Various stimuli can act as release inducers and these
may be classified into 3 major groups
(i)

(Day and Holmsen, 1971):

Low molecular weight substances
(a)

substances apparently taken up by the
platelets, e.g. adrenaline, serotonin.

(b)

substances not taken up by the platelets,
e.g. ADP.

(ii)

Proteolytic enzymes, e.g. thrombin, trypsin,
papain, phospholipase A, and venoms.

(iii)

Particulate matter, e.g. collagen, latex particles,
endotoxin, carbon particles, viruses, bacteria,
antigen-antibody complexes, aggregated IgG.

Of all

these stimuli, collagen is probably the most
important physiological stimulus.
A whole host of substances are released, the most conspicuous
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are the large amount of adenine nucleotides
serotonin (Grette, 1962).

(ADP, ATP) and

The nucleotides released are meta-

bolically inert and are therefore purely storage products
(Holmsen, 1967; Day and Holmsen, 1971).

In addition, fibrinogen

(Grette, 1962), lysosomal enzymes like S-glucuronidase and
cathepsin (Marcus et al., 1966; Siegel and Luscher, 1967; Mills
et al., 1968; Holmsen et al., 1969), inorganic ions such as zinc
and calcium (Foley et al., 1968; Holmsen et al., 1969), amino
acids, S-lipoproteins, and proteins (Davey and Luscher, 1968),
permeability factors
4(PF 4)

(Mustard et al., 1965), platelet factor

(Niewiarowski et al.,

1968a) are released.

Platelet

factor 3 (PF 3) the platelet's contribution of lipid to the
coagulation pathway, is considered not to be released but made
available on the platelet membrane (Marcus et al., 1966;
Hardisty and Hutton, 1966).
Many compounds have been shown to inhibit the release
reaction.

At this stage, it is not possible to classify them

according to the mechanism by which they inhibit the release
reaction.

These compounds include chelating agents viz.

ethylenediaminetetra-acetic acid (EDTA), metabolic inhibitors
viz. sulphydryl group inhibitors, adenine compounds viz. adenosine
monophosphate (AMP), prostaglandin PGE 1 , tranquilisers viz.
chlorpromazine, imipramine and amitryptiline, anti-inflanunatory
drugs viz. dipyridamole, sulphinpyraxone, butazolidine and
aspirin, and others.

Some of these drugs have been evaluated

for possible clinical use in management of thromboembolism, viz.
aspirin and dipyridamole.

For further information of these

inhibitors an excellent and extensive review has recently been
published (Mustard and Packham, 1970a).
The release reaction is important in haemostasis
because the growth of the haemostatic plug depends on the
material released.

Collagen induced the release reaction and

it seems that released ADP is responsible for the subsequent
platelet aggregation observed in the formation of the haemostatic
plug (Hovig, 1963; Spaet and Zucker, 1964).

The importance of

released ADP in haemostasis has been shown experimentally in vivo
(Honour and Mitchell, 1963; Born et al., 1964; Begent et al.,
1972).

Clinical reports of patients with haemorrhagic tendency

not attributable to coagulation defects but to a defective
release reaction further high-light the importance of the
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release in haemostasis (Hardisty and Hutton, 1967; O'Brien,
1967; Caen et al., 1968; Weiss and Rogers, 1972).

In recent

studies some of these patients have been observed to have a
deficient storage pool of nucleotides in their platelets
(Holmsen and Weiss, 1970; 1972; Hardisty et al., 1972).

Hardisty

and co-workers also demonstrated a defect in uptake and storage
of serotonin and adrenaline in the platelets of their albino
patients.

Interestingly, this finding of a storage pool defect

has not been limited to man.

Tschoop and Zucker (1972)

demonstrated the same defect in Hawn-hooded rats with an
inherited bleeding diathesis.

Besides these examples drawn from

nature's experiments, a slight haemostatic defect (a prolonged
bleeding time) has been induced in man through the ingestion
of aspirin (Weiss et al., 1968; Mielke et al., 1973).

Aspirin

has been shown to be an inhibitor of the release reaction in
vitro and a good inhibitor of platelet-collagen adhesion in vivo
(Weiss et al., 1968; Evans et al., 1968; Stuart, 1970; Zucker
and Peterson, 1970; Sheppard, 1972).
Other substances released from platelets are also
considered to be of importance in potentiating aggregation
essential to growth of the haemostatic plug.

Thomas (1968) showed

that a-blocker, phentolamine modified the aggregation response
of platelets to collagen and thrornbin in plasma.

Based on this

observation, he postulated that released catecholamines from
platelets normally potentiate platelet aggregation.
released in

PF 4 is

parallel with ADP (Thomas et al., 1970).

Niewiarowski and co-workers (1968a;b) suggested that released
PF 4 may alter platelet surface charge or may induce paracoagulation of soluble fibrin complexes occurring in the platelet ' s
plasma atmosphere and hence potentiate aggregation.

So far, the

importance of the release reaction in the growth of the
haemostatic plug has been reviewed.

Recently, however,

experimental work has revealed the importance of the release
reaction in certain pathophysiological states, in thrornboernbolism
and in atherosclerosis (Mustard and Packham, 1970a;b; Radegran,
1971).

This will be reviewed and discussed in later sections.

Platelet aggregation
As already reviewed, when platelets interact with
collagen ADP is released from platelets amongst other things and
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that this released ADP is considered to cause further platelets
to adhere to each other.

Much of the evidence suggests that

ADP may be the common pathway for most of the factors which
cause platelet aggregation, including thrornbin (Haslam, 1964).
However, there is evidence that thrornbin-induced aggregation
in non-mammalian thrornbocytes may not be mediated by ADP
(Belamarieh et al., 1968).
The mechanism by which ADP induces platelet
aggregation has as yet, not been defined.

Several hypotheses

have been proposed; common features to most theories are that
fibrinogen is involved in ADP-induced platelet aggregation
(Cross, 1964; Born and Cross, 1964; McLean et al., 1964; Deykin
et al., 1965; Brinkhaus

et al., 1965; Solum and Stormorken, 1965)

and that calcium, or other divalent cations are involved possibly
in electrostatic bridging between platelets (Born and Cross,
1964; Hovig, 1964).

There is little doubt that ADP-induced

platelet aggregation is dependent on divalent cations (Born and
Cross, 1963; 1964; Mitchell and Sharp, 1964; Hovig, 1964).
That fibrinogen is required for ADP-induced aggregation has been
repeatedly confirmed (Mustard et al., 1972; Harbury et al.,
1972).

Other evidence indicates that proteins other than

fibrinogen may also be required for ADP-induced aggregation
(McLean et al., 1964; Salzman et al., 1966; Brinkhaus et al.,
1967).

Thus substantial evidence has been published incriminat-

ing both fibrinogen and calcium in platelet aggregation, and
furthermore, evidence from washed platelets indicates that both
are intrinsic components of the platelet membrane (Ardlie et al.,
1970).

Recent ultrastructural studies have shown that the most

peripheral layer of the exterior coat covering the surface of
the platelet is involved in mutual platelet adhesiveness, and
Shirasawa and Chandler,

(1969; 1972) were able to demonstrate

irregularly spaced bridges between adjoining platelets, which
they claimed to be both fibrinogen and fibrin.

Despite the

wealth of evidence strongly suggesting the need for fibrinogen
and calcium in ADP-induced aggregation, at present the molecular
structure of the inter-platelet bond remains obscure.
Gaarder and Laland (1964) and Skalhegg and co-workers
(1964) originally proposed that the inter-platelet bond involved
ADP, calcium and plasma protein molecules.

In this hypothesis,

ADP is involved in a persistent bond but a recent investigation
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~v Salzman et al. (1969) failed to demonstrate a prolonged binding
of ADP to platelet surface indicating that platelet aggregation
is unlikely to be due to an inter-platelet bridge involving ADP.
Furthermore, the observation that ADP causes a rapid swelling
of platelets and morphological changes, apparently before they
become sticky (Bull and Zucker, 1965; O'Brien, 1965; MacMillan
and Oliver, 1965; O'Brien and Heywood, 1966) suggests that the
action of ADP on platelets is more complex that just a simple
participation in bridge formation.
Platelets normally have a net negative charge (Abramson,
1928).

Several investigators have proposed that an alteration

in surface charge by ADP may permit aggregation (Mitchell and
Sharp, 1964; Robinson et al., 1965).

Hampton and Mitchell (1966)

and Seaman and Vassar (1966) have reported that platelets on
exposure to ADP have a reduction in their net negative surface
charge.

That Salzman et al.

(1969) has demonstrated a transient

binding of ADP does not distract from this hypothesis as the
maintenance of a reduction in net surface charge may be the
resultant effect of other factors

(Betts et al., 1968).

Platelet ecto-adenosine triphosphatase activity,
thought to be on the platelet surface, has been demonstrated in
several laboratories and has been implicated in aggregation
induced by ADP (Robinson et al., 1965; White and Krivit, 1965;
Salzman et al .. , 1966).

On their evidence, Salzman et al.

(1966)

and Jones (1966) have proposed a contractile protein model to
account for adhesion or aggregation.

According to this

hypothesis platelets require energy to remain unsticky.

This

process is believed to require the splitting of ATP to ADP by
an ATPase located at the platelet membrane and the addition
of ADP inhibits this active process, thus disrupting the
regulatory membrane system by which platelets are maintained
"non-sticky".

One criticism of this hypothesis is the evidence

of Salzman and co-workers (1966) that the extent of inhibition
of ATPase activity by ADP is very slight at the concentration
required to induce aggregation.
More recent observations by several authors are in
conflict with the preceding proposals.

Mason and Saba (1969)

observed that dinitrophenol stimulated ecto-ATPase activity
without any effect on aggregation.

Also several sulphydryl

inhibitors which inhibit ecto-ATPase activity did not induce
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aggregation but rather inhibited aggregation (Robinson et al.,
1965; Harrison et al., 1966; Aledort et al., 1968).

However,

co~pounds with sulphydryl inhibitor property could be interfering with other activities essential to platelet aggregation.
The presence of different ecto-ATPases (Mason and Saba, 1969)
could . also account for these discrepancies.
Bellex-Galland and Luscher in 1961 isolated a
contractile protein from platelets which they named thrornbosthenin.

Subsequently, its surface location has been established

by an irnrnunohistochemical technique (Nachman et al., 1967;
Booyse and Rafelson, 1971).

Booyse and Rafelson (1969, 1972)

on the basis of this finding and together with other known
properties of this contractile protein, proposed that interplatelet binding involved the formation of intermolecular
platelet actomyosin bridges between platelet actin and platelet
myosin located on the surface of adjacent platelets.

Using a

new irnrnunohistochemical technique and combined biochemical and
electron microscopic studies further evidence has been
accumulated for this hypothesis (Booyse and Rafelson, 1971;
Booyse et al., 1972a;b; Booyse and Rafelson, 1972).

This

hypothesis satisfactorily takes into account many known facts
associated with platelet aggregation but fails to take into
account the evidence forcibly suggesting that fibrinogen is an
essential component of the inter-platelet bond.
Platelets exposed to ADP undergo an alteration from
disc shape to an irregular form with pseudopod formation

(Bull

and Zucker, 1965; O'Brien, 1965; MacMillan and Oliver, 1965;
O'Brien and Heywood, 1966).

O'Brien (1965) has suggested that

this morphological change is related to the development of
platelet adhesiveness.
support.

This suggestion has received biophysical

If the radius of curvature of approaching surfaces

was reduced, the potential energy barrier to cell contact would
be reduced (Bangham and Pethica, 1960; Lesseps, 1963; Taylor
and Robbins, 1963).

The morphological change on exposure of

platelet to ADP is the formation of protuberances with a much
smaller radius of curvature than disc-shape platelets, hence
possibly allowing two platelets to approach close enough for
aggregation to occur.

10
Other hypotheses include that proposed by Spaet and
Lejnieks (1966) that ADP acts as an energy source activating a
binding mechanism as yet unidentified and Silver's (1965)
hypothesis that aggregation involved the uncovering of
phospholipid micelles in platelet membranes and their bridging
together by divalent cations.

An interesting development in

the elucidation of the mechanisms involved in platelet
aggregation is the accumulation of a considerable body of
evidence that cyclic-3'5'-adenosine monophosphate (cyclic-AMP)
may have an important physiological role in platelet function
(Salzman, 1972).

However, the mechanism whereby aggregating

stimuli modify cyclic-AMP metabolism and the exact role of this
compound in platelet function has not yet been determined.
Platelets and blood coagulation
The precise role of coagulation in haemostasis is not
well defined.

Although it is well recognised that certain blood

coagulation protein deficiencies are associated with a haemorrhagic tendency, certain inconsistencies are apparent.

For

example, factor XII deficiency is not associated with abnormal
bleeding (Ratnoff and Colopy, 1955) and those with factor VII
deficiency are only mildly affected (Alexander, 1959).

Also

Hovig and co-workers (1967) reported that haemostasis is normal
in factor VII deficient dogs.

When platelets are aggregated

by ADP, blood coagulation is accelerated (Mustard et al., 1964)
and PF 3 becomes available for the coagulation reaction (Hardisty
and Hutton, 1966).

PF 3 is required in the steps of coagulation

sequence involving factors IX and VIIIa, and factors V and Xa
(Papahajopolous and Hanahan, 1964; Hemker et al., 1967; Hemker
and Kahn, 1967; Hougie et al., 1967).

There is good reason to

believe that the participation of PF 3 in the coagulation process
is to limit the process of thrombin formation to a local region,
namely the surface of the platelet (Luscher and

Pfueller, 1971).

Many agents are capable of activating the coagulation
mechanism but most of them are non-physiological, e.g. kaolin,
celite and glass.

An accepted biological and physiological

agent is collagen which is exposed upon tissue injury
(Niewiarowski et al., 1966).

The role of platelets in initiation

of coagulation has recently been clarified.

Factors XII and XI

are known to be associated with platelets (Iatridis et al., 1964;
Horowitz and Fujimoto, 1965) and are activated when platelets
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are stimulated by ADP (Walsh, 1972b).

In further experiments

by Walsh (1972c), the role of collagen in coagulation was
extended when he demonstrated that it enhanced factor Xa
activity in the presence of factor XI and platelets and that
this pathway is independent of factor XII.

The coagulation

activities of platelets recently described by Walsh (1972b,c)
and Walsh and Biggs (1972) can be summarised as follows:
(i)

Contact product forming activity (CPFA).

This is

considered to be a metabolic or physiochemical
property of the platelet surface which may be altered
by ADP to activate factor XII and then subsequently
forms contact activation product on the platelet
surface when factor XI is present.

This process is

independent of platelet aggregation and PF 3.

It is

reversible, rapid and responsive to physiological
concentrations of ADP.
(ii)

Collagen-induced coagulant activity (CICA).

This is

the capacity of collagen to stimulate platelets to
initiate the intrinsic pathway of coagulation if
factor XI is present independent of factor XII.

This

reaction is reversible and like CPFA independent
of platelet aggregation and PF 3.
(iii)

Intrinsic factor Xa forming activity (XaFA).

In this

activity, the platelets enhance the reactions of
factors XI, VIII, IX and X to form Xa.

Though

phospholipid promotes these reactions, only platelets
retain this activity in the presence of inhibitor to
XIa.
(iv)

Platelet factor 3 activity (PF 3).

This is the well

known catalytic activity of platelets in the reaction
of Xa and V to activate prothrombin.

Jevons and

Barton (1971) recently demonstrated that thrombin is
generated on washed rabbit platelets exposed to
activated factor X (Xa).
Roskam (1923) originally proposed that a ''plasmatic
atmosphere" of coagulation factors surrounds the platelets.
This concept has been confirmed by subsequent experimental
observations (Bounameaux, 1957; Borchqrevinkand Owen, 1961;
Iatridis and Ferguson, 1965; Horowitz and Fujimoto, 1965; Walsh,
1972a).

The experimental work of Walsh (1972b,c) and Walsh and
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Biggs (1972) suggests that the function of platelets in
coagulation relates to its "plasmatic atmosphere".

Platelets

aggregating at a site of injury and forming a haemostatic plug
will concentrate within the platelet aggregate a high concentration of coagulation factors and coagulation is considered
to occur within the platelet nidus protected from plasma
inhibitors (Walsh and Biggs, 1972).
The haemostatic plug is finally stabilised and consolidated through the formation of fibrin (Mustard et al.,
1967).

Electron microscopic studies have confirmed the close

association of fibrin with the membrane of platelets in the
outer part of the platelet mass forming the plug (Hovig et al.,
1967; Jorgensen et al., 1967a).

Although platelets do

not

adhere to fuliy polymerized fibrin (Hovig et al., 1968;
Niewiarowski et , al., 1972) they do form links with polymerizing
fibrin (Niewiarowski et al., 1972).
Platelets have been shown to have other activities
related to coagulation but the physiological role of these in
haemostatis needs further studies.
(i)

These activities include:

Antifibrinolysin activity (Johnson and Schneider,
1953; Jurgens and Przybliski, 1968).

(ii)

Platelet factor 4 or antiheparin activity (Jurgens,
1954; Niewiarowski et al., 1968).

(iii)

Factor XIII or fibrin stabilizing factor (Luscher,
1959; Schwartz et al., 1973).
In conclusion, one may surmise that in the presence

of rapidly flowing blood in the ~rterial system, the formation
of a platelet plug, besides preventing immediately the leakage
of blood into surrounding tissues of the injured blood vessel,
also serves to localise in the protective nidus of platelet
aggregate a high concentration of coagulation factors.

The

platelet initiates the activation of the intrinsic pathway and
protects the activated factors from plasma inhibitors, dilution
to subcritical levels or against premature dispersion.

Ultimately,

this facilitates the activation of prothrombin and hence the
clotting of fibrinogen adsorbed on the platelet membrane.
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PLATELETS AND THROMBUS FORMATION
The mechanism by which thrombi form on the intimal
surfaces of blood vessels are less clearly understood than in
haemostasis.

Factors involved include subendothelial constit-

uents of blood vessels, intravascular stimuli, and blood flow.
Controversies exist, however, as to which of these factors is
of prime importance in initiating thrombosis.

It is well

recognised that thrombosis occurs in association with some forms
of vessel injury (French, 1966).

Certain investigators have

argued strongly that vessel injury is of prime importance in
initiating thrombosis (Spaet and Erichson, 1966; T'sao and
Spaet, 1967).

Changes in coagulation components, notably their

elevation, has been championed by others (Spittell et al., 1961;
Pechet and Alexander, 1961; Davidson and Tomlin, 1963; Rutherford
et al., 1964; Penick et al., 1966; Arnris and Starup, 1967;
Beller and Porges, 1967; Hurne and Chan, 1967; Skjodt, 1967; Owren
et al., 1969).

Still others stressed the importance of changes

in platelet function (Mustard, 1965; French, 1967; Mustard et al.,
1969).

Thrombus formation in flowing blood has been observed

to be non-uniform and occurs at certain sites (Mustard et al.,
1962).

Observations that changes in blood flow influence the

site and extent of thrombus are well documented (Rowntree and
Shionoya, 1927; Rodbard, 1959; Texan, 1960; Murphy et al., 1962;
Kingsley et al., 1967; Smith et al., 1972).

This section reviews

the roles of these factors in thrombus formation.
Blood flow
Certain areas are sites of predilection for thrombus
formation:

bifurcations, branchings, and lesser curvature of

blood vessels (Mustard et al., 1962; Murphy et al., 1962).
Various haernodynarnic forces have been implicated in vessel wall
damage.

Bernoulli-type suction forces have been proposed by

Texon (1960) and Rodbard (1959) to be responsible; but Caro et
al., 1970 regard such forces to be negligible under physiological
conditions.

Other haernodynarnic forces are turbulence, vortex

formation, boundary layer separation and cavitation (Robbins
and Bentov, 1967; Kingley et al., 1967; Gutstein et al., 1968;
Smith et al., 1972).

In areas of disturbed flow, thrombi

consist of masses of aggregated platelets, red cells and fibrin,
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while in an area of laminar flow thrombi consist of a thin
layer of platelets,

(Mustard et al., 1968).

Also in diseased

arteries, occlusive thrombi tend to occur in regions where there
is marked disturbance due to a stenotic lesion (Mitchell and
Schwartz, 1965; J¢rgensen, 1970).

The possible mechanisms

involved in flow disturbance may be:
(i)

Shear stress on the vessel wall, resulting in injury
and consequent adherence of platelets to subendothelial
tissues.

(ii)

Collisions of formed elements of blood, release of
ADP from damaged cells and resulting platelet
aggregation.

This interaction of red cells, platelets

and endothelium may result in vascular damage.
Vessel wall
The role of the vessel wall in thrombus formation has
been extensively studied.

The endothelial lining is a slowly

turning over layer and forms an effective barrier between blood
and the thrombogenic subendothelial components.

The normal

endothelium normally does not initiate blood coagulation or
induce platelet adhesion or aggregation (French, 1966; Spaet
and Erichson, 1966).

Platelets, however, have been observed to

interact with endothelium in a supportive function (Johnson et
al., 1964; 1971a).
There is some controversy as to whether platelet
masses can form at sites of vessel injury where subendothelial
tissues are not exposed.

Spaet and Erichson (1966) and T'sao

and Spaet (1967) failed to observe platelet interaction with
damaged endothelial cells.

Contrary observations have been

reported to Asford and Freiman (1967) and Warren and De Bono
(1970); the latter claims that platelets are attached to
intracellular contents of endothelial cells when the plasmalernrna
of the cells is damaged.
Certain subendothelial structures are important in
platelet adhesion, viz. collagen and collagenous tissues.
are exposed when the vessel wall is damaged.

These

In pathological

conditions like atherosclerosis, Friedman and Van den Bovenkamp
(1969) and Constantinides (1966) have reported that occlusive
thrombi in man are almost always associated with breaks in the
lining of the atherosclerotic plaques.

Platelets can interact
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with the exposed subendothelial tissues but to a varying degree
as suggested by the work of Bankowski et al.

(1969).

These

investigators showed that collagen from patients of different
ages reacted differently with platelets.

The presence of

subendothelial mucopolysaccharides of different composition
may modify the platelet response to collagen.

Some have been

found to be inhibitory, some enhancing and others neutral
towards platelet aggregation (Muir and Mustard, 1968; Caen et
al., 1969; Izuka and Murath, 1972).

The effect of adsorbed

plasma proteins (if this does occur) on platelet interaction
with collagen is unknown.

The suggestion that it may modify

thrombogenicity of subendothelial components is founded on
observations by Glynn et al.
(1968).

(1966) and Evans and Mustard

These investigators observed that the platelet response

to certain non-physiological surfaces is modified by adsorbed
IgG, fibrinogen and albumin.
Endothelial cells and other vascular tissue contain
tissue thromboplastin, the activator of the extrinsic pathway
of coagulation (Nemerson and Spaet, 1964) and Johnson (1971b)
attributes a haemostatic role to this.

She also ascribed an

important role to released red cell tissue thromboplastin in
haemostasis and thrombosis.

However, other investigators

(Zucker, 1949; Hovig, 1962; Mustard et al., 1967) fail to find
early fibrin formation after vessel injury and thus negate the
role of thromboplastin in these processes.

The observation

that haemostasis is normal in VII deficient dogs throws further
doubts on the extrinsic pathway of coagulation in haemostasis.
If the role of coagulation is uncertain in the initial formation
of the haemostatic platelet plug, its role in initial formation
of a thrombus is equally uncertain.
There is no doubt that homeostatic mechanisms exist
in haemostasis and thrombosis as in other physiological processes.
Honour and Mitchell (1964) observed that after vessel injury
small thrombi formed and embolized for a while and then the
situation stabilized to show no further growth and embolisation.
Various studies have shown that platelets themselves may form a
non-thrombogenic layer (Shirasawa, 1966; Martin and Staubesand,
1967; 1968; Didisheim, 1969).

Fibrin has been observed on the

periphery of the platelet mass that formed during haemostasis
or thrombosis

(Mustard et al., 1967).

Fibrin does not induce

16
platelet adherence (Hovig et al., 1968; Niewarowski et al.,
1972), and thus the presence of fibrin would prevent further
platelet aggregation.

Another means of regulating thrombus

growth may involve the observation that ADP can render platelets
refractory to the action of subsequent ADP (Holmsen and Day,
1971).
Fibrin, formed round a platelet mass, is responsible
for the stabilisation of the thrombus (Hovig et al., 1967).
The subsequent fate of the platelet mass is conversion into a
fibrin mass (Bustard et al., 1967).

Hence, it is logical to

consider that activation of fibrinolysis may have a role in
limiting fibrin formation and hence limiting thrombus formation
and may be important in the resolution of the thrombus.

Asford

and Freiman (1968) found that pre-treatment of animals with
epsilon-amino caproic acid (EACA) resulted in greater fibrin
formation in stasis thrombi.

Hirsh et al.

(1968) using the

technique of the extracorporeal shunt in rabbits, demonstrated
that activation of the fibrinolytic mechanism suppressed
formation of platelet-rich-thrombi.

The vessel wall possibly

play an important role in the activation of fibrinolysis as the
endothelium has been found to contain activators of the plasminogen system Todd, 1964; Warren, 1964; Kwaan and Astrup, 1965;
Onoyoma and Tanaka, 1969).
Platelet function and thromboembolism
Considerable attention has been given to the role of
changes in blood coagulation (Wessler and Yin, 1969) and the
role of the vessel wall (Spaet and Erichson, 1966; Spaet and
T'sao. 1969) in the initiation of thrombosis.

In several recent

review articles the role of platelets in thromboembolism has
been discussed (French, 1967; Mustard, 1968; Mustard et al.,
1968).

In view of the experimental evidence showing a prime

role of platelets in the formation of thrombus, there has been
several attempts to examine a possible relation between altered
platelet function and thrombolic disorders.
Several studies have shown an altered platelet
function in thromboembolic disorders. A variety of methods
has been developed to measure platelet interaction with a glass
surface:

Wright in 1941 described a method using a roller

flask; Moolten and Vroman (1949) used glass wool; Hellem (1960)
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developed a technique using glass beads; O'Brien (1961) and
Salzman (1963) also developed methods using glass beads.

For

measurement of platelet-platelet interaction, the turbidometric
method as developed by both Born (1962) and O'Brien (1962) is
the most conunonly used.
Wright (1941) using her technique demonstrated an
increased platelet adhesiveness in post-operative and postpaturition patients.

This increase was associated with an

increased incidence of venous thrombosis.

Moolten et al.

(1949) with their technique found that patients with venous
thrombosis showed a greater platelet retention than control
subjects.

Others have also found increased values for platelet

adhesiveness in association with acute venous thrombosis
et al., 1951; Bobek and Cepelak, 1958; Hurne, 1966).

(Eisen

Using

Hellern's method, Hirsch and McBride (1965) observed increased
platelet adhesiveness in association with venous thrombosis
and pulmonary embolism.

Although some authors (Bygdernan et al.,

1966) have claimed that increased platelet adhesiveness is of
predictive value, others (Negus et al., 1969) could not
demonstrate any direct relationship between increased platelet
adhesiveness and thrombosis in the post-operative period.

Evans

and Irvine (1966) found that individuals with a high platelet
adhesiveness would occlude their grafts earlier than those who
had a low platelet adhesiveness.
Attempts have been made to demonstrate changes in
platelet function in patients with ischaernic heart disease or
cerebral vascular disease.

Many investigators have claimed

that these two conditions are associated with altered platelet
function, i.e. a greater tendency to adhere to glass or to each
other (Moolten

et al., 1949; McDonald and Edgill, 1959; Ardlie

et al., 1966b; Baumgartner et al., 1967a; Poplawski et al., 1968;
Bydegeman and Wells, 1969; Danta, 1970).

Other investigators,

however, could not demonstrate any changes in platelet function
(Rosenberg and Storrnorken, 1967; Storrnorken, 1970; Holzknecht
et al., 1970; Sjogren et al., 1971).

A few authors even claimed

that platelet responsiveness to stimuli was decreased (Enticknap
et al., 1969; Fitzgerald et al., 1971).
workers, Yamazaki et al.

Recently, Japanese

(1970) reported some findings which

may explain the negative results reported by earlier workers.
Using a modified Moolten-Vrornan technique of measuring platelet
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adhesiveness, they found a decrease in adhesive platelets in
the acute phase of myocardial infarction and of cerebral vascular
accident, but there was a concomitant enhancement of blood
coagulation.

The same finding also occurred in humans after

intravenous injections of adrenaline or oral administration of
a fatty meal.

They explained these findings as the result of

a loss of adhesive platelets on the arterial wall as thrombi and
the enhancement of coagulation possibly due to released platelet
factors.

Shimamoto and associates (1963) had demonstrated the

same findings in experiments in rabbits.

Examination of the

arterial wall under the electron microscope, showed an oedematous
vessel wall and platelet adhesion on the endothelial surface.
Thus, a decrease in platelet adhesiveness may in fact suggest
that a thrombotic process is present or imminent.

In fact,

Feissly as early as 1954, suggested that a sudden decrease in
platelets is characteristic and an early sign of impending
thrombosis.

A recent finding by O'Brien and co-workers (1972)

is consistent with this hypothesis.

Patients undergoing major

operations were found to have platelets refractory to ADP and
collagen immediately after operation.

This diminished platelet

function was prevented by low dose subcutaneous heparin
administrated before, during and after operation;

The incidence

of post-operative thrombosis was markedly reduced at the same
time.
Diet, particularly dietary fat, has been implicated
in the development of atherosclerosis and its complications,
and numerous studies have indicated a relationship between thrombosis and hyperlipidaemia (Strim and Jesen, 1951; Thomas et al.,
1960; Mustard et al., 1963;

Hirst et al., 1965) as well as in

blood coagulation (Hecht, 1965).

Experimental studies have

shown that diets rich in dairy fat and/or egg yolk increase
experimental thrombosis, platelet turnover and platelet adhesiveness (McDonald and Edgill, 1958; Horlick, 1961; Mustard and
Murphy, 1962; Mustard et al., 1963).

Nordoy et al.

(1968) found

a relation between the type and quantity of dietary fat given
to rats and the stability of ADP-induced thrombi in vivo.
Further studies, both in patients with hyperliproteinaemia
(Nordoy and Rodset, 1971a) and in healthy volunteers fed certain
dietary fats

(Nordoy and Rodset, 1971b) indicate that the

mechanism by which diet can produce its effect on thrombosis is
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by altered PF3 activity, i.e., the lipid contribution of
platelets to coagulation.
(1966)

In the rat, Renaud and associates

found that it is the type of saturated fatty acids

contained

in dietary fats which is responsible for its

thrornbogenic capacity, the two important saturated fatty acids
identified being palmitic and stearic acids.
workers

Hoak and co-

(1969) have shown that in vivo infusion of stearic acid

led to an increased incidence of thrombosis even when the fatty
acid was bound to albumin.

The same result was obtained when

plasma free fatty acids were raised by ACTH injection (Hoak
et al., 1969).

In vitro experiments by the same group of

investigators (1970) showed that platelet aggregation was
enhanced by incubating platelets with albumin-bound palmitic
and stearic acids.

The latter experiment suggests that it is

the lipid component of plasma which may be important in
alteration of platelet function.

In a few recent studies, the

evidence suggests that it is the alteration of the fatty acid
composition of platelet phospholipids, especially phosphotidyl
serine and inositol, that is responsible for an alteration of
platelet function
Renaud, 1972).

(Renaud et al., 1970a;b;c; Gautheron and

In these studies, the basic change in platelet

function induced by diet appeared to be an increased suscept~
ibility of platelets to aggregation by thrombin.

In a recent

study, using Swank's filtration pressure technique (1968) to
assess platelet function, it was shown that feeding a diet with
an increased polysaturated content (P/S ratio 1.6) brought about
a decrease in aggregability of platelets (Hornstra et al., 1973).
Cigarette smoking has also been reported to alter
platelet function.

Mustard and Murphy (1963a) showed that smoking

increased platelet turnover and decreased platelet survival.
Increased platelet function has been demonstrated after acute
smoking by several criteria, namely aggregation, electrophoretic
mobility and thrornboelastograph (Hawkins, 1972).

Nicotine has

been observed to cause platelet aggregation and to potentiate
the activity of ADP (Werle and Schievelbein, 1965).
Certain clinical conditions, associated with arterial
disease are also associated with altered platelet function.
Subjects with diabetes rnellitus have been reported to have
increased platelet adhesiveness

(Hellem, 1971; Kwann et al., 1972).
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Moolten et al.

(1949) reported that platelet adhesiveness was

increased in patients with clinical manifestations of cancer.
This alteration of platelet function was recently confirmed in
vivo by Abrahamsen (1972) who showed that platelet survival was
decreased and platelet turnover was increased.

Platelets taken

from patients with multiple sclerosis were found to stick more
readily to each other and to glass (Wright et al., 1965;
Caspary et al., 1965).
In summary:

Virchow over a century ago laid down a

crude conceptual framework of the pathogenesis of thrombosis
which has come to be known as Virchow's triad:
blood flow;

(ii) changes in vessel wall;

constitutents of the blood.

(i) changes in

(iii) changes in the

Over the last century and certainly

over the last decade, enormous experimental work has not resulted
in any new concepts but rather has elaborated in detail, the
factors proposed by Virchow.

Blood flow is considered to be

important in the localisation of thrombosis at certain sites of
the vascular tree.

The normal vessel plays no part in throm-

bosis but an injured blood vessel with the exposure of subendothelial tissues, supplies a stimulus for platelet aggregation,
the initial step in thrombus formation.

Alteration in blood

coagulation has largely been ignored in this discussion but is
considered to be of some importance in the pathogenesis of
thrombosis (see review by Wessler and Yin, 1969).

Platelets

are considered to play a crucial role in the pathogenesis of
thrombosis.

Although studies of platelet function in throm-

boembolic disorders in general indicate that platelets are more
"adhesive", these studies have been done after the event and
therefore do not indicate whether the altered platelet function
is a primary change.

However, other recent studies indicate

that altered platelet function may be a result of a change in
platelet factor 3 activity possibly through changes in the
fatty acid composition of platelet phospholipids.

This may be

one mechanism by which diet influences platelet function.
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PLATELETS AND THROMBOSIS IN ATHEROSCLEROSIS
Platelets, thrombosis and the later stages of atherosclerosis
There is no doubt that incorporation of thrombi can
lead to further growth and development of atherosclerotic
lesions (Clark, et al., 1936; Duguid, 1948; More and Haust, 1961b;
Crawford, 1961).

Various investigators have shown that

experimentally induced local thrombi or experimentally injected
preformed thrombi are incorporated into the vessel wall and
lead to intimal thickening (Harrison, 1948; McLetchie, 1952;
Hand and Chandler, 1962; Friedman and Byers, 1962;
Crawford and Woolf, 1970).

A variety of lesions is obtained

depending on the experimental situation.

Filshie and Scott

(1958) found that when venous thrombi were incorporated into
intima, the resulting lesion contained foam cells and calcium.
Hand and Chandler (1962) found that injection of platelet-richthrombi into rabbits resulted in lipid containing intimal
lesions whereas Harrison (1948), McLetchie (1952) and Heard
(1952) produced intimal thickenings free of lipids by injecting
fibrin thrombi.

Recently, Ardlie and Schwartz

(1968) have

demonstrated that hypercholesterolaemia causes greater calcification and produces a greater lipid content when platelet thrombi
are organised into the vessel wall.
When a mural thrombus forms, its ultimate fate depends
on many factors.

The platelet mass formed may be unstable and

dispersed leaving no trace, or it may remain and be incorporated
into the intima.

Although arterial thrombi begin as platelet

aggregates, in many cases they become transformed into fibrin
deposits.

This was observed many years ago (Welch, 1910;

Aschoff, 1962) and J¢rgensen et al.

(1967a) confirmed this in

their study of the organisation of mural thrombi in the carotid
artery of pigs.

The source of the fibrin of these transformed

thrombi is probably the plasma.

Ultimately, the thrombus is

organised into an intimal thickening consisting of smooth muscle
cells, collagen and elastic fibers and an endothelial covering.
The intimal lesions formed, in most of these reports,
through the injection of or the artificial induction of thrombi,
are intimal thickenings with little or no lipids.

Hand and

I
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Chandler (1962), however, in their experiment using plateletrich-thrombi did produce lipid containing intimal lesions in
the absence of hyperlipidaemia.

This suggests that phago-

cytosed platelets may be a source of lipid in the foam cells of
advanced lesions.

A number of studies have attempted to

correlate the lipid composition of atherosclerotic lesions with
that of platelets but the results have indicated that the lipids
were derived from plasma and/or in situ synthesis (Smith, 1967;
Smith et al., 1967).

The ultimate composition of an intimal

thickening may be affected by the vascularisation of an
organising thrombus.

Friedman and Byers (1962) suggested that

the capillaries at the base of a thrombus are very permeable
during the first 6 weeks.

Thus lipid could escape through

these capillaries giving rise to a lipid containing lesion
especially in the presence of hyperlipidaemia.

It is very likely

that lipids in an atherosclerotic lesion are derived from the
plasma (Watts, 1963).

However, it is worth noting that not all

atherosclerotic lesions are lipid-laden as many of them predominantly consist of fibrous tissue (Crawford, 1961; Mitchell
and Schwartz, 1965.
Platelet antigenic materials have been shown to be
present in atherosclerotic plaques (Woolf and Carstairs, 1967;
Walton and Williamson, 1968).

These observations are indicative

that a platelet thrombus has formed on the lesion and has been
subsequently incorporated.

Antigenic material identical with

fibrin has also been demonstrated in atherosclerotic lesions
(Woolf and Crawford, 1960; Woolf, 1961; Walton and Williamson,
1968; Haust, 1971).

However, this does not constitute conclusive

evidence for incorporation of fibrin thrombus into the lesion
as plasma fibrinogen could easily enter the lesion due to the
increased permeability of the lesion.
Several studies have indicated that the more advanced
lesions have evolved in an episodic fashion.

Some lesions in

the aorta and the coronary arteries that have been cut in crosssection seem to have multiple layers of material laid on top of
each other (More and Haust, 1961a; Osborn, 1963; Crawford, 1963).
Such evidence has been interpreted as indicating that mural
thrombi have formed on the vessel wall and have become organised
and incorporated into the vessel wall in episodic fashion.

The

repeated formation of mural thrombi will eventually lead to a
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thickened vessel wall.

It is believed that normally nutrition

of the vessel wall is derived by diffusion through the endothelium.

A thickened intima will interfere with this diffusion

mechanism, leading to inadequate supply of nutrients.

This

could influence the development of necrosis and cholesterol
clefts in the atherosclerotic lesion (French, 1966).

Furthermore,

there is evidence that the endothelium on top of an advanced
atherosclerotic lesion is more readily dislodged than in an
area of normal structure

(French, 1966).

This loss of endothel-

ium will lead to the exposure of collagen and basement membrane
which can act as stimuli for platelet aggregation and thus,
thrombus formation.

Studies of occlusive thrombi in the

coronary arteries have shown that these thrombi usually occur
in association with a break in the atherosclerotic plaque
(Constantinides, 1966; Friedman, 1971).
Platelets and the early lesions of atherosclerosis
The early lesions of atherosclerosis have certain
preferred anatomical sites

(Murphy et al., 1962) and these same

areas showed increased permeability to various plasma constituents like albumin (Packham et al., 1967; Scott and Hurley,
1970); S-lipoprotein

(Scott and Hurley, 1970); and cholesterol

(Somer and Schwartz, 1971;1972).

Histological examination

confirmed that these are areas of intimal oedema (Packham et al.,
1967; J¢rgensen et al., 1972) with polymorphonuclear leucocytes
and platelet thrombi on the intimal surface
1972).

Various plasma constituents viz.

(J¢rgensen et al.,

S-lipoproteins, albumin,

fibrinogen and irrununoglobulins have been demonstrated by
irrununohistochemical techniques in recognisably early lesions
(Woolf and Crawford, 1960; Woolf, 1961; Wyllie et al., 1964;
Kao and Wissler, 1965; Walton and Williamson, 1968; Hollander et al.
1970; Haust, 1971).

The presence of these constituents may

represent a breakdown of a permeability barrier; Zilversmit
(1968; 1970) has indeed proposed that normal intima presents a
metabolic and structural barrier which is broken during
atherogenesis.

Concomitant with the observations that indicate

vascular damage, there are also indications of vascular
reparative reactions

(Haust, 1970; 1971).

The causes of in vivo vessel damage has yet not been
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established.
candidates.

There are, however, a couple of important
One of these is haemodynamic stresses

1959; Fry, 1969).
blood.

The other

(Rodbard,

is the formed elements of the

Evidence from many recent experiments makes this latter

hypothesis tenable.

Leucocytes have been implicated in vascular

1nJury (Movat, 1966; Kniker and Cochrane, 1968; Movat et al.,
1968).

Polymorphonuclear leucocytes are capable of releasing

a number of substances that can damage the vessel wall:
(i)

Cathepsin D and E which can degrade basement
membrane (Cochrane and Aikin, 1966).

(ii)

Basic proteins that increase vascular permeability
(Janoff and Zweifach, 1964; Seegers and Janoff,
1966; Ranadive and Cochrane, 1968).
In addition, leucocytes release a slow-reacting

substance, a material that produces kinins from kininogen
(Orange et al., 1967;

Greenbaum and Kim, 1967).

Leucocytes

also contain collagenase (Lazarus et al., 1968) and elastase
(Janoff, 1968) which can be involved in vascular injury.

Most

of the permeability factors also cause endothelial cell
separation, thus exposing subendothelial tissues.

Platelets

will adhere to collagen and release ADP together with other
platelet constituents to induce further vascular damage or
further platelet aggregation (Mustard et al., 1970; Robertson
and Khairalla, 1973).
Recent studies have also demonstrated that platelets
are also involved in inflammatory and immunological reactions
(McKay, 1965; Porter et al., 1967;
Mustard et al., 1968).

Packham et al., 1968;

That the vascular response and change

in vessel permeability are intimately related to the platelets
have been shown in the Arthus reaction (Magaretten and McKay,
1971; Graham and Griffin, 1972); in endotoxinaemia (Howes et al.,
1973) and acute immune complex disease (Henson and Cochrane,
1971).

These observations confirmed Hughes and Tonks

(1962)

original observation that platelets can cause vasculitis in
myocardial and pulmonary circulation in immunological reaction.
Although extensive work has yet to be done to elucidate the
contents of platelets which when released cause vascular damage,
several studies have indicated that platelets contain:
(i)

permeability factors with molecular weight greater
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than 10,000
(ii)

(Packham et al, 1968; Nacnman et al., 1972).

Proteolytic enzymes, probably cathepsin A and
localised probably in the lysosomal granules
(Nachman and Ferris, 1968).

(iii)

Cationic proteins with histamine-releasing activity
(Kelly et al., 1971).
Intravascular transient platelet aggregation not due

to immunological reactions can cause vascular damage (Hughes
and Tonks, 1962; Reeves et al., 1967).

J¢rgensen and co-workers

(1967b; 1970) induced transient platelet aggregates in the
microcirculation of myocardium, lungs and kidneys through ADP
infusion.

Vascular areas associated with platelet aggregates

showed signs of endothelial damage with loss of organelles and
cytoplasmic membrane, formation of endothelial gaps and extravasation of blood cells.

In the subsequent 24 hours, the

platelet aggregates were transformed into a fibrin-rich-mass.
In association with these changes, the endothelial cells were
lost, the internal elastic membrane disrupted and an acute
inflammatory response present in the subendothelial tissue
(J¢rgensen et al., 1967b).

Other investigators confirmed these

observations and showed that subsequently, these vascular
reactions to the injury induced by platelet aggregates resulted
in lesions not unlike those of atherosclerosis

(Reeves et al.,

1967; Lough and Moore, 1972).
To summarize, the pathological appearance and the
focal characteristics of the early lesions of atherosclerosis
may result from the interaction of formed elements of the blood
with the vessel wall at sites of abnormal blood flow.

Given

the vessel injury and the increased permeability to plasma
components, the subsequent progress of the lesions may well
depend on the defense mechanisms of the vessel wall.

These

would include the ability of the vessel wall to clear accumulating lipids.

It has been shown that there is a differential

clearing rate for different lipids, e.g. triglycerides are
cleared more readily than cholesterol (Courtice and SchmidtDiedrichs, 1962).

Also cholesterol has been shown to bind to

mucopolysaccharides and elastin (Gero et al., 1961.

Kramsch
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and Hollander, 1973).

Such binding may be irreversible as has

been shown for elastin binding of lipid (Krarnsch and Hollander,
1973).

In the presence of hyperliproteinaernia, such a process

will be accentuated and together with a slow clearance of lipid,
could result in a proliferation of connective tissue.

Chapter II
MATERIALS AND METHODS
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MATERIALS
Anti-coagulant solutions.

Various anti-coagulant

Solution of trisodium citrate (Na 3 c 6H 5 o7 .
2H 2 0) was prepared at a concentration of O.lM, pH7.4 and made
isotonic with sodium chloride.
Solutions at pH 7.3 of
solutions were used.

ethylene glycol bis (B-aminoethylether n,n'-tetraacetic acid
jEGTAj)

(Sigma Chem. Co., St. Louis, Miss. U.S.A.) or

ethylene diamine tetraaceticacid disodium salt (EDTA,Na 2 )
(British Drug Houses of Australia, Sydney) were prepared at a
concentration of 2.0% in distilled water and made isotonic with
sodium chloride.

A solution of acid-citrate-dextrose (ACD)

was prepared according to Aster and Jandl (1964).

Nine volumes

of blood were added to one volume of EDTA, EGTA or O.lM trisodium
citrate.

Six volumes of blood were added to one volume of the

ACD solution and the pH of the plasma obtained was 6.4-6.5.
Rabbit blood was withdrawn from rabbits, anaesthetised
with intravenous sodium pentobarbital (for human use, Abbott
Laboratories Pty. Ltd., Australia) through a cannula in the
carotid artery, into plastic centrifuge tubes containing the
appropriate anti-coagulant and capped with parafilm and well
mixed.
Human blood was withdrawn from a forearm vein through
a 14-gauge needle and plastic tubing into plastic centrifuge
tubes containing the appropriate anti-coagulant, capped with
parafilm and then well mixed.
Blood was obtained from healthy volunteer blood donors
attending the Red Cross donor service at the Canberra Hospital,
Canberra.

The subjects had taken no aspirin or any other

medication for at least two weeks before veni-puncture.
Adenosine diphosphate (ADP, Sigma Chem. Co., St.
Louis, Miss. U.S.A.) was stored in aliquots at -20°c in modified
Tyrode's solution at a concentration of l0- 2M and diluted before
use.
Adrenaline bitartrate (Calbiochem, San Diego, Calif.
U.S.A.) was stored in aliquots at -2ooc in modified Tyrode's
solution at a concentration of 10- 2M and diluted before use.
Each batch was used within a month as it was found that beyond
this time in the absence of an anti-oxidant a slight black
discoloration had occurred.
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Acetylsalicylic acid (Aspirin, Ajax Chem. Co., Sydney,
Aust.).

A SOmM

(9mg/ml) solution was prepared fresh on the

day of use and stored at 4°c.
preparation.

The pH was adjusted to 7.3 during

Each preparation was used within 4 hours .

Aluminium hydroxide gel (Ajax Chem. Co., Sydney , Aust . ) .
For absorption of plasma, aluminium hydroxide was used as it is
or as a 20% w/v preparation in saline.

To prepare 20% w/v Al

(OH)3, 20g of gel was first washed in 1 litre distilled water
containing 0.44 volume of concentrated ammonium hydroxide,
then 1 litre of distilled water with 0.88 volume concentrated
ammonium hydroxide and then 3 times with distilled water and
finally resuspended in 100 ml saline or distilled water.
Apyrase (ATP diphosphorylase 3.6.1.5.) was prepared
from potatoes by the method of Molnar and Lorand (1961),
modified by dialysing the material finally against 0.9% sodium
chloride.

Aliquots (concentration 10-34mg/ml, depending on

batch) were stored at -2ooc.

After preparation the presence of

apyrase activity was crudely tested as follows:

1:10 and 1:100

dilution was made of the enzyme preparation and incubated with
5 x 10-SM of ADP for 1 minute and 5 minutes at 37°c.

For a

control, the same concentration of ADP was incubated with
saline.

Aliquots of these mixtures were then added to platelet-

rich-plasma and the platelet aggregation response observed.
Bovine Thrombin (Parke Davis and Company, Detroit,
Michigan, U.S.A) was stored in aliquots at -20°c in modified
Tyrode's solution at a concentration of lOOU/ml (NIH) and
diluted before use.

This thrombin was later used after pur-

ification according to the method of Yin and Wessler (1968).
The pooled fractions from the DEAE-Cellulose chromatography column
was stored in aliquots at -20°c in O.lM sodium chloride at
approximately SOU/ml (NIH) and diluted with modified Tyrode's
solution before use.

A standard purified fibrinogen clotting

time curve was drawn up using the unpurified thrombin.

The

fibrinogen clotting time of the purified thrombin was obtained
and the concentration of thrombin giving that time read off
from the standard curve.

As fibrinogen was used as a substrate

it was considered that the contaminating procoagulants in the
unpurified thrombin would not contribute much to the fibrinogen
clotting time.
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DEAE-cellulose (Diethylaminoethyl cellulose) was
obtained from Sigma Chern. Co., St. Louis, Miss., U.S.A.

It

was pretreated before use according to Yin and Wessler (1968)
and packed into a 1 x 30 cm glass column to a height of 20 cm.
The column was used for the preparation of bovine thrornbin.
The glass column was siliconised before packing.
DEAE-dextran (Diethylaminoethyl dextran) M.W. 2 x
10 6 , was obtained from Pharmacia Fine Chemical AB, Uppsala,
Sweden, and was dissolved in modified Tyrode's solution.
Heparin (mucous) freeze-dried was obtained from two
commercial sources:

Evans Medical Ltd., Liverpool, England

and The Commonwealth Serum Laboratores, Melbourne, Australia.
Each preparation was dissolved in rnodied Tyrode's solution and
then dialysed against modified Tyrode's solution (1:200) with
3 changes over 4 hours at 4°c.

The heparin solution was stored

at 4°c.
Hirudin was obtained from Sigma Chern. Co., St. Louis,
Miss., U.S.A.

This was dissolved in modified Tyrode's solution

before use.
Glutathione (reduced) was obtained from E. Merck,
Durrnstadt, Germany.

This was dissolved in modified Tyrode's

solution on the day of use.

The pH of the solution was adjusted

to 7.3.
Human albumin was obtained in powdered form as Cohn
fraction V, from The Commonwealth Serum Laboratories, Melbourne,
Australia.
Human fibrinogen (Fraction I-4) was obtained from The
Commonwealth Serum Laboratories, Melbourne, Australia.

The

protein was dissolved in 0.9% saline at room temperature,
absorbed with aluminium hydroxide (20% w/v, 1ml/10ml fibrinogen solution), clarified by centrifugation and dialysed against
0.9% saline for 18 hours with 4 changes at room temperature.
The concentration was checked by the biuret method and adjusted
to give a solution of 3g%.
-20°c.

This was stored in aliquots at

The solution was diluted to an appropriate concentration

either in modified Tyrode's solution for aggregation studies
or in Michaelis buffer (Bull, 1943) for fibrin polymerization
studies.
Monochloracetic acid was obtained from Fluka AG,
Switzerland.
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N-phenoxyisopropyl-N-benzyl-2-chloroethylarnine HCl
(Phenoxybenzarnine) was obtained from Smith Kline

&

French

Laboratories,Hertfordshire, England.
2(N-p-toyl-N-rn'-hydroxyphenylarninornethyl)-irnidazoline
(Phentolarnine, Regitine) was obtained from Geigy-CIBA, Basle,
Switzerland.
Russell's viper venom (RVV) was obtained from Burroughs
Wellcorne Research Laboratories, Beckenharn, England.

The powder

4°c.
at 4°c.

was dissolved in modified Tyrode's solution and stored at
It was found to be stable for up to 2 weeks when stored

Sodium thioglycollate was obtained from British Drug
Houses Ltd., Poole, England.

This was dissolved in modified

Tyrode's solution and the pH adjusted to 7.3, on the day of use.
Sodium sulphite was obtained from Ajax Chemical Co.
Ltd., Sydney, Australia and dissolved in modified Tyrode's
solution.

This was prepared on the day of use and pH adjusted

to 7.3.
3H-Serotonin 5-hydroxytryptarnine- 3 H-creatinine sulphate
( 3 H-5HT) was obtained from The Radiochemical Centre,

Amersharn.

Specific activity 27rnCi/rng.
p-tosyl-L-arginine methyl ester hydrochloride

(TAMe)

was obtained from Sigma Chern. Co., St. Louis, Miss., U.S.A.
and was dissolved in modified Tyrode's solution, pH 7.3.
Urea was obtained from Ajax Chemical Co. Ltd., Sydney,
Australia.
Washing and suspending solution for blood platelets.
These solutions were prepared by modifying Tyrode's solution
(Parker, 1962).

They were prepared fresh daily from refrigerated

stock solutions, the formulae of which are given in Appendix I.
Glucose and albumin was added to the solution prior to use.
Some reagents were dissolved in calcium and magnesium freeTyrode's solution, pH 7.3 (modified Tyrode's solution).
Cylinders of 5% co 2 in air and Carbogen
(5%C0 2 and 95% 02) were obtained from Commonwealth Industrial
Gasses, Australia.
Several platelet samples were gasse~
Gas Mixtures.

simultaneously by connecting a group of pasteur pipettes to the
cylinder of pressurised gas with a plastic tubing.

The volume

of each platelet sample was 1.2 ml and this procedure was aimed
at maintaining the pH of these samples at 7.3.
this procedure are discussed in Chapter V.

The reasons for
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Chloroform extract of brain (Bell and Alton, 1954),
batch P36, was obtained from Diagnostic Reagents Ltd., Thames,
Oxon, England.
Factor-X-deficient substrate plasma, batch Cl04,
was obtained from Diagnostic Reagents Ltd., Thames, Oxon,
England.

This preparation was charcoal-filtered bovine plasma.
Prothrornbin, batch B2-2000, was obtained from Sigma

Chern. Co., St. Louis, Miss., U.S.A. and dissolved in modified
Tyrode's solution before use.
METHODS
Preparation of platelet-rich-plasma (PRP) for platelet aggregation studies
Blood was collected into isotonic O.lM trisodium
citrate (Na 3 C6H50 7 .2H 2 0) in the ratio of 1 part of anti-coagulant
to 9 parts of blood. Platelet-rich-plasma was obtained by
centrifuging the blood at room temperature at 120g for 15 minutes.
Citrated platelet-poor-plasma (PPP) was obtained by centrifuging
the blood remaining after removal of PRP, at 1200g for 15
minutes and was used to adjust the platelet count of PRP to
400,000/ul.

PRP was stored at 37°c.

We have shown that change

in plasma pH due to diffusion of co 2 caused a progressive
dirnunition in platelet aggregation in stored plasma (Chapter V).
Thus to control the pH during the preparation and course of
experiments on PRP, blood and plasma were centrifuged and stored
in capped tubes under an atmosphere of 5% co 2 in air.
(The
development of this method for control of pH is described in
Chapter V).

The PRP was finally stored for aggregation studies

in 1.2ml aliquots in parafilrn capped tubes under an atmosphere
of 5% co 2 in air. This avoided the necessity of repeated gassing
of samples which would have been necessary had platelets been
stored in larger aliquots.
be adequately gassed.

Furthermore, large samples could not

Two 0.5 ml samples were removed from one

tube at a time and studied.
Preparation of human platelet suspensions.

To study the role

of coagulation factors associated with the platelet membrane in
the response of platelets to stimuli, procedures were developed
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for isolating platelets from plasma which either maintained
the coagulation factors in association with platelets, or
alternately removed these factors.

All of the methods used

were modified from techniques developed by Ardlie et al.
1971) and Mustard et al.

(1972).

(1970,

The materials and methods

employed are detailed here but the reasons for these modifications are indicated at the appropriate points in Chapter III.
Platelets were centrifuged at room temperature but all other
steps were carried out at 37°C.

The composition and character-

istics of the washing fluids of these methods are detailed in
Table II-1.
Method 1.

The anti-coagulant used was the ACD solution

of Aster and Jandl (1964).
volumes of blood.

1 volume of anti-coagulant to 6

The platelets were kept for 10 minutes at

37°c in each washing fluid before centrifugation (1200g for
15 minutes).

This procedure was repeated once or more times.

The washed platelets were finally resuspended at 37°c in a
solution of the following composition:

NaCl, 8.0 g/1; KCl, 0.2

g/1; NaHC0 3 , 0.1 g/1; NaH 2 Po 4 .H 2 0, 0.05 g/1; CaC1 2 , 0.306 g/1;
MgC1 2 .6H 2 o, 0.203 g/1; glucose, 1.0 g/1; human albumin, 3.5
g/1; apyrase 5mg/l; pH 7.3 - 7.4.
Method 2.
EDTA.

The anti-coagulant _ used was isotonic 2%

1 volume of anti-coagulant to 9 volumes of blood.

The

washed platelets were finally resuspended either in the suspending solution of Method 1 or in dialyzed plasma.
Method 3.

6 volumes of blood were mixed with l volume

of ACD as in method 1.

However, immediately before PRP was

centrifuged to obtain a platelet button, 1 volume of 2% EDTA
(isotonic) was added to 9 volumes of the anti-coagulated plasma
The washed platelets were suspended in the same solutions
described for Method 2.
Plastic test tubes and siliconised pasteur pipettes
were used throughout the experiments.

Microscopic examination

of platelets prepared by these three methods showed that
platelets had retained their disc-shape.
Platelet aggregation.

This was measured by the turbidometric

method of Born (1962) as modified by Mustard et al.

(1964) using

I

~
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a Payton dual channel aggregation model, obtained from Payton
Associates Ltd., Scarborough, Ontario, Canada.

Light from a

lamp source passed through a cuvette containing the platelet
sample, onto a photo-electric cell.

A magnetic stirrer beneath

the cuvette provided continuous stirring when a metallic bar
was placed in the cuvette.
at 1100 rpm.

The rate of stirring was maintained

The temperature of the sample was maintained at

37°c by a thermostatically controlled heating block surrounding
the cuvette.

The dual channel aggregation module was connected

to two Rikadenki lOmV recorders.

The light signal from one

channel of the aggregation module is directed to one recorder.
Aggregation of platelets or an alteration of platelet morphology
produced changes in light transmission which were continuously
recorded.
Non-spherical particles suspended in a fluid medium
in which there is a velocity gradient will become oriented
whereas spherical particles will not; this orientation alters
the light transmission through a suspension of such particles
(O'Brien, 1965).

Disc-shape platelets in plasma or Tyrode's

medium when stirred can be seen to swirl and this swirling is
detected and recorded as oscillations by the aggregation modulerecorder complex when a light is transmitted through the
suspension (Fig. 2-1).

When an aggregating agent is added, e.g.

ADP, platelets swell and alter shape
and Oliver, 1965).

(O'Brien, 1965; MacMillan

This initial alteration results in a

decrease in light transmission.
transmission increases

When aggregation occurs, light

(Fig. 2-1).

A mathematical description

of platelet aggregation as measured by the turbidometric method
is complex (Born and Hume, 1967).

Although various parameters

associated with the aggregation tracing have been used to
quantitate platelet aggregation, i.e. slope, extent of aggregation, or percentage change in transmission per unit time
interval, data in this thesis have mainly been presented as
tracings.
In all experiments, 0.5 ml aliquots of PRP or platelet
suspension were employed in each test.
was added each time.

50µ1 of test reagent

Siliconised cuvettes were used.

Each

result was accepted only after similar observations were made
II

in at least three experiments.
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Platelet Counting.

Platelet enumerations were performed by

the method of Brecher and Cronkite (1950) and with a celloscope
401 Electronic Cell Counter (AB Lars Ljungberg and Co.,
Stockholm, Sweden).

For studies in plasma, all counts were

adjusted to 400,000/µl except in experimental studies where
at least 2 additions had to be made to the sample when the
count was adjusted to 500,000/µl.

In studies involving washed

platelets in Tyrode's medium, all counts were adjusted to
500,000/µl.
Platelet release reaction.

The platelet release reaction was

studied by measuring the release of radioactivity from platelets
3 H-5HT was dissolved in 0.9% saline
labelled with 3 H-5HT.
and added (0.3 µCi/109 cells) to PRP obtained from blood
collected into ACD.

After 15 minutes incubation at 37°c

(approximately 85% of the radioactivity was taken up by the
platelets), the platelets were centrifuged at 1200g for 15
minutes, washed once (method 2 washing fluid) and resuspended
in the appropriate medium.

At the end of each aggregation study

50 µl of 2% EDTA was added, to prevent further release during
centrifugation.

The release of radioactivity from platelets

was determined by centrifuging the platelets at 15000g for
1 minute in a Eppendorf centrifuge and adding 0.1 ml of the
supernatant to 15.0 ml of toluene/triton X-100 scintillation
mixture (Madsen, 1969). The release of 3 H-5HT was expressed as
a percentage of the total radioactivity in platelets 1.e.
% release

-

(A - B)/(C - B) X 100

where A - radioactivity of the supernatant of a
test sample
B - radioactivity of the supernatant of a
control sample
C

= total radioactivity of a control sample

In each release study, scintillation counting was done in
duplicate.

All duplicate counts expressed as percentage of

total radioactivity of control sample agreed within 1 - 3%.
The Eppendorf centrifuge achieves constant speed
after 5 seconds (16,000 rpm, i.e. 15,000g) and centrifugation
for 45 seconds was required to separate platelets from their
suspending medium.
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Dialysis of citrated plasma. Plasma was initially dialysed
overnight at 4°c against three changes of modified Tyrode's
solution containing no calcium or magnesium.

Where the plasma

was used to resuspend washed platelets, the Tyrode's solution
used for dialysis contained magnesium and glucose as well.
When it became known that plasma stored in the cold may contain
activated coagulation factors (Gjonnaess, 1972), plasma was
dialysed on the day of the experiment at room temperature with
three changes of dialysis solution over 4 hours.
Absorbed dialysed plasma.

Plasma was absorbed with aluminium

hydroxide to remove factors II, VII, IX and X.

The dialysed

plasma was absorbed twice with Al(OH) 3 gel at a weight volume
ratio of 50mg Al(OH) 3 per ml of plasma. After stirring and
incubating at 37°c for 10 mins., the Al(OH) 3 was removed by
centrifugation. Absorption was repeated once.
Source of anti-thrombin III/anti-factor Xa.

Dialysed alumina-

absorbed plasma was heated to 56°c for 30 minutes.

This

preparation of plasma contains factor XI and XII and anti-factors
Ila, Xa and XIa (Walsh and Biggs, 1972).

The presence of anti-

factor Xa was checked according to Yin et al.

pH measurement.

(1971a).

pH measurement was done with an Astrup radio-

meter using a micro-electrode, at 37°c.
Liquid scintillation counting.

The scintillation fluid con-

tained toluene/triton X-100 in a ratio of 2 : 1 and 0.4g% 2-5diphenyloxazole (PPO)

(Madsen, 1969).

The radioactivity of

samples was determined by adding 0.1 ml of supernate to the
scintillation fluid (15 mls).

Samples were counted in a Tri-

carb scintillation counter.
Studies of the thrombin-fibrinogen reaction.

In the conversion

of fibrinogen to fibrin by thrombin there is an enzymatic phase
followed by a polymerization phase.

Two tests were employed to

assess different aspects of this reaction.
Thrombin time.

This was defined as the time interval between

the addition of thrombin to a 300 mg% fibrinogen solution
(containing 2 mM calcium) and the formation of a fibrin clot.
This was determined with a BBL fibrometer.
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Po l ymerization of fibrin monomer.

The polymeriz ation of f ibrin

monomer is accompanied by a rise in opacity (Scheraga and
Laskowski , 1954). The .rate and extent of opacification was
measured using an EEL titrator with a 606 filter.
0.1 ml
thrornbin (10 U/ml) was added to 1.0ml fibrinogen (100 mg%) and
the change in optical density was recorded continuously while
the reaction proceeded at 37°c.
Thrornbin generation ..

A modification of the thromboplas .in

generation test (Biggs and Doug lasr 1953) was used~

Ins tead

of a plasma substrate, a so l uti o n of f ibrinoge n (300 mg% )
containing 2mM calcium chloride in Michaelis buffer (Bull, 1943)
was used.

Clotting time was determined with a BBL fibrometer.

Activated factor X.

(Bovine ) was puri fi ed f rom thr rnbin t o pic al,

Parke-Davis Co., Detroit, Michigan, U.S.A., as desc ri bed by
Yin and Wessler, 1968.
Contact product, containing the activities of ac tivate d factors
XI and XII,

'I

I

was prepared as described by Nossel (1964).

Table II-1.

Anti-coagulants used for blood collection, and
composition and characteristics of washing
fluids of three different methods used for
isolating platelets from plasma.

METHOD 1
Composition and
characteristics
of washing
fluids

METHOD 2

METHOD 3

Anti-coagulant used for blood
collection
(ACD)

*

(EDTA)

*

(ACD + EDTA) *

washing fluid

NaCl (g/1)

II

8.0

8.0

8.0

0.2

0.2

0.2

NaHC03 (g/1)

1.0

1.0

1.0

NaH 2 P04H20 (g/1)
CaCl2 (g/1)

0.05

0.05

0.05

MgCl26H20 (g/1)
Glucose (g/1)

0.203

0.203

0.203

1.0

1.0

1.0

Bovine albumin (g/1)

3.5

3.5

3.5

100

100

100

pH

6.5

6.5

6.5

Temperature
EDTAt (g/1)

37°c

37°c

37°c
2.0

KCl

(g/1)

Apyrase (mg/1)

0.306

II

-

-

2.0

-

*

For explanation see text.

t

Only added to washing fluid immediately before centrifugation.
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A t.ypical graphical record of ADP-induced plate let

aqc,reqation u sinq a turbidometric method.

Several featur e s indicated

by numbers on t he Figure should be noted.
(1)

The ampl itud e of the oscillations in the tracing c a n be used to

assess plate l et morphology, the oscillations being greatest when the
platelets are in their disc shape.
(2)

Before de tectable aggregation occurs, there is an initial decrease

in light transmission together with a decrease in amplitude of
oscillations , and this indicates an alteration in platelet morphology
from disc shape to rounded irregular platelets.
(3)

An increase in light transmission indicating platele t

After maximal a g gregation, deaggregation occurs

aggregation.

(indicated by

subsequent decreas e in light transmission).
(4)

After complete deaggregation (indicated by the decr ease in light

transmission approximately to that observed before a ggre gation)
the oscillations are significantly less than those observed
before the addition of ADP.

Subsequently the magnitude o f

oscillations slowly increases.
(5)

In certai n individuals when ADP concentrations beyond a threshold

value are used i r reversible aggregation is observed (indic a t ed
by a further i n crease in light transmission).
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CHAPTER III

ENZYMATIC BASIS FOR PLATELET AGGREGATION AND RELEASE.
THE SIGNIFICANCE OF THE "PLATELET ATMOSPHERE" AND THE
RELATIONSHIP BETWEEN PLATELET FUNCTION AND BLOOD
COAGULATION
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I U'l' I~ODUCT ION

The response of blood to vessel wall injury involves
four mechanisms:

(1) adhesion of platelets to subendothelial

connective tissue;

(2) release of platelet constituents;

(3) platelet aggregation; and (4) blood coagulation.

These

mechanisms are not fully understood but certain facts have
been established.

The adherence of platelets to collagen and

other subendothelial connective tissue constitutes the initial
event in haemostasis.

Recently it has been shown that adhesion

of platelets to collagen may be due to the formation of an
enzyme-substrate complex between the carbohydrate portion of
collagen and an enzyme (glucosyl transferase) on the surface
of platelets (Jamieson et al., 1971; Barber and Jamieson, 1971).
The interaction of platelets with collagen leads to the release
of platelet constituents including adenosine 5'-diphosphate
(ADP) which causes additional platelets to adhere to each other
and accounts for the growth of a haemostatic plug or thrombus
(Zucker and Borrelli, 1962; Hovig, 1963).
Circulating platelets are normally disc shaped but ADP
causes them to become more spherical with various shaped protrusions and this morphological change precedes aggregation
(Macmillan and Oliver, 1965; O'Brien and Heywood, 1966; McLean
and Veloso, 1967).

Born (1970) has suggested that this change

in shape may facilitate contact between platelets.

Numerous

studies have shown that fibrinogen is involved in ADP-induced
platelet aggregation (Cross, 1964; Solum and Stormorken, 1965)
and there is some evidence from electron microscopic studies
to suggest that it may be contributing to a structural bond
between morpholo gically altered adherent platelets (Shirasawa
and Chandler, 1969).

Deykin et al.

(1965) have suggested that

in addition to fibrinogen, a heat-stable non-dialysable plasma
factor may be required for aggregation.
The interaction of platelets with ADP also leads to
activation of both coagulation factor XII (Walsh, 1972b) and
platelet factor 3 (PF 3 ) (Mustard et al., 1964; Hardisty and
Hutton, 1966). PF 3 activity is associated with platelet membrane phospholipi ds

(Marcus et al., 1966) and is present in a

latent form in circulating platelets (Fantl and Ward, 1958).
It functions in the interaction of coagulation factors Xa and V
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(Hemker et al., 1967).

Thus by activating factor XII ADP

initiates coagulation and this reaction can proceed to completion
through interaction with PF 3 of the intermediate clotting
factors which are adsorbed onto the platelet membrane. Thrombin
is therefore generated in association with platelet aggregates,
and can cause release of platelet constituents (Holmsen et al.,
1969), convert fibrinogen to fibrin, further accelerate the
coagulation mechanism by activating factor VIII (¢sterud et al.,
1971), and activate fibrin stabilizing factor
(Lorand and Konishi, 1964).

(factor XIII)

These effects explain why fibrin

occurs at the periphery of platelet aggregates in thrombi
(J¢rgensen et al., 1967).

The formation of fibrin is important

in the stabilization of platelet aggregates at sites of vascular
injury (Hovig et al., 1967).

These observations suggested that

the link between the two apparently separable phenomena of
platelet aggregation and release observed in haemostatic plug
formation or thrombosis, and the subsequent clotting of blood
may be more significant than the preceding observations
indicate, and the experiments reported here confirm this
suggestion.
This report concerns:

(1) the relationship between

blood coagulation and platelet function (aggregation and
release);

(2) the nature of the bond between aggregated plate-

lets; and (3) evidence which shows that thrombin generation
is involved in ADP-induced irreversible aggregation and release.
RESULTS
THE ROLE OF COAGULATION FACTORS IN THE PLASMATIC ATMOSPHERE
OF PLATELETS IN AGGREGATION AND RELEASE
Effect of ADP upon Platelets in Citrated Plasma
The aggregation of platelets after the addition of
ADP can be resolved into two phases (Macmillan, 1966).

The

second phase is associated with the release of ATP, ADP, 5hydroxytryptamine and other important materials from the platelets into the plasma (Mills et al., 1968).

A typical response

of PRP to serial concentrations of ADP is shown in Fig. 3-1.
In this example two phases of aggregation can be seen at a
concentration of 1.8 µM ADP.

At higher concentrations of ADP
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the interval between the two phases is obliterated, and at
lower concentrations of ADP only one phase is observed.

It is

noteworthy that at concentrations of ADP below that required
to induce the second phase of aggregation, the rate of deaggregation decreased progressively as the concentration of
added ADP was increased.
It can be seen that 3 H-5HT was
released from platelets during the second phase of aggregation.
In this experiment the Stypven time was also measured simultaneously on 0.2 ml samples of the PRP 3 mins. after the addition
of ADP.

It can be seen that as the concentration of ADP was

increased and therefore the extent of aggregation increased, the
Stypven time progressively decreased.
The Effect of Activation of Factor X on ADP-Induced Platelet
Aggregation
A shortening of the Stypven time indicates an increase
in availability of PF 3 . Because PF 3 activity increased as the
concentration of ADP was increased, it was considered that the
second phase of aggregation (i.e. irreversible aggregation) and
the release reaction may be caused by thrombin generated through
the intrinsic pathway of coagulation on the platelet membrane.
Thus, the magnitude of the platelet response to ADP may depend
on the extent of activation of the intrinsic pathway of
coagulation.

To test this hypothesis the experiment shown in

Fig. 3-2 was carried out.

It can be seen that when RVV was

added, the response to a low concentration of ADP increased.
As the concentration of RVV was increased and thus the activity
of the intrinsic pathway of coagulation increased through
activation of factor X, the extent of the first phase of
aggregation increased, and the rate of de-aggregation decreased,
until a second phase was observed.

This progressive increase

in aggregation response is identical to that observed when the
concentration of ADP alone is increased (See Fig. 3-1).
Evidence of Involvement of Coagulation Factors Associated with
the Platelet Membrane in Platelet Aggregation and Release
To investigate the role of the intrinsic pathway of
coagulation in the response of platelets to ADP we isolated
platelets from plasma by methods designed to either remove or
retain coagulation factors in association with the platelet
membrane (Table II-1).

In the experiment shown in Fig. 3-3,
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blood was obtained from one donor, and the response to ADP of
platelets in citrated-plasma was compared to that of platelets
washed by different methods.

Platelets washed by Method 2

responded poorly to high concentrations of ADP, and no second
phase was observed .

In contrast, platelets washed by Method 1

showed a biphasic response upon the addition of a low
concentration of ADP, comparable to the response of PRP.

This

difference in response between platelets washed by the two
methods might be explained by the presence or absence of
coagulation factors adsorbed to the platelet membrane.

To test

this proposal the effect of RVV on ADP-induced aggregation of
washed platele ts was examined (Fig. 3-4).

It can be seen that

RVV enhanced aggregation and produced a biphasic response when
added to platelets prepared by Method 1 but failed to influence
the response of platelets prepared by Method 2, even when much
higher concentrations of both RVV and ADP were employed.

Hirudin

inhibited potentiation of aggregation by RVV (Fig. 3-4)
indicating that the effect of RVV depends on thrombin generation.
From this result it may be inferred that factors X, V and II
remain adsorbed to platelets washed by Method 1.

The addition

of contact product (XIIa and XIa), however, failed to influence
ADP-induced aggregation of platelets prepared by either method
(Fig. 3-4).

The effect of contact product on aggregation

probably depends on the coagulation mechanism and consequent
thrombin generation (see Fig. 3-7) and thus this observation
indicates that factors VIII or IX have been removed from platelets isolated by either method.

These findings are in agreement

with previous reports that factor Vis not removed from
platelets by washing, whereas factors VIII and IX are only
loosely adsorbed to platelets and thus can be removed by
washing (Horowitz and Fujimoto, 1965; Walsh, 1972a).

The above

findings also indicate that the presence of calcium may be
essential for maintaining some of the coagulation factors on the
platelet membrane.
Sine~ coagulation factors remain adsorbed to the
membrane of washed platelets when calcium is included in the
washing fluids, it was considered that in the presence of an
intact coagul ation pathway and calcium, thrombin could be
generated on the platelet surface during the isolation procedure,
and this may re.sult in an increased response to ADP with repeatec.
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washiny.

The results shown in Fig. 3-5 support this hypothesis.

It can be seen that when calcium was included in the washing
fluid (Method 1) the aggregation response to a given concentration of ADP increased with successive washes, and thus the
minimal concentration of ADP required to induce second phase
aggregation decreased as the washing progressed.

Repeated

washing of platelets in the absence of calcium (Methods 2 and
3) however, did not result in an increase in platelet responsiveness to ADP (Fig. 3-5).

It can also be seen in Fig. 3-5

that platelets washed by Method 3 showed a better response to
ADP than platelets washed by Method 2.

It is suggested that

this difference can be explained by the greater removal of
thrombin from platelets washed by Method 2.

The characteristics

of platelets washed by the three different methods described
in this paper are summarized in Table III-1.
The data in Figs.3-4 and 3-5 are consistent with the
involvement of thrombin in ADP-induced platelet aggregation but
do not provide evidence for the participation of other coagulation
factors in the platelet response to ADP.

To demonstrate the

involvement of the intrinsic pathway of coagulation in the
platelet response to ADP the experiments shown in Figs 3-6 and
3-7 were carried out.

Platelets were washed by Method 3 to

remove coagulation factors and then resuspended in either PPP
obtained from citrated blood which had been dialyzed for 24 hrs.
against three changes of modified Tyrode's solution containing
no calcium, or in dialyzed PPP which had also been adsorbed
with aluminium hydroxide to remove factors II, VII, IX and X.
In Fig. 3-6 it can be seen that ADP caused irreversible
aggregation and release of 3H-5HT from platelets suspended in
normal but not in alumina-adsorbed plasma.

In Fig. 3-7 it can

been seen that contact product enhanced ADP-induced platelet
aggregation and produced a biphasic response when added to
platelets suspended in normal plasma, but not to platelets
suspended in alumina-adsorbed plasma.

Moreover, contact product

alone in the presence of calcium produced aggregation after a
considerable delay when added to platelets in normal plasma but
not to those in adsorbed plasma (Fig. 3-7).

The lag period

between addition of contact product and subsequent aggregation,
and the requirement for calcium are consistent with an intermediate sequence of reactions involving the coagulation factors.

4
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The above results indicate that an intact coagulation pathway
is r equired for irreversible aggregation and the release of
platelet constituents, and it is suggested that thrombin
generated on the platelet membrane is responsible for these
phenomena.
The Effect of Heparin on Second Phase Aggregation and Release
Because of the evidence suggesting that thrombin could
be responsibl e for irreversible aggregation and release the
effect of an inhibitor of thrombin, namely, heparin on ADPinduced platelet aggregation and release was examined.

Blood

was collected into ACD and the PRP obtained was labelled with
3 H-5HT.
The labelled platelets were separated from the plasma
by centrifugation and resuspended in PPP anti-coagulated with

I

j

either heparin or citrate, both prepared from the same donor.
Fig. 3-8 shows that when ADP was added to citrated-PRP a biphasic
response occurred, and 3 H-5HT was released from platelets.
However, neither the second phase nor the release of radioactivity occurred when heparinized-PRP was challenged with ADP,
even when added at very high concentrations.

Although heparin

inhibited the second phase of aggregation, the first phase of
aggregation was considerably greater in heparinized than in
citrated-PRP.
EVIDENCE THAT FIBRIN MONOMER POLYMERIZATION IS RESPONSIBLE FOR
IRREVERSIBLE AGGREGATION CHARACTERISTIC OF THE SECOND PHASE OF
PLATELET AGGREGATION
It must be emphasized that in all of the above studies
where washed platelets were used the addition of fibrinogen was
necessary for first and second phase aggregation to occur.
Hence, it was postulated that if thrombin is being produced on
the surface of platelets, the conversion of fibrinogen to
fibrin would be likely and the second phase of aggregation
might therefore be attributable to fibrin monomer polymerization.
The following experiments were carried out to investigate this
possibility.
Effect of Inhibitors of Fibrin Polymerization on the Second
Phase of Aggrega tion
The conversion of fibrinogen to fibrin by thrombin
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occurs in several steps and this reaction may therefore be
inhibited in several ways.
and

Sodium sulphite, reduced glutathione

sodium thioglycollate are three of several compounds

which have been shown to interfere with the polymerization of
fibrin monomers (Elias and Iyer, 1967).

At appropriate

concentration s these compounds prolonged the clotting time of
fibrinogen (thrombin time) and markedly retarded the polymerization of fibrin monomers (Fig. 3-9), confirming the
observations of Elias and Iyer (1967).

In Fig. 3-10 it can be

seen that at the same concentration which interfered with
fibrin monomer polymerization, sodium sulphite inhibited the
second phase of ADP-induced platelet aggregation; similar
results were obtained with sodium thioglycollate and reduced
glutathione.

When added before ADP, the second phase of

aggregation was inhibited, and the normal first phase was
followed by de-aggregation.

If the inhibitor was added at

the completion of the first phase but before the onset of the
second phase, no further aggregation occurred and de-aggregation
followed.

However, as expected, the inhibitor had no effect

when added after completion of the second phase of aggregation.
Effect of Added Polymerizing Fibrin on Platelet Aggregation
In this experiment polymerizing fibrin, prepared by
incubating fibrinogen with small quantities of thrombin, was
added at the peak of reversible first phase aggregation.

Fig.

3-11 shows that the interaction of aggregated platelets with
polymerizing fibrin leads to a second phase of aggregation.
Polymerizing fibrin did not cause aggregation when ADP was not
added (Fig. 3-11).

The ability of polymerizing fibrin to induce

the second phase of aggregation depended on the extent of
conversion of fibrinogen to fully polymerized fibrin:

at the

concentrations of thrombin and fibrinogen used in this experiment,
no effect was observed after S~mins. incubation, whereas after
11 minutes incubation the resultant product caused a second phase
of aggregation .

Thrombin alone, at the concentration used in

this experiment did not cause a second phase of aggregation.
Evidence that the Interaction of Platelets with Polymerizing
Fibrin is not due to the Release of Platelet Constituents
To determine whether constituents released from
platelets are involved in the reaction between polymerizing
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fibrin and platelets, platelets labelled with 3 H-5HT were
incubated with aspirin, a compound known to inhibit the release
reaction.

Although the release reaction was almost completely

inhibited in the presence of aspirin, polymerizing fibrin still
induced a second phase of aggregation (Fig. 3-12).

Furthermore,

it is well known that ADP alone will not cause irreversible
aggregation of platelets in PRP incubated with aspirin, and
therefore the small amount of ADP that may have been released
could not account for the irreversible aggregation caused by
polymerizing fibrin.
Involvemen t of Factor XIII in the Second Phase of Platelet
Aggregation
It has been demonstrated that fibrin stabilizing
factor, i.e. Factor XIII, is associated with platelets
(McDonagh and Wagner, 1970) and we suspected that it might
stabilize platelet aggregates through its effects on fibrin.
Fibrin which has been stabilized by activated Factor XIII is
insoluble in 5 M urea or 1% monochloroacetic acid (Laki and
Lorand, 1948).

When these compounds were added after the

completion of the second phase of ADP-induced aggregation (in
PRP or appropr iately washed platelets) no reversal of aggregation
occurred over a 3 hour observation period.
THE NATURE OF THE BOND BETWEEN PLATELETS IN THE FIRST PHASE OF
ADP-INDUCED PLATELET AGGREGATION
The preceding findings suggest that the second phase
of ADP-induced platelet aggregation is due to fibrin polymerization.

Since the polymerization phase of the thrornbin-

fibrinogen reaction is necessarily preceded by an enzymatic phase,
it is reasoned that an enzyme-substrate complex involving thrornbin
and fibrinog en might account for the initial adhesion between
platelets stimulated by ADP.
Effect of Thrornbin on ADP-Induced Aggregation of Poorly Responding
Washed Platelets
It has been shown that coagulation factors are removed
from platelets washed by Method 2, and that this is associated
with a loss of the second

phase of ADP-induced aggregation, and

a marked diminut ion of the first phase.

The absence of the second
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ph~se is attributal Le to inability of these washed platelets to
generate thrornbin and it is possible that this defect may also
ac c ount for the decrease in the first phase.

In Fig. 3-13 it

can be seen that the addition of small quantities of thrombin
restored both phases of ADP-induced aggregation.

As the con-

centration of thrombin was increased the first phase of ADPinduced aggregat ion increased in extent, until a second phase
occurred.

It should be noted that thrombin at the concentrations

used in this experiment did not cause aggregation if ADP was
omitted.

From this experiment it could be inferred that a small

concentration of thrombin associated with the platelet membrane
accounts for the initial interaction between platelets and that
subsequent generation of further thrombin is responsible for the
increase in extent of the first phase followed by a second phase.
As a prelude to fibrinogenolysis by plasmin, the
proenzyme plasminogen complexes to fibrinogen (Ball et al.,
1971) and by analogy we reasoned that if prothrombin complexed
to fibrinogen, this complex might be involved in the initial
adhesion between platelets.

However, prothrombin did not

restore aggregation of washed platelets and in fact tended to
inhibit aggregation.
The Effect of TAMe on Platelet Aggregation
There is considerable evidence that fibrinogen is a
cofactor for ADP-induced platelet aggregation, but there is
little information to suggest that thrombin may also be
required.

However, Salzman and Chambers (1964) showed that

certain amino-ac id esters inhibit ADP-induced aggregation in a
competitive manner, and Cole et al.

(1967) subsequently

demonstrated that there is a striking qualitative and quantitative similari ty between those amino-acid esters which inhibited
aggregation and the esters which they found to be hydrolyzed
by thrornbin.

The effect of one of these amino-acid esters, TAMe,

on ADP-induced platelet aggregation is shown in Fig. 3-14.
Several important features are noteworthy.

The addition of

TAMe to PRP produced a small decrease in light transmission but
it did not appear to alter platelet morphology.

This change in

light transmission may reflect dispersal of small aggregates in
PRP by TAMe.

When TAMe was added before ADP it did not inhibit

the alteration in platelet shape produced by the nucleotide, but
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it completel y inhil ited subsequent a ggr egaticn.
was added befo re tl

~

If the inhibitor

onset of t h e second phase of aggregation,

the platelet a ggre~ ~tes were rapid l y and completely dispersed.
However, i f the addition of TAMe was delayed until the second
phase of a g g regation was maximal, n o inhibitory effect was
observed.

This latter finding is not unexpected, because the

second phase of aggregation ref lects an interaction between
fibrin monomers , the thrombin is no longer directly involved at
this stage.
DISCUSSION
A de cade has elap sed since ADP was shown to induce
platelet aggregation and due to intensive investigation prompted
by this discove ry much has been learned in the interval of the
mechanisms involved in haemo s t asis and thrombosis.

A concept

of haemostasis and thrombosis h as emerged in which platelet
reactions lead to platelet aggregates at sites of vascular
injury and subsequent fibrin f o r mation which stabilizes the
haemostatic pl ug or thrombus.

Although relationships between

platelet aggregation and blood c oagulation have been demonstrated,
the two processes have been rega rded as different phenomena.
However, the resu lts reporte d here show that the two are
inseparable.

I t is proposed that aggregation of platelets

induced by ADP is mediated ini t i ally by thrombin-fibrinogen
complexes be t ween adjacent adhe r ing platelets.

When fibrin

polymerization occurs, the aggregation becomes irreversible.
Thrombin is generated on the p latelet membrane through the
interaction of clotting factors and causes the release of
platelet consti tuents and irre versible aggregation.

The evidence

for these concl u s ions will now be discussed.
It is well known th at PF 3 is essential to blood
coagulation (Hemker et al., 1 967) and that all of the factors
in the intrins ic pathway of co agulation are adsorbed onto the
platelet membrane

(Adelson e t a l. , 1961).

Methods were

developed for e ither retaining or removing the coagulation
factors prese nt in the plasmati c atmosphere of platelets and
showed that wh en they were removed, the addition of ADP only
caused minimal r eversible aggregation.

ADP-induced aggregation

was restored b y adding both th rombin and fibrinogen and it must
be emphasized t hat the concentration of thrombin added did not
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induce aggregation by itself.

Cell surfaces contain both

substrates and enzymes, and Roseman (1970) has proposed that
binding of one to the other results in intercellular adhesion.
It is suggested here that recognition and initial adhesion
between platelets can be explained by binding of thrornbin to
fibrinogen and that it represents an example of the enzymesubstrate hypothesis for intercellular adhesion proposed by
Roseman.

Evidence for an enzymatic basis for platelet-collagen

adhesion has also been published (Jamieson et al., 1971;
Barber and Jamieson, 1971).

The effects of TAMe on platelet

aggregation are compatible with thrombin being essential for
platelet to platelet adhesion.
At low concentrations of ADP, platelet aggregates
can disperse, but at high concentration aggregation becomes
irreversible, and results reported in this chapter show that
this could be due to fibrin polymerization.

The date on which

this conclusion is based can be summarized as follows:
(1)

Inhibitors of fibrin polymerization prevented the
second phase~ i.e. the irreversible phase of
aggregation.

(2)

When polymerizing fibrin was added at the peak of
the first phase of aggregation, a second phase
resulted.

(3)

Aspirin did not inhibit the second phase of aggregation
induced by polymerizing fibrin, and since ADP alone
will not cause irreversible aggregation in PRP
incubated with aspirin, the interaction of platelets
with polymerizing fibrin cannot be attributed to
constituents released from platelets.

Furthermore,

it is shown that irreversible aggregation is calciumdependent (Chapter V) and in the present work it is
also observed that ~uch aggregates could not be
dispersed by 5 M urea or 1% monochloroacetic acid.
It appears from these observations that irreversible
aggregation is due to stabilization of fibrin by
activated factor XIII.
Lunden et al.

In support of this conclusion,

(1972) have recently published the

interesting finding that monodansylcadaverine, an
inhibitor of activated factor XIII, inhibited the
second phase of ADP-induced aggregation of human
platelets, but not the first phase.
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There have been numerous studies with the electron
mi c roscope of the bond between aggregated platelets and the
findings a re consistent with the above conclusions.

Fibrin

having a characteristic periodicity of 200-250 ~ has been
demonstra ted at the margins of aggregates but not in the centre
of aggregates (Shirasawa and Chandler, 1969; Shirasawa et al.,
1972).

Since the distance between plasma membranes in the

centre o f platelet aggregates is only 200 ~' fibrin in this
region wou ld not show periodicity in structure because
striations do not appear when the fibril diameter is les s t han
about 200 ~ (Scheraga and Laskowski, 1957).

The fibrinogen

molecule (and thus the fibrin monomer) is 60-80

R in

thicknes s

and there fore only dimeric or trimeric polymers of fibrin
could fo rm in the 200
platelets .

R space

between membranes of adherent

It is of interest that in the electron micrographs

published by Shirasawa and Chandler (1969) striated fibrin was
clearly v isible in spaces between platelets wider than 200

R.

Results summarised in Fig. 3-5 show that platelets
washed with calcium become progressively more sensitive to ADP
with repeated washing and this is likely to be due to generation
of thro mbin.

The implications of this are significant.

The

presence of thrombin could cause aggregation and release
accounti n g for loss of platelets and alteration in their
function d uring isolation procedures.

Indeed, the generation

of thrombin could also account for previous failures to demonstrate
the need for this enzyme in aggregation, in studies where washed
platelets have been used.
On the other hand when platelets were washed without
calcium (Method 3) coagulation did not occur.

However, the

first pha se of aggregation upon the addition of ADP still
occurred suggesting the presence of small quantities of thrombin
associated with platelets when washed by this latter method.
The addi tion of all the intrinsic pathway clotting factors,
or thrombi n alone fully restored the response of these washed
platelets t o ADP.
ation and release.

Heparin inhibited the second phase of aggreg It may be inferred from these findings that

trace amounts of thrombin normally associated with platelets
accounts fo r the initial reversible interaction between
platelets upon the addition of ADP, and that subsequent generation
of thrombin o n the platelet surface accounts for further
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ir r eversib le aggregation and the release of platelet constitue n ts.

Thrombin itself can accelerate the intermediate stages

of blood coagulat ion by modifying various clotting factors,
inc luding factor V (Ware and Seegers, 1948) and factor VIII
(¢ s terud et al., 1971).

ADP has an important role in this

scheme in that it can initiate intrinsic coagulation through
a reaction involving factors XII and XI and platelets (Walsh,
1972b) and the results of Fig. 3-7 show that the coagulation
reaction following activation of factor XII proceeds rapidly
enough to be involved in irreversible aggregation and the
release of platele t constituents.
It is possible that continual activation of factor
XII by ADP is also important in the generation of trace amounts
of thrombi n which may be normally associated with platelets
and whic h is necessary to explain the rapid onset of contact
between stimulated platelets.

The presence of partially

converted fibrinoge n in the circulating blood (Shainoff and
Page, 1960), and the high turnover rate of fibrinogen as
compared to other plasma proteins suggest that conversion of
fibrinogen to fibrin is going on continuously to a small
extent.

That is, thrombin is being continuously generated, and

ADP may be involved in this in the following way.

When

platelets are washed and resuspended in an artificial medium
ADP appears outside the platelet (Massini and Luscher, 1972).
Similarly, if PRP is incubated with EDTA which inhibits the
ADP-degrading enzymes of plasma, ADP accumulates in the plasma
(Holmsen, 1967).

Moreover, apyrase prevents platelets from

becoming refractory to ADP, and this refractoriness can be
explained by leak from platelets of ADP which would be removed
by apyrase , thereby accounting for the beneficial effect of
this enzyme (Ardlie et al., 1971).

Collectively, these

observations suggest that ADP may be continually leaking out
of platelets , and it is possible that this could lead to
thrombin gene ration through activation of the intrinsic pathway
of coagulation.
Findings reported in this chapter show that in the
platelet response to ADP, thrombin is important not only in
aggregation but also in the release of platelet constituents.
The release reaction was dependent on the activity of the
intrinsic coagulation pathway, and was inhibited by heparin.
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O'Brien et al.

(1969) have also shown that the release reaction

induced by collagen was inhibited when PRP was prepared from
blood collected into heparin.

Heparin can influence aggregation

by reduci ng the negative surface charge of platelets (Grottum,
1969) and this may explain the increase in extent of the first
phase of aggregation in heparinized-PRP shown in Fig. 3-8.
The role of thrornbin demonstrated here may not be confined to
release induced by ADP and thus could explain how agents as
diverse as collagen fibres and adrenaline induce the release of
platelet constituents.
The concept of a "plasmatic atmosphere" of coagulation
factors surrounding platelets was originally proposed by Roskam
(1923) and this has subsequently been confirmed (Adelson et al.,
1961; Iatridis and Ferguson, 1965; Horowitz and Fujimoto, 1965).
The significance of this relationship is that blood coagulation
and plate let function are inter-dependent and the two reactions
can be regarded as one phenomenon.

Platelets are essential

for initiation of coagulation by ADP (Walsh 1972b) or collagen
(Walsh, 1972c), and conversely, our results show that the blood
coagulation sequence is essential to platelet aggregation and
release.

The present results provide further evidence for the

recent suggestion of Walsh and Biggs (1972) that the sequential
interact ion of intrinsic clotting factors occurs on the
protective surface of platelets as they aggregate to form a
haemostatic plug.

An elegant scheme for haemostasis emerges

from the unification ·of platelet reactions and blood coagulation
and is presented in Fig. 3-15 (a and b).

This scheme also

enables one to begin to understand possible ways in which various
other platelet and plasma factors may be involved in haemostasis,
and these are indicated in Fig. 3-lS(b).

PF 4 enhances fibrin

monomer polymerization (Niewiarowski et al., 1968), and PF 2
accelerates fibrinogen clotting by thrornbin (Ware et al., 1948),
and both of these actions would promote aggregation.

Platelet

antiplasmin activity is released from platelets by thrornbin
(Joist et al., 1971) and this would contribute to haemostasis
by preventing lysis of the haemostatic plug.

Antithrornbin III

inhibits the action of thrornbin on fibrinogen (Abilgaard, 1967)
and on plate lets (Eika and Abilgaard, 1970).

There is evidence

that in plasma, antithrornbin III is held inactive by combination
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with an inhibitor and that a factor is released from platelets
which binds to the ~.nhibitor, thus releasing antithrornbin III
to react with thrombin (Henstell and Kligerman, 1966).

This

reaction could be in~ortant in preventing extensive growth of
the haemostatic plu9.
SUMMARY
Blood coa~ulation and platelet reactions such as
aggregation and release are both essential to haemostasis,
and although relationships between these two processes have
been demonstra ted, they have been regarded as different
phenomena.

The results reported here show that the two are

inseparable, and that platelet aggregation and release are
dependent on the "plasmatic atmosphere" of coagulation factors
surrounding platelets.
Test systems were developed for studying platelets
in plasma and in artificial media.

When coagulation factors

were removed from platelets by washing, only slight reversible
aggregation occurred upon the addition of ADP and fibrinogen.
Trace amounts of thri::>mbin restored aggregation and TAMe
completely inhibited aggregation.

Irreversible aggregation

and the release reaction of platelets were shown to be dependent
on the generation of thrombin by the interaction of clotting
factors on the plat~.let surface.

Polymerizing fibrin caused

irreversible aggregation and conversely, inhibitors of fibrin
polymerization prevepted irreversible aggregation.

Irreversible

aggregates were insoluble in 5 M urea and 1% monochloroacetic
acid suggesting involvement of factor XIII in this aspect of
aggregation.
It is proposed that aggregation of platelets by ADP
is mediated initially by thrornbin-fibrinogen complexes between
adjacent adhering platelets.

It is also proposed that the

nature of the bond between platelets changes when the
enzymatic phase of the thrornbin-fibrinogen reaction is followed
by the polymeriza tion phase, and aggregation then becomes
irreversible under the influence of factor XIII, activated by
thrombin.

Thrornbin action also results in the release of
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~latclet constituents.

A scheme for haemostasis which emerges

fro~ this unification of platelet reactions and b]ood coagulation is presented in Fig. 3-15, and possible ways jn which
various other platelet and plasma factors may be involved in
haemostasis are briefly discussed.

Table III -1.

Comparison of characteristics of pl c:· telets
washei by three different methods and suspended
in aD artificial medium.

Characteris tics
of washed
platele ts

Washing method
1

2

3

ADP-induced platelet
aggregation
First phase
Second phase

..
..

+
+

Response to RVV
(Lndicating presence
of factors X.V.II):

+

Thrombin on platelet
membrane compared to
platelets in plasma:

Increased

+ (but decreased)

Decreased

+

? Same

3

H-5HT

ST

1

0.0

65

2

0.0

54

3

1.5

49
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15.3
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FIGURE 3-1.

Effect of increasing concentrations of ADP

on extent of platelet aggregation, release of platelet
3
radioactivity ( H-5HT) and Stypven time (secs) (ST).
3

H-5HT was added to ACD-PRP,

were washed once,

and resuspended in citrated-PPP.

Concentrations of ADP:
( 3)

1.8 µM;

(4)

the labelled platelets

9.0

µM.

(1)

0.8 µM;

(2)

0.9 µM;

Final concentrations of

reagents used are given in this and other figures.
The tracings have been superimposed in this and
subsequent figures.
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FIGURE 3-2.

Effect of RVV on extent of ADP (l.8µM)-

induced aggregation in citrated-PRP.
of RVV:
(3)

( 1)

0 . 0 µ g /ml ;

0.8 µg/ml;

(4)

( 2)

Concentrations

0 . 4 µ g /ml ;

1.4 µg/ml;

(5)

1.7 µg/ml.
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Response to ADP of platelets washed twice

by either Method 1 and finally suspended in modified
Tyrode's solution with calcium, or Method 2 and
finally suspended in modified Tyrode's solution
without calcium.
were
(4)

(1)

0.66 µM;

1.75 µM.

Method 1:
( 2)

Method 2:

0 • 75

concentrations of ADP
µM;

(3)

0.81 µM;

ADP was dissolved in a

modified Tyrode's solution containing calcium so that
final

concentrations of ADP and calcium in the

suspension were respectively 8.1 µMand 2.0 mM.
Fibrinogen
ADP.

(F)

(0. 3 g/1) was added 30 secs before

(b)
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Effect of

(A)

RVV, or

(b)

3

4

contact product,

on ADP-induced aggregation of platelets washed twice
by either Method 1 and finally suspended in modified
Tyrode's solution with calcium, or Method 2 and finally
suspended in modified Tyrode's solution without
calcium.
Method 2:

Concentrations of ADP:

Method l;

8.1 µM with calcium 2.0 mM.

0.66 µM;

The following

were added at the point indicated by the first arrow:
(1)

modified Tyrode's solution;

(2)

and hirudin 70 U/ml added together;
(4)

modified Tyrode's solution;

(5)

(6)

modified Tyrode's solution;

(7)

0.05 ml;
'I

(8)

RVV 7.9 µg/ml
(3)

RVV 7.9 µg/ml;

RVV 7.9 µg/ml;
contact product

modified Tyrode's solution;

product 0.05 ml.

Fibrinogen

30 secs before ADP.

(F)

(0.3 g/1)

(9)

contact

was added
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Inhibition of ADP-induced irreversible

aggregation and release of platelet constituents
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Effect of polymerizing fibrin monomer

on ADP

(7.2 µM)-induced reversible aggregation

in citrated-plasma.
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(1.0 g/1)
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PF was prepared by incubating
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with 0.9 ml

in a water bath at 37°c.

fibrinogen
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Interaction of polymerizing fibrin monomer

with aggregated platelets previously incubated

for 15 mins with aspirin

(1 mg/ml suspension)

to

inhibit the release reaction (assessed by loss of
3
3
platelet
H-5HT).
H-5HT was added to ACD-PRP, and
the labelled platelets were then centrifuged and
resuspended in citrated-PPP.

PF was prepared as

described in the legend to Figure 3-11.
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on ADP

Effect of low concentrations of thrombin

(9.0 µM,

with calcium 1.0 mM)-induced

aggregation of poorly responding washed platelets.
Platelets were washed four times by Method 2 and
finally suspended in a modified Tyrode's solution
without calcium.
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A scheme of haemostasis showing a unification of

platelet reactions and blood coagulation.

(a) A haemostatic

plug begins with vessel injury, loss of endothelium, and platelet
adherence to exposed subendothelial connective tissue (er).
Platelets stimulated by collagen (and? rnicrofibrils, basement
membrane etc) and activate factor XI (Walsh, 1972c) so that
intrinsic coagulation reactions occur on the platelet surface
with generation of thrombin (T) , which causes release of
platelet constituents.
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ADP released from platelets adherent to connective

tissue causes platelets nearby to change in shape and thus
aggregate.

ADP also activates factor XII (Walsh, 1972b)

and PF

so that coagulation occurs on the platelet membrane.
3
Thrombin (T) is generated on the platelet membrane and induces
release of platelet constituents and also activates factor
XIII.

Aggregation of platelets is mediated initially by

thrombin (T) binding to fibrinogen (F).

The nature of the bond

between platelets changes when the enzymatic phase of the
thrombin-fibrinogen reaction is followed by fibrin (f) formation
and polymerization (f-f), and aggregation becomes irreversible
when polymerizing fibrin is stabilized (f=f) by XIIIa.

Possible

ways in which antithrombin III, PF

(platelet factor 2), PF
4
2
(platelet factor 4) and platelet antiplasrnin activity may be

involved are indicated and are discussed in the text.
active forms of coagulation factors are indicated by a
subscript 'a').
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CHAPTER IV

PLATELET AGGREGAJ1ION AND RELEASE BY ADP AND THIOMBIH.
EVIDENCE FOR TWO SEPARATE EFFECTS OF ADP ON PLJ TELE'J1 S,
AND THE INVOLVI~MENT OP FIBR.i:NOGEN IN RELEASE, AND
MECHANISM OF IN , BITORY ACTI01J OF ACETYLSALICYI IC ACID.
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I:1TR0DUCTI0N
The inter ~ction of blood with vascular ~ubendotheli~w
or foreign materials in the blood stream leads to the release o:
platelet constituents, platelet aggregation, and blood coagulation.

Two agents which are involved in these responses are

adenosine diphosphate (ADP) and thrombin.

In Chapter III

observations were presented which show that thrombin is involved
in platelet aggregation and release induced by ADP.

It was

concluded that platelets stimulated by ADP initially adhere to
each other through binding of thrombin to fibrinogen.

Further-

more, evidence of involvement of thrombin in release of platelet
constituents induced by ADP was provided, and it ~·as s~ggested
that thrombin may have a similar intermediary role in the
release of platelet constituents by other stimuli such as collagen
fibres and adrenaline.
Thrombin itself can induce aggregation of platelets
and it is believed that this is caused by constituents,
particularly ADP, 1~lease from the platelets.

Haslam (1964;

1967) arrived at this conclusion by showing that enzymes such as
pyruvate kinase and venom ADPase which removed ADP frorr, the test
system, inhibited aggregation induced by thrombin.

However, it

appears that thrombin-induced aggregation is not solely mediated
by ADP because aggregation of platelets produced by the
si~1ltaneous addit: Jn of small amounts of ADP and thro~bin has
been shown to be gr ~ater than could be expected fr)m the additive
effect of ADP relea;ed by thrombin (Niewiarowski a:1d Thomas,
1966).

Moreover, ALP is not involved in thrombin-induced

aggregation of turtl2 thrombocytes (Belamarich et a.l., 1968)
but this possibly

1

~fleets functional differences oetween

thrombocytes of nor1 :nammalian vertebrates, and marnnalian platelets.

This conclus .L e>n obtains support from the re ?Ort that

ADP does not aggregate nucleated thrombocytes of t~rtles, chickens
and other species (Belamarich et al., 1966).
Another as8ect of thrombin-induced release and
aggregation that needs further clarification is the nature of
the substrate on the platelet surface with which thrombin
interacts.

There is considerable evidence that fibrinogen is

required for thrombin-induced platelet aggregation (Schmid et al.,
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1 962; Morse et al.,

1965; Brinkhous et al., 1969), and it is

lik e ly t hat this n· cd for fibrinogen can at least part~y be
explained by invol,ement with thrombin in bond fo1mation
between a dherent platelets as has been described ~or ADPinduced pl atelet aq~regation
however, d o es not

1

(Chapter III).

This evidence,

ecessarily mean that thrombin induces

release · a n d aggregation solely by interacting with fibri nogen,
and indeed Da vey and Luscher

(1965; 1967) concluded that

fibrinogen was not the substrate for thrombin in these r eactions.
They found that some snake venoms that caused release of platelet consti tuents and aggregation did not convert fibrino gen to
fibrin, and conversely, some other venoms that clotted fi brinogen
did not cau se platelet aggregation.

It has been suggeste d,

however, b y Mustard and Packham (19703.) that this evidence is
inconclusive because one of these venoms

(and therefore p erhaps

others) diffe rs from thrombin in its proteolytic actio n on
fibrinogen

(Ewart et al., 1970).

Although platelets fr om

subjects with afibrinogenaernia are sensitive to the acti o n of
thrombin

(Gugl er and Luscher, 1965; Rodman et al., 1966) this

evidence doe s not deny a role for fibrinogen because some of
these subject s ~ay have hypofibrinogenaemia or an alter ation in
the fibrinogen molecule rather than a complete lack of f ibrinog e n.
Apart from arg inine-q-lycine bonds in fibrinogen, thrombin is
also capable of hydrolyzing other peptide bonds and there are
several oth e r thrombin-labile proteins present in platele t s,
including a n u mber of coagulation factors
1965).

(Marcus and Zucker,

However, sen,sitivity to thrombin does not necessarily

mean that tha t

protein is involved in the action of thrombin

on platelets .

In rE!cent years several other thrombin-sensi t i ve

platelet p r o teins have been described
Ganguly,

1969 ; Baenziger et al., 1971;

(Cohen et al., 1969;
Brodie et al., 1972;

Baenziger et a l., 1972; Booyse et al., 1972).

Some of this

evidence ind icates that platelet myosin is a thrombin sensi tive
protein
(1972)

(Cohen et al_., 1969; Booyse et al., 1972).

Brodi e et al.

showe d that adenyl cyclase activity was decreased by

70-90 % when intact, but not sonicated platelets, were incuba t ed
with thrombin , and they discussed the possibility that thrombininduced aggregation and release may be due to inactivatio n of
adenyl cycla se throuqh an intermediary substrate in the platelet
membrane.
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The investigations reported here concern:

(1)

evidence that fibrinogen is the substrate for thrornbin action
of platelets;

(2) evidence for two separate effects of ADP on

platelets and that platelets morphologically altered by thrornbin
or ADP require ADP to come into close contact;

(3) the influence

of platelet aggregation on the release reaction; and (4)
evidence that acetyl salicylic acid inhibits the release
reaction through an effect on thrornbin.
RESULTS
THE SIGNIFICANCE OF RELEASED ADP IN THROMBIN-INDUCED ALTERATION
IN PLATELET MORPHOLOGY AND A~GREGATION
To test the possibility that released ADP may be
involved in the platelet shape change produced by thrornbin the
experiment shown in Fig. 4-1 was carried out.

A high concent-

ration of the enzyme apyrase, which degrades ADP was added to
the suspending medium prior to adding thrornbin, and it can be
seen that the removal of nucleotide· did not inhibit the thrornbininduced alteration in platelet shape.

(Aspirin, which inhibits

the release of ADP by low concentrations of thrornbin, also failed
to prevent the platelet shape change induced by thrornbin; this
evidence is presented in Fig. 4-12 of the Results).

The removal

of nucleotide, however, almost completely inhibited aggregation
(Fig. 4-1) which is in agreement with the finding of Haslam
(1964) that ADP is involved in aggregation of platelets by
thrombin.
INVOLVEMENT OF ADP IN CONTACT BETWEEN PLATELETS
The preceding experiment shows that thrornbin-induced
platelet aggregation is dependent upon released ADP.

However,

since thrornbin itself appears to be able to alter platelet
morphology, ADP must be involved in some other role in thrornbininduced platelet aggregation.

The following series of experiments

collectively, provide evidence that the presence of ADP may be
necessary for morphologically altered platelets to come into
close contact, and that the continued presence of ADP is required
until stable bridges of polymerizing fibrin have formed between
platelets.
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The effect o f apyrase on the second phase of ADP-induced
platelet aggregation
Fig . 4-2 shows the effect of apyrase added before
and at varying times after the onset of the irreversible or
second phase of ADP-induced aggregation.

It is e\ident that

the effect d e p ends on the time of addition.

Once the second

phase was well estc1blished apyrase did not reverse aggregation .
However, the enzym<

prevented further aggregation and cause d

so~~ de-aggrega tio1

when it was added early in the seccnd p hase,

and prevented the~ ~cond phase and caused rapid and con~lete
de-aggregation when added just before the beginning of the
second phase .
The effect of apyrase on the interaction between aggregated
platelets and p olymerizing fibrin
We have shown that polymerizing fibrin added at t he
peak of the fir st phase of aggregation induced a second pha se ,
and suggested o n the basis of this and other evidence that
irreversible aggregation is due to fibrin polymerization
(Chapter III).

Because the removal of ADP during the second

phase of ADP - induced aggregation prevented further aggrega tion
(Fig. 4-2) we suspected that ADP would be needed in the i nteraction between a ggregated platelets and polymerizing fibrin.
The expected res ult was obtained (Fig. 4-3).

It can be seen

that apyrase added just after polymerizing fibrin, prevented the
the development of a. second phase and caused rapid and complete
de-aggregation.
The importance of the duration of the first phase of aggregation
in the interacti on between aggregated platelets and polymerizing_
fibrin
It was postulated that the role of ADP d~monstrated
here may be to ma intain platelet aggregates long e1ough for a
progressive inte raction between these aggregates a1d polymeri zing
fibrin to occur and stabilize the aggregates.

Th€ experiment

shown in Fig. 4- 4 is consistent with this proposal.

It san b e

seen that irreve rsible aggregation induced by pol:~erizing
fibrin only occurred when aggregation was already present.
Polymerizing fi brin added at the peak of the first phase, on l y
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caused a second phase of aggregati on when there was persistent
aggregation as a consequence of a slow rate of de-aggregation
(Fig. 4-4).
Evidence that ADP may bring platelets into contact and maintain
platelet aggre gates by an effect on surface char2e
Duri ng aggregation the mutual repulsion between
negatively charged platelets must be overcome.

Hampton and

Mitchell (1966) and Seaman and Brooks (1970) have shown that
ADP reduces the negative ch arge of platelets, and this may be
important in fac ilitating aggregation.

We postulated that ADP

causes aggregati on through two effects on platelets:

(1) by

altering platelet morphology, and (2) by decreasing the surface
charge of platelets, possibly by adsorbing on to the platelet
surface.

To tes t

this hypothes is the experiments summarized in

Figs. 4-5 to 4 -7 were carried out.
Charged polymers have been shown to reduce the
electrophoretic mobility of platelets (Grottum, 1969) and
therefore provide an alternative way to ADP for decreasing the
surface charge of platelets and thus bring platelets into mutual
contact.

In the experiment shown in Fig. 4-5 DEAE-dextran at

a concentration below the threshold required for the induction
of platelet aggre gation, and a small amount of ADP sufficient
to cause a platel et shape change, together caused irreversible
aggregation.

When this experimen t was repeated with a concen-

tration of ADP insufficient to induce an alteration in platelet
morphology, aggregation did not occur (Fig. 4-5).

An explanation

for this result is that aggregati on depends on two platelet
changes, namely an alteration in morphology, and a decrease in
surface charge.
The same result was obtained when thrornbin, instead
of ADP, was used to alter platelet morphology, and DEAE-dextran
was used to decre ase the surfac e charge of platelets (Fig. 4-6).
In the experiment shown in Fig. 4-7, ADP was added
at the peak of re versible thrornbin-induced platelet aggregation,
and it is noteworthy that irrever sible aggregation resulted and
that the increas e in aggregati on caused by ADP occurred
immediately witho ut any delay.

An explanation for this

observation is tha t ADP is nec essary for platelets morphologically
altered by thromb in to come into close contact.

The immediate

onset of further aggregation upon the addition of ADP and the
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absence of a preliminary decrease in light transmission are
consistent with this proposal.
EVIDENCE THAT FIBRINOGEN IS THE PLATELET SUBSTRATE FOR THROMBININDUCED RELEASE
Evidence of involvement of thrornbin in both aggregation
and release of platelet constituents by ADP has been provided
(Chapter III).

Since platelet aggregation involves an enzy~e-

substrate interaction between thrornbin and fibrinogen, the
possibility that fibrinogen might be the substrate for the
thrornbin-induced platelet release reaction has to be considered.
This hypothesis was tested by examining the effects on washed
platelets of the products produced by the prior incubation
of thrombin with fibrinogen, and the results are shown in Fig.
4-8.

It can be seen that the products resulting from the inter-

action of thrornbin with fibrinogen induced platelet aggregation
after some delay, and caused the release of 24.6% of 3H-5HT
from the platelets.

In the control experiment the same concen-

tration of thrombin was simultaneously incubated with modified
Tyrode's solution instead of fibrinogen and it can be seen that
this concentration of thrombin was too low to induce release
and aggregation.

It may be inferred from this result that

thrombin-induced release is mediated by products (fibrinopeptides
and/or fibrin) derived from fibrinogen.

The effect of heparin

on the interaction of products, derived from fibrinogen, with
platelets provides further evidence that release of platelet
constituents induced by these products cannot be attributed
to the thrombin present in the preparation.

It can be seen in
Fig. 4-8 that heparin did not prevent the release of 3 H-5HT from
platelets by fibrinogen products, although it did reduce the
extent of release from 24.6% to 16.3%.

Heparin prevented the

shape change induced by thrornbin which had previously been
incubated with modified Tyrode's solution (Fig. 4-8).
THE INFLUENCE OF PLATELET AGGREGATION ON THE RELEASE OF PLATELET
CONSTITUENTS
In the experiment shown in Fig. 4-9 a low concentration of thrombin was employed, and the extent of aggregation
was varied by using a charged polymer viz. dextran sulphate,
to bring platelets into contact.

The release reaction was
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assessed by measuring the amount of 3 H--5IIT in the suspending
medium.

It can be seen that a low concentration of thrombin

which produced reversible aggregation, released 2.9% of the
radioactivity from the platelets.

However, when dextran

sulphate was also added, aggregation was much more extensive,
and 13.9% of the platelet radioactivity was released.

Fig.

4-10 shows the same effect when dextran sulphate or polymerizing
fibrin were added at the peak of the first phase of ADP-induced
aggregation.

It can be seen that no release occurred in the

first phase of aggregation, but accompanying the second phase
induced by dextran sulphate or polymerizing fibrin, 21.1% and
26.1%, respectively, of radioactivity was released from the nlatelets.

It is postulated that this enhanced release can be best

explained by the formation and accumulation of thrombin-fibrinogen reaction products as a consequence of the interaction of
thrombin with fibrinogen during platelet aggregation (Chapter III).
The experiment summarized in Fig. 4-11 provides
further evidence consistent with this concept.

We have shown

that the magnitude of the response of washed platelets to ADP
in the presence of fibrinogen is probably determined by the
amount of thrombin associated with the platelet membrane (Chapter
III).

Platelets obtained with thrombin in association with

their membranes responded to ADP with an obvious first phase of
aggregation, and it can be seen in Fig. 4-11 that this was
followed quickly by a second phase, whereas in comparison, the
first phase of aggregation of platelets with less thrombin on
their membranes was significantly less in extent, and it is
noteworthy that the second phase of response to ADP was much
later in onset.
MECHANISM OF INHIBITION OF PLATELET FUNCTION BY ASPIRIN
The effects of incubation of thrornbin with aspirin on
aggregation and release
Aspirin inhibits the platelet release reaction and the
second phase of ADP-induced platelet aggregation in human
citrated-PRP, but does not inhibit the first phase of aggregation
(Zucker and Peterson, 1968).

It has been suggested that this

effect is due to acetylation of platelets (Al-Mondhiry et al.,
1969; Rosenberg et al., 1971).

Acetylation of enzymes and

plasma proteins by aspirin has been demonstrated by Pinckard et
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(1 968), and it is postulated that acetylation of thrombin

(or pro thrombin) by aspirin might account for the effects of
this compound on platelet function.

The following experiment

was carr ied out to test this hypothesis.

In Fig. 4-12 it can

be seen that when a low concentration of thrombin was incubated
with asp irin, there was a progressive inhibitory effect.

After

23 mins . incubation the treated thrombin only produced a shape
change and minimal aggregation.

In the control experiment the

thrombin was incubated with modified Tyrode's solution.

The

decrease in aggregation when thrornbin was incubated with
aspirin was paralleled by a decrease in release of 3 H-SHT from
42.9% to 0.0%

(Fig. 4-12).

Aspirin did not inhibit the effects

of higher concentration of thrornbin.
A possibl e explanation for the lack of effect of aspirin in vivo
There are a number of recent studies showing that
aspirin has no effect on platelet function in vivo.

Aspirin

given pre-operatively did not influence the incidence of postoperati ve deep venous thrombosis (Steering Committee of M.R.C.,
1972).

This compound also failed to inhibit the increased

platelet consumption seen in patients with metastatic cancer
(Abrahamsen , 1972) or in those with arterial thrombosis and
prostheti c heart valves (Harker and Slichter, 1972).

In the

in vivo situation, in the absence of chelating agent and with
an intact coagulation pathway, one would expect greater amounts
of thrombin to be generated when platelets aggregate.

Aspirin

as mentioned above did not inhibit the effect of high amounts
of thrornbi n.

Hence, one may postulate that aspirin fails to

inhibit platelet function in vivo because of the higher amounts
of thrornb in generated than in the in vitro test system.

To test

this hypo thesis in vitro, the effect of aspirin on the response
of 3 H-SHT labeled platelets resuspended in dialysed plasma was
studied .

In Fig. 4-13 it can be seen that aspirin failed to

inhibit platelet aggregation and the release reaction.

Aspirin

was incubated with the platelets for at least 30 mins.

In

control experiments, modified Tyrode's solution was used instead
of aspirin .
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DISCUSSION
Evidence was presented in Chapter III that an
enzyme-substrate interactionbetween thrombin and fibrinogen
constitutes the initial bond between aggregated platelets
following the addition of ADP; subsequent proteolytic action
of thrombin on fibrinogen leads to fibrin monomer formation
and polymerization and consequent irreversible aggregation.
Evidence was also obtained

that thrombin is involved in the

platelet release reaction induced by ADP.
suggested the

These observations

possibility that the action of thrombin on

fibrinogen may account not only for irreversible aggregation
but also for the platelet release reaction.

The present

results show that products derived from fibrinogen through the
enzymatic action of thrombin can induce the release of platelet

,,

constituents.

The failure of heparin to inhibit the release

reaction induced by fibrinogen products indicates that the
response cannot be attributed to thrombin present in the added
material.
It is not possible from the experiments reported here
to determine the nature of the fibrinogen derivatives responsible
for eliciting the release reaction.

However, it is of interest

that fibrinopeptide Bis able to potentiate the contractions of
isolated frog heart (Laki, 1951).

Day and Holmsen (1971) have

suggested that the release reaction is due to intracellular
contraction which accomplishes the relative movement of storage
granules and plasma membrane until they contact and fuse
followed by extrusion of granule contents to the external
environment, and conjecturally it is possible that thrombininduced release is due to platelet contraction mediated by
fibrinopeptide B released from fibrinogen.
When intact human platelets are treated with thrombin
a protein with a molecular weight of 107,000 appears (Baenziger
et al., 1971).

This observation is of interest because initially

fibrin cross-links occur between y-chains to form dimers with a
molecular weight of 105,000 (McKee et al., 1970).

This evidence

is consistent with thrombin action on platelet membrane fibrinogen.
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The significance of cyclic 3'5'-adenosine monophosphate in platelet function is now widely recognized, and from
the present state of knowledge it appears that a decrease in
the platelet content of this cyclic nucleotide is associated
with aggregation and release (Salzman et al., 1970).

When

intact, but not sonicated, platelets are incubated with thror:iliin
there is a rapid decrease in adenyl cyclase activity (Brodie
et al., 1972).

A hypothesis which incorporates these various

findings is that thrombin releases fibrinopeptide B from
fibrinogen associated with the platelet membrane and in turn
this peptide inactivates adenyl cyclase leading to contraction
and the release reaction.
Davey and Luscher (1965; 1967) found that some snake
venoms that clotted fibrinogen did not cause platelet aggregation
and concluded that the action of thrombin on fibrinogen is not
responsible for its effects on platelets.

Included in the snake

venoms which they studied was the venom of Agkistrodon rhodostoma, which clots fibrinogen but does not cause the release of
platelet constituents (Brown et al., 1972).

However, this venom

clots fibrinogen by releasing only fibrinopeptide A from fibrinogen (Ewart et al., 1970) and this could account for its
inability to induce release.

Moreover, the release of fibrin-

opeptide B from fibrinogen is required for side-to-side
association of fibrin monomers (Laki and Gladner, 1964) and this
could explain why this venom only produced minimal platelet
aggregation, since platelet aggregation depends on fibrin
polymerization.
The release reaction of platelets can be induced by
cell contact (Massini and Luscher, 1971; 1972) and the present
report confirms this observation, and provides an explanation
for the relationship.

Previous findings reported in Chapter III

show that platelet aggregation is due to an interaction between
thrombin and fibrinogen, and it is suggested that a product
derived from this reaction when platelets come into contact
may be responsible for inducing the release reaction.

In addition

to the formation of the fibrinogen derivative, the trapping and
accumulation of this product between aggregated platelets may
be important.

Since fibrin monomers are involved in platelet

aggregation it can be assumed that they are closely associated
with platelets, but fibrinopeptides A and B which represent
the other product of the thrombin-fibrinogen reaction are of
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small molecular weight and may be released from the membrane
and thus trapping of these could be important.
We have confirmed the previous observation of
Haslam (1964) that ADP is required for thrombin-induced platelet
aggregation.

In addition, data from the present study shows

that thrombin does not require ADP to produce a change in
platelet morphology, thought to be important in aggregation,
and this finding indicated that ADP must be involved in thrombininduced aggregation at some stage subsequent to the morphological
change.
for ADP.

DEAE-dextran, which is a charged polymer, substituted
Under physiological conditions platelets possess a

net negative surface charge (Abramson, 1928) and tend to repel
each other.

It has been shown that ADP produces a significant

decrease in platelet electrophoretic mobility (Hampton and
Mitchell, 1966; Seaman and Brooks, 1970) and this may facilitate
platelet aggregation.

Our evidence indicates that this action

of ADP is important in aggregation, and that this effect and
the change in platelet morphology caused by ADP are two distinct
actions, both of which are required for platelet aggregation.
Although the role of the platelet shape change in
aggregation has not been determined, a simple explanation can
be provided.

Normal platelets are characteristically discoid

in shape, and this appearance is probably dependent upon a
circumferential bundle of microtubules encircling the platelet
just beneath the plasma membrane.

Addition of ADP immediately

causes a central displacement of the microtubules away from
their supporting position under the membrane (White, 1968).
This permits changes in the contour of the platelet membrane.
As a result, aggregating platelets can come into contact over
considerable areas of their surface, and fibrin polymerization
and consequent irreversible aggregation can occur.

The two

roles of ADP in aggregation and the role of fibrinogen in the
release reaction are shown diagrammatically in Fig. 4-14.
Aspirin inhibits the platelet release reaction and
evidence has been published that this effect is related to
acetylation of the platelet (Al-Mondhiry et al., 1969;
Rosenberg et al., 1971).

Thrombin has a central role in

aggregation and release, and we postulated that acetylation of
this enzyme with a consequent change in molecular conformation
and hence enzymatic activity may explain the effects of aspirin
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on platelets.

Our preliminary findings presented here support

this hypothesis.

Acetylated thrornbin loses its capacity to

clot fibrinogen and remove fibrinopeptides from it (Seegers,
1962) and this observation is entirely consistent with the
suggested roles of fibrinogen and thrornbin in platelet release,
and the demonstrated inhibitory effect of aspirin on platelets.
Although acetylation of thrornbin (or prothrornbin) alone may
account for the effects of aspirin on platelets, acetylation of
other proteins cannot be discounted.

It is unlikely, however,

that acetylation of fibrinogen is important because thrornbin
still splits off peptides from acetylated fibrinogen (Blornback,
19 6 7) .

Aspirin, however, only inhibited small amounts of
thrombin and had no inhibitory effect on large amounts of
thrombin.

Hence, the lack of effect of aspirin in dialysed

plasma is probably due to the large amount of thrombin generated
during ADP-induced aggregation.

In in vivo situations there is

no citrate in circulating blood to dampen the coagulation pathway, and therefore the finding using dialysed plasma could
explain why aspirin has no therapeutic effect in certain
conditions, namely, venous thrombosis (Steering Committee of
M.R.C., 1972), platelet consumption in metastatic cancer
(Abrahamsen, 1972) and platelet consumption in arterial
thrombosis (Harker and Slichter, 1972).

In experimental

studies in dogs, Radegran (1971) showed that aspirin inhibited
the pulmonary effects of thrombin injected intravenously but
the inhibition was not through the inhibition of platelet
aggregation and release.

He suggested that aspirin probably

did so through other effects, e.g. inhibition of prostaglandin
production which has been demonstrated in guinea pig lung and
human platelets (Vane, 1971; Smith and Willis, 1971).

However,

aspirin has been shown to minimize platelet emboli to the eye
causing transient blindness (Harrison et al., 1971) and to
minimize thrombus formation on dialyser membranes (Lindsay et
al., 1972).

Aspirin also increases the bleeding time of normal

volunteers slightly (Weiss et al., 1968; Mielke et al., 1973).
These beneficial effects of aspirin in preventing platelet
thromboemboli may well be due to its inhibitory effect on
platelet-surface interactions since Sheppard (1972) has shown
that aspirin inhibits platelet-collagen adhesion in vivo.
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SUMMARY

. The previously demonstrated roles of thrombin and
fibrinogen in platelet interaction

(Chapter III)

suggested the possibility that the action of thrombin on
fibrinogen may also lead to the release reaction.

The present

results show that a product of the action of thrombin on
fibrinogen induced the release of platelet constituents.
activity was not inhibited by heparin.

A

This

relationship between

platelet aggregation and the release reaction was demonstrated
and the results indicate that the thrombin-fibrinogen reaction,
which occurs when platelets come into contact, could be the
cause of the subsequent release reaction.

ADP was shown to be

essential for the thrornbin-induced aggregation but not the
alteration in platelet morphology.

Evidence of involvement of

ADP in cell contact was obtained and it is possible that its
role may be to facilitate aggregation through an effect on
platelet surface charge.
two distinct actions:

Thus, ADP induces aggregation through

(1) alteration of platelet morphology;

and (2) reduction in net negative surface charge of platelets.
Incubation of thrornbin with aspirin inhibited its action on
platelets and it is proposed that acetylation of thrornbin (or
prothrombin) by aspirin may account for the action of this
compound on platelets.

The significance of these observations

and a possible mechanism for the release reaction is discussed .
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Effect of apyrase on thrombin-induced change in

platelet shape and aggregation in citrated-PRP.
of thrombin (T) was 0.36 U/rnl.

Concentration

Apyrase (1.0 mg/ml), or

modified Tyrode's solution (Ml') was added 30 secs before thrombin
at the point indicated by the arrow.
Final concentrations of reagents used are 1iven in this and other
figures .
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Effect of apyrase on ADP

aggregation in citrated-PRP.

Apyrase

(1.8 µM)-induced
(1.3 mg/ml) was added at

varying times after the onset of aggregation, at the points
indicated by the arrows .

.,

12

z
0
-

1

(/)
(/)

-

~

(/)

z

<(

~

1-1--

I

~

-

......J

2

1 2 3 4 5
MIN UTES
FIGURE 4-3.

6

Effect of apyrase (A) on irreversible aggregation caused

by polymerizing fibrin (PF).

PF (0.05 ml) was added at the peak of

reversible aggregation induced by ADP

(3.6 M).

PF was prepared

by incubating 0.1 ml thrombin (0.3 U/ml) with 0.9 ml fibrinogen
(1. 0 g/1)

in a water bath at 37°c for 10 mins.

conditions a clot formed in 16 mins).
added just after PF;

(Under these

(1) apyrase (1.0 mg/ml

(2) apyrase (1.0 mg/ml) added after

completion of irreversible aggregation.

Citrated-PRP was used.
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Influence of ADP concentration and consequent duration

of aggregation, on the interaction of aggregated platelets with
polymerizing fibrin (PF).
legend to Figure 4-3
(0. 9 µM), no PF;

.

(1) PF (0.05 ml) only added;

(3) ADP

reversible aggregation;

PF was prepared as described in the
(2) ADP

(0.9 µM), and PF added at peak of
(4 )

ADP ( 3 • 6 µM) , no PF ;

( 5 ) ADP

(3.6 µM), and PF added at peak of reversible aggregation.
Citrated-PRP was used.
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Evidence that aggregation depends on two platelet

changes, namely an alteration in morphology and a decrease in
surface charge.

(a) DEAE-dextran (D-D)

(sufficient to decrease

surface charge of platelets) and ADP (sufficient to cause a
platelet shape change), together caused irreversible
aggregation.

(b) D-D (sufficient to decrease surface charge

of platelets) and ADP (insufficient to cause a platelet shape
change), together failed to cause aggregation.
of ADP were:
'I

jl

(a) 0.83 µM;

9
was 3.3 x l0 - M.

(b) 0.08 pM.

Citrated-PRP was used.
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Aggregation produced by independently altering

platelet rrorphology and decreasing surface charge of platelets.
DEAE-dextran (D-D)

(sufficient to decrease surface charge of

platelets), and thrombin (sufficient to cause a platelet shape
change), together caused irreversible aggregation. Concentrations
-9
of reagents used were: D-D (3.3 x 10 } , and thrombin
(1.36 U/rnl}.

The experiment was performed with citrated-PRP.
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5

Enhancement of thrombin-induced aggregation by ADP.

Concentration of thrombin (T) was 1.36 U/ml.

(1) modified

Tyrode's solution added at point indicated by arrow;
ADP (4.1 µM) added at point indicated by arrow.
PRP was used.
'1

(2)

Citrated-

THROMB1N+Ca 2+

1

~~ ;,;zar

1 I

ya

I

2 •

II

3H-5HT
1
0.0
aft 2
0.0

TFRP +Ca 2+

z

1

0

V)
(/)

~

(/)

z<{

er.:::

.....

1 2

3 4

5 6

7

3

16.3

4

24.6

8 9

MINUTES
FIGURE 4-8.

Evidence that thrombin-induced release of platelet
3
constituents ( H- 5HT) is mediated by products derived from
fibrinogen .

Platelets were washed twice by Method 2, and

finally resuspended in the appropriate modified Tyrode's
3
suspending solution .
H-5HT was incubated with platelets in the
first washing fluid.

Thorrnbin-fibrinogen reaction products {TFRP)

were prepared by incubating 0.1 ml thrornbin

(0.4 U/ml) with
0

0 . 9 ml fibrinogen (3.0 g/1) in a water bath at 37 C.

The resultant

clot was removed by centrifugation (Eppendorf centrifuge, 2 mins)
and the supernatant was used in the experiment.
circa 0.004 U/rnl

(1) thrornbin

(T)

(with calcium 1.0 mM) added at point indicated

by arrow, and modified Tyrode's solution added 1 min before;
(2) thrombin circa 0.004 U/ml

(with calcium 1.0 rnM) added at

point indicated by arrow, and heparin 83 U/rnl added 1 min before;
(3) TFRP 0.05 ml (with calcium 1.0 rnM) added at point indicated by
arrow, and heparin 83 U/rnl added 1 min before;

(4) TFRP

(with

calcium 1 . 0 rnM) added at point indicated by arrow, and modified
Tyrode's solution added 1 min before.
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Effect of dextran sulphate (DS) on thrombin-induced
3

aggregation and release of platelet H-5HT. Concentration of
3
thrombin (T) was 0.14 U/ml.
H-5HT was added to ACD-PRP, and
the labelled platelets were then centrifuged and resuspended
in citrated-PPP.

(1) no DS added;

(2)

(4.0 µM) added at peak

of reversible aggregation induced by thro~bin.
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FIGURE 4-10.

Effect of (A) polymerizing fibrin

(PF), and (B)

dextran sulphate (DS) on aggregation and release of the platelet
caused by ADP.

3

3

H-SHT

H-SHT was added to ACD-PRP, and the labelled

platelets were then centrifuged and resuspended in citrated-PPP.
A.

(1) ADP 3.6 µM, and PF added at point indicated by arrow.

B (1) ADP 1.8 µMand DS (4.0 µM) added at the point indicated
by the arrow.

PF was prepared as described in the legend to

Figure 4-3.
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Influence of extent of the first phase of aggregation

on the time of onset of second phase aggregation and release.
Platelets were washed by Method 3 to maintain thrornbin on the
platelet membrane and hence maintain aggregation, or alternatively,
by Method 2 to remove thrombin and thus obtain platelets which
responded poorly to ADP.

The washed platelets were resuspended

in citrated-PPP which had been dialyzed for 24 hours against
three changes of modified Tyrode's solution containing no
calcium.

Concentrations of ADP (with calcium 0.9 mM) were:

Method 3, 4.5 µM;

Method 2, 8.2 µM.

In both experiments

aggregation ended in clotting (arrows indicating sudden change
'I

in light transmission).
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FIGURE 4-12.

Effect of incubation of thrombin with aspirin on

aggregation and release of platelet

3

H-5HT.

Platelets were
3
washed three times by Method 2, labelled with H-5HT in the
second wash, and finally suspended in modified Tyrode's suspending
solution with calcium.

A (1) 0.4 U/rnl thrombin was incubated

with aspirin (2 mg/ml} at 37°c for 1 min and then
added to the platelet suspension at the point indicated by the
arrow (final concentration of thrombin 0.036 U/rnl}.

A (2)

0.4 U/ml thrombin was incubated with modified Tyrode's solution
at 37°c for 1 min and then added to the platelet suspension
at the point indicated by the arrow.

B (1) 0.4 U/ml thrornbin in-

cubated with aspirin for 23 mins, and then added at the point

II

indicated by the arrow.

B (2) 0.4 U/rnl thrombin incubated with

I

modified Tyrode's solution for 23 mins and then added at the
point indicated by the arrow.
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Effect of incubation of aspirin with platelets

suspended in dialysed plasma. Platelets were labelled with
3
H-5HT in ACD plasma and then centrifuged and resuspended in
dialysed plasma.

A: aggregation and release induced by ADP

l.BµM (1) and 9.0µM (2) respectively, after platelets had
been incubated with rrodified Tyrone's solution for 30 rnins.
B:

Aggregation and release induced by ADP l.8µM (1) and

9.0µM (2) respectively, after platelets had been incubated
with aspirin (4.0rnM) for 30 rnins.

The final concentration

of calcium added in both experiernnts was 2.0rnM.

In both

experiments aggregation ended in clotting indicated by the
sudden change in light transmission.
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FIGURE 4-14.

Diagram showing the roles of ADP, thrornbin and

fibrinogen in platelet aggregation and release.
(1)

A normal platelet discoid in shape, with a negative

surface charge.

The shape is dependent upon a circumferential

bundle of microtubules encircling the platelet just beneath
the plasma membrane.

The cytoplasma contains organelles.

(2) ADP has two distinct actions on platelets, both of which
are required for platelet aggregation:

(i) ADP and calcium

bind to the platelet membrane thereby decreasing the
negative surface charge which allows approximation of platelets;
and (ii) ADP causes a central displacement of the microtubules
away from their supporting position under the membrane.

This

permits changes in the contour of the membrane so that platelets
can come into contact over considerable areas of their surface.
Platelets initially adhere to each other through binding of
thrombin (T) to fibrinogen (F).
(3) Irreversible aggregation and release of platelet
constituents

(ADP, SHT etc) occurs when thrombin acts on

fibrinogen to producet.- fibrin

(f) and fibrinopeptides

(fp).

Irreversible aggregation is due to fibrin polymerization.
Products of the action of thrombin on fibrinogen

(fibrinopeptides

and/or fibrin) induce the release of platelet constituents .

.,

The above concept is based on observations reported herein,
and in Chapter III.
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CHAPTER V

THE INFLUENCE OF pH, TEMPERATURE, AND CALCIUM ON
PLATELET AGGREGATION.

MAINTENANCE OF ENVIRONMENTAL
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INTRODUCTION
Platelets stored in vitro show a decrease in
viability in the recipient upon reinfusion (Baldiri et al.,
1960; Levin et al., 1964; Morrison and Baldini, 1967; Murphy
and Gardner, 1971).

Storage of platelets in the presence of

adenosine and inosine reduces this loss of viability (Baldini,
1962).

Kotelba-Witkowska et al.

(1972) have shown that these

compounds maintain both the level of ATP in platelets and t~e
ability of platelets to release their constituents, the latter
reaction being ATP-dependent like most other platelet functions
(Day and Holmsen, 1971).

However, these studies relate to

alterations in platelet nucleotide metabolism and function
after 24 hours of storage and their relevance to changes in
platelet function which have been observed during the first few
hours of storage is uncertain.

In the in vitro studies which

have shown early changes in platelet function there has been
little attempt to define optimal conditions for storage, and
therefore several factors have to be considered in attempting
to explain the early loss of platelet function.
O'Brien (1964a) demonstrated that platelets stored in
plasma at 37°c failed to respond to epinephrine after 90 mins.,
thrombin after 200 mins., and ADP after 180-240 mins.

Platelets

stored at room temperature also show a progressive loss of
response to ADP (Harrison et al., 1967; Murphy and Gardner,
1971) but the change is less rapid than at 37°c.

Thus, when

platelets are stored at room temperature little change occurs
during the first two hours, and many investigators have examined
platelets under these conditions.

Platelets lose their

aggregability to ADP even less rapidly at 0-4°c (Shivley et al.,
1970; Cronberg, 1970).

However, platelets stored at a low

temperature undergo morphological changes (White and Krivit,
1967) and may aggregate spontaneously (Shively et al., 1970).
The extent of ADP-induced platelet aggregation has
been shown to be dependent upon the pH of the suspending medium.
No aggregation occurs below pH 6.4

(Flatow and Freireich, 1966;

McLean and Veloso, 1967) or above pH 10.0, and aggregation is
maximal at pH 8.0 (Skoza et al., 1967).

During the course of

our studies on the second phase of ADP-induced platelet aggregation it was noted that the pH slowly increased in plasma
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samples stored at 37°c, and that the response to ADP decreased.
The present study shows that these two phenomena are related
and describe a simple technique which has been developed to
control the pH of platelet-rich plasma (PRP).
Suspensions in artificial media of washed platelets
have proved to be very useful for studying the mechanisms of
platelet aggregation and release but investigations reported
in Chapter IV show that the coagulation pathway is involved in
the response of platelets to stimuli and therefore meaningful
clinical studies will have to be carried out with PRP, and
preferably stored at 37°c.
Thus this report concerns:

(1) experiments which

show a relationship between pH and platelet aggregation;
the mechanism by which pH affects platelet aggregation;

(2)
(3)

a simple method for controlling plasma pH; and (4) the influence
of temperature on platelet aggregation.

In addition the

observations provide further evidence of the involvement of
platelet coagulant activity in platelet aggregation.
RESULTS
pH AND PLATELET AGGREGATION
The Effect of pH on ADP-Induced Platelet Aggregation and Method
for Maintaining pH and Aggregation Response
In Fig. 5-1 it can be seen that when PRP was stored
at 37°c under an atmosphere of air, there was a progressive
decrease in platelet response to a given concentration of ADP,
and during the same time interval there was also a rise in
plasma pH.

It should be noted that the second phase of platelet

aggregation gradually decreased in extent and finally disappeared and then the first phase of aggregation slowly diminished.

When the second phase had disappeared upon the addition

of a given concentration of ADP, it could be elicited again
by increasing the concentration of nucleotide

(Fig. 5-2).

However, after 3 hrs. of storage a second phase could not be
obtained even at very high concentrations of ADP (Fig. 5-2).
We suspected that the changes in aggregation response
and plasma pH may be related, and to test this possibility we
developed a method to control pH during the course of the
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experiment.

Since the pH of the bicarbonate buffer system is

a function of the partial pressure of

co 2

in the gas phase over

the buffer solution, the effect on pH of replacing the atmosphere over platelet samples with mixtures of gas containing
CO2 was examined.

It had been observed that samples stored

under air, but capped, maintained their response to ADP longer
than plasma kept in unsealed tubes, suggesting that the use of

co 2

may prove to be an acceptable method to contro l pH.

Table

V-1 shows that the pH of samples stored under an a tmosphere of
5% C02-95% air remained constant over a 255 min. observation
period.

However, the pH of samples stored under air increased

from 7.40 to 8.30 over the same time interval.

When platelets

were stored under an atmosphere of 5% C02-95% air, the
aggregation response to a given concentration of ADP remained
constant for 180 mins.

(Fig. 5-3).

From this experiment it

may be inferred that the aggregation response is pH dependent.
However, after 180 mins. the aggregation response slowly declined
despite continued control of the pH suggesting that other
factors may be influencing the response after this time.

A

mixture of 5% C02-95% 02 was also found to maintain platelet
responsiveness to ADP for up to 150 mins.
The experiment shown in Fig. 5-4 provides further
evidence for a relationship between pH and platelet aggregation.
Blood was collected into ACD and the platelets obtained by
centrifugation were resuspended in citrated-PPP prepared from
the same donor after aliquots of the PPP had been titrated to
different pH levels ,

It can be seen that at the concentration

of ADP used, a second phase of aggregation was obtained at pH
7.2 and pH 7.6, but at the higher pH levels no second phase
occurred and the extent of the first phase of aggregation was
less at pH 8.3 than pH 8.2.

Platelet morphology assessed by the

amplitude of the oscillations in light transmission through
stirred samples of plasma and by phase contrast microscopy was
not affected by the plasma pH.
The Effect of pH on ·rhrombin-Induced Aggregation
It has been demonstrated that thrombin is involved in
ADP-induced platelet aggregation and it is possible that the
interactions of thrornbin with platelets may be pH dependent.
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The experiments shown in Fig. 5-5 were carried out to test this
possibility.

As the pH increased in PRP samples stored under

air the response to thrombin decreased (Fig. 5-5A).

When the

pH had increased to 7.63, a biphasic response was noted; as the
pH increased further, the second phase disappeared and then
the first phase decreased in extent.

Samples sto r ed under an

atmosphere of 5% C0 2-95% air to maintain the pH s howed a constant
response to thrombin over a 240 min. observation period (Fig.
5-5B).

When platelets suspended in plasma adjusted to different

pH levels were challenged with thrombin the same pH dependence
as noted for ADP was observed (Fig. 5-5C).
THE IMPORTANCE OF CALCIUM IN pH EFFECTS UPON PLATELET AGGREGATION
The anti-coagulant effect of trisodium citrate depends
on its ability to chelate calcium.

As the pH rises, the binding

of calcium by citrate (Chaberek and Martell, 1959) and by plasma
proteins such as albumin (Pedersen, 1972) increases, and since
calcium is necessary for platelet aggregation we suspected that
this cation may be involved in the demonstrated pH effects upon
platelet aggregation.

The following experiments were carried

out to test this hypothesis.
Restoration of Second Phase Aggregation by Calcium
Fig. 5-6 shows that when the second phase of aggregation
induced by a given concentration of ADP had disappeared, the
response could be restored by the addition of calcium.
The Effect of Citrate Concentration on pH-Dependent Loss of
Aggregation
If calcium is involved in pH effects upon platelet
aggregation, then it is to be expected that the response to ADP
of platelets stored under an atmosphere of air would be maintained longer at lower concentrations of citrate.

Blood from

one donor was collected into 0.1 Mor 0.129 M (3.8%) citrate
and it can be seen in Fig. 5-7 that the second phase of aggregation disappeared more rapidly in the sample collected into
the higher concentration of citrate.
Absence of pH Effect on Aggregation of Washed Platelets
If platelets were suspended without citrate it was
reasoned that a rise in pH would not affect platelet aggregation.
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To test this possibility platelets were washed and resuspended
in Tyrode's solution containing 2 mM calcium, described
previously (Chapter III).

The suspension of washed platelets

was stored under an atmosphere of air in unsealed tubes and
the pH rose slowly over 3 hrs.

It can be seen in Fig. 5-8 that

despite the rise in pH the aggregation response only decreased
slightly over this time period.
Evidence that Decreased Thrombin Generation is Important in
the pH Effect on Platelet Aggregation
In a previous study it was shown that the second phase
of ADP-induced platelet aggregation (i.e. irreversible
aggregation) is due to irreversible fibrin polymerization
through the action of activated factor XIII

(Chapter III).

Since

thrombin is required for activation of factor XIII and the
results suggested that thrombin needed for this reaction was
generated through reactions of the intrinsic pathway of coagulation on the platelet membrane, it was reasoned that the
influence of pH on platelet aggregation may be explained, at
least in part, by a decreased production of thrombin because of
a lack of calcium at high pH8
supports this hypothesis.

The experiment shown in Table V-2

It can be seen that thrombin

generation was slower at pH 8.2 than pH 7.3 when the concentration
of calcium in the test system was 20 mM.

However, the difference

in rates of thrombin generation at pH 7.3 and pH 8.2 was
significantly less when the concentration of calcium in the tes~
system was .increased to 35 mM.
The Effect of pH on Fibrin Monomer Polymerization
Fibrin monomer aggregation is strongly influenced by
the presence of calcium ions

(Boyer et al., 1972) and it was

suspected that increased binding of calcium by citrate and
albumin as the pH increased could lead to impairment of polymerization and hence contribute to loss of the second phase of
ADP-induced platelet aggregation since irreversible aggregation
depends on fibrin polymerization (Chapter III).

In the experiment

shown in Fig. 5-9 thrombin was added to PPP adjusted to two
different pH levels, and the opacity of fibrin during polymerization was measured.

It can be seen that the rate of

opacification was markedly retarded at the higher pH level.
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Although a lack of calcium due to increased binding to
citrate at high pH may partly account for this alteration in
polymerisation, it can be seen in Fig. 5-10 that pH also
~

influences fibrin polymerisation in the presence of calcium
and absence of citrate.

Scheraga and Laskowski

(1957) have

shown that the clot formed at high pH is less opaque and
consists of thinner strands than the clot formed at low pH.
The thin strands of the fine clot are easily broken under
stress and it may be inferred from this that platelet aggregates
formed under these conditions would be less stable.
THE IMPORTANCE OF THE CITRATE CONCENTRATION WHEN STUDYING THE
SECOND PHASE OF ADP-INDUCED PLATELET AGGREGATION
Since calcium is essential for irreversible
I

aggregation it was suspected that the concentration of citrate

I

ADP required to elicit a second phase of platelet aggregation.

r

Ten subjects were studied and the results are summarized in

used for blood collection may determine the concentration of

Fig. 5-11.

As the concentration of citrate increased, the

concentration of ADP required to induce a second phase of
platelet aggregation increased, and the higher concentrations
of citrate used completely inhibited the second phase.

In the

two upper curves it .should be noted that when citrate at the
concentration of 3.a ·i

(0.129M) was used (a concentration which

is widely employed in platelet aggregation studies), the minimal
concentration of ADP required to induce a second phase of
platelet aggregation exceeded that required when O.lM citrate
was used as the anti~coagulatn.
lowest concentration:3 of ADP

It is of interest that the

which resulted in a second phase

of aggregation differed in the subjects studies, and the results
indicate that to ass(~ss this function of platelets, citrate at
a concentration of O.lM should be used.
THE EFFECT OF pH UPON THE AGGREGATION RESPONSE OF PLATELETS
STORED AT ROOM TEMPERATURE
Platelet aggregation (and anti-coagulant) are temperature dependent.

The rate of aggregation is less at 20°c
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than at 37°c, and ADP does not cause aggregation at o0 c, except
when high concentrations of the nucleotide are used (O'Brien,
1962).

Thus, aggregation studies should be conducted at 37°c,

and the experiments to follow emphasize the necessity also for
storing platelets at 37°c during the course of in vitrc studies
of platelet aggregation.

In the experiments summarizec in Figs.

5-12 and 5-13 PRP w~s stored at room temperature

\20-22°c) and

the samples were warmed to 37°c for 3 min. prior to each
aggre gation test.

To evaluate the effect of pH on the aggregation

of platelets stored at room temperature, PRP was stored under
an atmosphere of air, or a mixture of 5% C02-95% air.
features should be noted.

Several

When platelets were tested immediately,

the concentration of ADP required to induce a biphasic
aggregation response was lower for platelets stored at room
temperature than for those stores at 37°c, although the pH was
the same in both samples (Fig. 5-12).

As the pH increased in

samples maintained at room temperature, the platelets became
more sensitive to ADP as indicated by a decrease in the minimal
concentration of ADP required to elicit a second phase of
aggregation (Fig. 5-13).

However, when the pH rose above 7.6

there was a decrease in platelet responsiveness to ADP (Fig. 5-13).
When the pH of PRP stored at room temperature was maintained at
7.4, the aggregation response to a given concentration of ADP
remained constant for up to 3 hrs.

It is apparent from these

experiments that PRP should not be kept at room temperature for
in vitro studies of platelet function.
DISCUSSION
The aggregation of platelets after the addition of
ADP can be resolved into two phases and it has been shown that
the second or irreversible phase is due to fibrin polymerization
(Chapter III). The second phase of aggregation is associated
with the release of adenine nucleotides, 5-hydroxtryptamine and
other materials from the platelets (Mills et al., 1968) , _and
both aggregation and release are mediated by thrombin (Chapter
III). The data presented in Fig. 5-11 in this paper shows that
the lowest concentration of ADP required to induce secondary
aggregation in ten subjects studied varied considerably between
individuals.

This difference in platelet behaviour may be due
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to enhanced thrombin generation in some subjects and hence
reflect a thrombotic tendency in those individuals.

The present

studies show, however, that differences in this aspect of
platelet behaviour can only be demonstrated if careful attention
is directed to certain environmental factors.

The findings of

these studies can be summarized as follows:
(1)

PRP exposed to air undergoes a rise in pH due to
diffusion of co 2 , and this is associated with an
increase in the threshold concentration of ADP
required to induce secondary or irreversible
aggregation.

When the pH rises above 8.0 a second

phase cannot be elicited.
(2)

The second phase of aggregation is calcium-dependent
and the results show that the threshold concentration
of ADP required to induce secondary aggregation is
increased at higher concentrations of citrate.

The

data shows that blood for preparation of PRP for
aggregation studies should be collected into O.lM
(3)

citrate and not 0.129M (3.8%) citrate.
Platelets stored at room temperature, rather than 37°c,
are considerably more sensitive to ADP, i.e. the
threshold concentration of ADP required to induce
secondary aggregation is significantly less.

Thus, for

in vitro studies of platelet function, plasma should
be prepared from blood collected into O.lM citrate,
stored at 37°c, and the pH maintained at physiological
levels.

A method was developed to control pH.

The pH

depends on the partial pressure of co 2 in plasma, and
this could be simply controlled by storing the plasma
under an atmosphere of 5% co 2 -95% air. Under these
conditions samples of PRP could be studied for up to 4
hrs.

The decrease in platelet responsiveness to stimuli

observed after 4 hrs. is probably due at least in part to
thrombin generation.

In results to be published it was

shown that platelets in plasma anti-coagulated with
citrate gradually disintegrate, whereas platelets in
heparinized-plasma do not.

Furthermore, platelet lysis

in citrated-plasma could be prevented by adding an
inhibitor of thrombin such as TAMe (p.tosyl arginine
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methyl ester), or by adding EDTA to chelate additional
calcium ions and thus prevent generation of thrombin.
It is possible that co 2 may have another beneficial
effect on platelet function in addition to stabilizing the pH
of the suspending medium.

The presence of

co 2

in the medium

stimulates respiration of strain L cells (Danes and Paul, 1961),
and stabilizes the rate of o2 -uptake of kidney tissue slices
for several hours (Laser, 1942). Oxidative metabolism of
platelets may depend on the

co 2

tension of the environment in

the same way as it does for kidney and strain L cells.

Strain

L cells grown in a medium equilibrated with 95% oxygen had a
lower respiratory rate than cells grown under 0-20% oxygen
(Danes and Paul, 1961), and this might explain why platelets
stored under an atmosphere of 5%

co 2 -95%

oxygen showed a decrease

in responsiveness to ADP after 150 mins., whereas aggregability
was maintained for 180 mins. or longer when platelets were
stored under 5%

co 2 -95%

air.

The effect of pH on platelet aggregation was shown to
be mediated by a decrease in calcium.

This conclusion was

derived from the following observations:

(1)

calcium restored

the second phase of aggregation after it had disappeared;

(2)

platelet responsiveness was maintained longer at lower citrate
concentrations; and (3) no pH effect was observed with washed
platelets resuspended in Tyrode's solution containing 0.35%
albumin, 2 mM calcium and no citrate.

As the pH rises the

calcium-citrate complex dissociates less readily (Chaberek
and Martell, 1959), and it has also recently been shown that
slope of binding of calcium to albumin is steepest in the pH
range 7-8 (Pedersen, 1972).

It may be concluded from this

evidence that calcium, essential for aggregation, decreases in
availability due to increased binding to citrate and albumin
(and possibly other plasma proteins) as the pH rises.
Calcium is involved in several ways in platelet
aggregation.

Irreversible aggregation is due to fibrin poly-

merization (Chapter III), and the latter is strongly influenced
by the presence of calcium ions (Boyer et al., 1972).

Stabil-

ization of fibrin by activated factor XIII is also calciumdependent.

In addition, thrombin generation through calcium-

dependent reactions of the intrinsic pathway of coagulation on
the platelet membrane is important in the platelet response to
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ADP

(Chapter III), and the present results show that

this is decreased at high pH due to a decrease in availability
of calcium.

Decreased fibrin polymerization due to calcium

deficiency at high pH could also explain the pH effects on
thrombin-induced aggregation observed here.
An inhibitory effect of alkaline pH on fibrin polymerization which cannot be accounted for by binding of calcium
to citrate was also demonstrated (Fig. 5-10).

This result

probably explains the inability of calcium to restore aggregation
above a certain plasma pH level (Fig. 5-2).
The present studies show that temperature is another
important variable which has to be controlled in in vitro
studies of platelet function.

Platelets stored at room tem-

perature were much more sensitive to ADP and thrombin than when
kept at 37°c.

I:

Hardisty et al.

(1970) studied the second phase

of platelet aggregation in 60 subjects and found the range of
threshold concentrations for ADP to be much lower than reported
here, and furthermore they concluded that significant inherent
differences in this aspect of platelet behaviour did not exist
in the population studied.

However, plasma was kept at room

temperature (18°-22°c) in their studies and this possibly
explains the increased sensitivity of platelets and perhaps also
the failure to show differences in sensitivity between individuals.
Macmillan (1966) examined the second phase of aggregation of
human platelets using PRP stored at 37°c and was able to show
differences between subjects, in agreement with our findings.
Unlike platelets stored at 37°c, those kept at room
temperature showed an initial increase in sensitivity to ADP
as the pH rose, followed by a decline in sensitivity when the pH
drifted above 7.6.

Recent observations by Murer (1972) provide

an explanation for both the increased sensitivity, and the
initial pH-dependent further sensitization.

He described a

procedure whereby the platelet release reaction can be divided
into two steps, namely, initiation and extrusion, and found that
the initiation step was more sensitive to thrombin at 15°c than
at 37°c.

He also showed that the initiation phase was optimal

at about pH 8.0.

Thus, as the pH rises the initiation step

becomes more sensitive to thrombin and therefore platelet
sensitivity increases, until pH 7.6 when fibrin polymerization
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is inhibited and then aggregability declines.

This complex

pattern of behaviour of platelets stored at room temperature
obviously makes them unsuitable for in vitro studies, and
storage at 37°c obviates these problems.
SUMMARY
The threshold concentration of ADP required to induce
second phase or irreversible platelet aggregation was shown to
differ between individuals when certain environmental factors
were controlled during platelet handling.

The factors shown

to be important were plasma pH, temperature_, and calcium concentration.

PRP exposed to air underwent a rise in pH and this

was initially associated with an increase in the threshold
concentration of ADP required to induce second phase aggregation.
When the pH rose above 8.0, however, a second phase could not

I·

be elicited.

j

maintained for up to 4 hrs. by simply storing the PRP under an

Plasma pH and platelet responsiveness could be

atmosphere of 5% co 2 -95% air.
The second phase of aggregation
is due to fibrin polymerization (Chapter III) which
is calcium-dependent, and the pH effect was shown to be due in
part to a decrease in availability of calcium as a consequence
of a pH-dependent increase in binding of calcium, possibly to
citrate and albumin.

Alkaline pH also inhibited fibrin poly-

merization independently of calcium.

The ADP threshold for

secondary aggregation was also influenced by the citrate concentration and it was shown that O.lM, and not 0.129M (3.8%)
citrate should be used for blood collection for preparation o:
plasma for studies of platelet function.

Platelets stored

at room temperature were much more sensitive to ADP and thrombin
than when kept at 37°c

and it is suggested that this sensitiz-

ation at lower temperatures may obscure differences in platelet
responsiveness between individuals.

As the pH became more

alkaline the sensitivity of platelets stored at room temperature
increased and then subsequently decreased.
Since the coagulation pathway is involved in the
response of platelets to stimuli (Chapter III) meaningful clinical
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studies of platelet function will have to be carried out with
PRP, and the present Chapter defines some of the c ptimal
conditions for handling and storage of plasma.

Table V-1.

pH of PRP stored at 37°c under an atmosphere of

air, or 5% co 2 -95% air.

I
I

Plasma pH

Storage time

(min.)

Air

5% co 2 -95% air

0

7.40

7.42

45

7.74

7.46

105

7.92

7.42

165

8.05

7.41

195

8.15

7.41

255

8.30

7.47

Table V-2.

Influence of pH on thrombin generation and effect

of calcium.

pH of
thrombin
generation
mixture

Concentration
of ca2(M) added
to thrombin
generation
mixture

Incubation time (mins. )
3

1

5

7

9

Clotting time (secs)

7.3

0.020
0.035

>100
>100

83
23

21
21

32
33

38
40

8.2

0.020
0.035

>100
>100

>100
97

>100
22

24

39
46

29

A modification of the thromboplastin generation test (Biggs
and Douglas, 1953) was used.
0.2ml vols of:

(a) adsorbed plasma diluted 1 in 5;

(b) serum

diluted 1 in 10; and (c) phospholipid suspension (Diagen
platelet substitute obtained from Diagnostic Reagents Ltd.,
Thame, Oxon, England) were mixed together in a test tube placed
in a water bath at 37°c.

The pH of each reagent was either 7.3

or 8.2 to obtain a final pH in the mixture of 7.3 or 8.2.
0.2ml of either 0.020M or 0.035M calcium chloride was added,
and at intervals thereafter, 0.1ml of the incubating mixture
was transferred to successive tubes containing the substrate.
The clotting times of the substrate samples were recorded.
The substrate was a solution of fibrinogen
chloride (2mM) in Michaelis buffer.

(300mg%) and calcium

The pH of the substrate was

adjusted to 6.2 in the experiments where the pH of the incubating
mixture was 8.2 so that the final pH upon addition of the
incubating mixture to substrate was 7.3.
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FIGURE 5-1.
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Changes in platelet aggregation response and pH of

PRP stored under an atmosphere of air.
point indicated by the arrow.

ADP (3.6µM) was added at the

Plasma pH and storage time (mins)

at 37°c is shown on the right of each tracing.

(Time elapsed

from venipuncture to onset of storage at 37°c was circa 45 mins in
most experiments).

Tracings have been superimposed in this and

subsequent figures, and final concentrations of reagents are given.
In all experiments except where indicated blood was collected
into 1/10 vol of 0.100M citrate.
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FIGURE 5-2.

Increase in threshold concentration of ADP required to

induce second phase aggregation with increasing plasnia pH, and absence
of second phase aggregation at higher pH.

In this experiment the

PRP samP,le used in the experiment sumniarised in Figure 5-1

was employed.
On the left:

when the pH had risen to 7.75

(110 mins storage

under air), ADP 3.6µM failed to induce second phase aggregation
(see Figure 5-1).

However, ADP 6.3µM and 9.0µM caused second

phase aggregation.
On the right:

when the pH had risen to 8.30 (255 mins storage under

air) ADP 6.3µM and 9.0µM failed to induce second phase aggregation.
ADP was added at the points indicated by the arrows, and the
numbers beside each tracing indicate the concentration (µM)
of ADP.
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FIGURE 5-3.

Constant aggregation response and pH of PRP stored

under an atmosphere of 5%

co 2 -95%

air.

Plasma pH and storage time

(mins) at 37°c is shown on the right of each tracing.
(3.6µM) was added at the point indicated by the arrow.
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Influence of plasma pH on extent of ADP (3.6µM)

induced platelet aggregation.

Blood was collected into ACD and

the platelets obtained by centrifugation were resuspended in
citrated-PPP prepared from the same donor, after aliquots of the
PPP had been adjusted to different pH levels

(shown on the right

of each tracing).
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Effect of plasma pH on thrornbin-induced aggregation.

Decline in thrornbin response and rise in pH of PRP stored

under air.

Numbers beside each tracing indicate plasma pH.

Thrornbin (T) 0.27 U/ml was added at the point indicated by the
arrow.
B:

Constant aggregation response of PRP stored under an

atmosphere of 5%

co 2 -95%

air.

Numbers beside each tracing

indicate storage time (mins) at 37°c .
pH remained constant at 7.40.

In this experiment plasma

Thrombin 0.27 U/ml was added at

the point indicated by the arrow.
C:

Influence of plasma pH on extent of aggregation.

Blood

was collected into ACD and the platelets obtained by
centrifugation were resuspended in citrated-PPP prepared from
the same donor, after aliquots of the PPP had been adjusted to
different pH levels

(shown on the right of each tracing).

Thrornbin 0.18 U/ml was added at the point indicated by the
arrow.
In several of the experiments aggregation ended in clotting
(indicated by the sudden change in light transmission).
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Effect of calcium on loss of platelet sensitivity

to ADP at high plasma pH.

PRP was stored under air, and the pH

allowed to rise.
(1)

response to ADP

(4.5~M) at plasma pH 8.14.

(2)

response to ADP (4.5~M) at plasma pH 7.50.

u

(3)

response to ADP

I

ADP was added at the point indicated by the arrow, and

(4.5~M) and calcium (lmM) at plasma pH 8.14.

calcium (expt 3) or rrodified Tyrode's solution (expts. 1
and 2) was added 1 min before.
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Absence of pH effect on aggregation of washed platelets .

Platelets were washed twice by Method 1, and stored at 37°c
under an atmosphere of air, to allow a rise in pH.

The pH of

the suspension and storage time (mins) at 37°c is shown on the
right of each tracing.

ADP (3.6µM) was added at the point

indicated by the arrow, and fibrinogen (F)
added 30 secs before.
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Effect o f pH on fibrin monomer polymerization.

Polymeri zation wa s ass essed by measuring the change in opacity
of the fibrin.

At zero time 0.1ml thrombin (IU/ml) was added

to 0.9 ml of citrated-PPP at pH 7.3 or 8.2.
was obtained by exposing the sample to air.
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Effect of pH on fibrin monomer polymerization and

influence of calcium.

At zero time 0.1ml thrornbin (lOU/ml)

was added to 0.9ml of fibrinogen solution (3.0g/1) in Michaelis
buffer.

The pH and the calcium content of the fibrinogen

solution in each experiment were as follows:
(1) calcium 3.0rnM, pH 7.25.
(2) no calcium, pH 7.25.
(3) calcium 3.0mM, pH 8.20.
(4) no calcium, pH 8.20.
Modified Tyrode's solution replaced calcium in experiments
(2) and (4).
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sample;

this accounts for the variation in PRP citrate

concentration when blood was collected into 0.100M or 0.129M
citrate.
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Comparison of aggregation response of platelets
0
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stored at 37 C or 20 C (room temperature).
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citrated-PRP stored at 20 C under an atmosphere
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CHAPTER VI

HEPARIN, PLATELErs AND BLOOD COAGULATION.
IMPLICATIONS
FOR LOW DOSE HEPARIN PROPHYLACTIC REGIMENS IN VENOUS
THROMBOSIS
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INTRODUCTION
Although heparin has been widel y used for over 35
years in the treatment of thromboembolic disorders, there
remains much confusion over its mode of action, r~thod of
administration, dosage and regulation of therapy .

For a long

time the conventional approach has been to administer large
doses of heparin by intravenous infusion but recent experience
suggests that much lower doses of subcutaneously administered
heparin started before the operation and continued postoperatively, can safely prevent post-operative thrombosis in
popliteal, femoral and calf-veins detected by 125r - fibrinogen
scanning (Sharnoff and De Blasio, 1970; Williams, 1971; Kakkar
et al., 1972).

However, published results of low-dose heparin

treatment of patients after hip fracture or myocardial
infarction have been disappointing (Kakkar et al., 1972;
Handley, 1972), although Gallus et al.

(1973) found a lower

rate of calf-vein thrombosis in such patients when 5000 IU of
heparin was given subcutaneously three times, then twice daily
as in the other studies.

Since 40,000 IU heparin per day by

continuous intravenous injections did prevent calf-vein
thrombosis after myocardial infarction, it appears that the
dosage of heparin required to prevent thrombosis is determined
by whether therapy is commenced before or after the causative
event.
The prophylactic use of small doses of heparin before
and after surgery was introduced by Sharnoff and colleagues
(1960), who found accelerated coagulation during and after
surgery and thought this may be related to thrombus formation.
They subsequently reported that post-operative shortening of
the whole-blood clotting time could be prevented by this
prophylactic regimen.

Although it has been suggested that in

vitro coagulation tests are not prolonged by small doses of
heparin, others have found a significant prolongation of the
activated partial thromboplastin time (Gallus et al., 1973),
and small amounts of circulating heparin after subcutaneous
injection can be detected with thrombin clotting time (O'Brien
et al., 1972; Eika et al., 1972), or activated factor X
inhibitor assays (Bonnar et al., 1972; Yin et al., 1973).
These results indicate that an anticoagulant action of heparin
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could account for the therapeutic effects of low-dose heparin.
Yin et al.

(1971a) have identified a naturally occurring

inhibitor to activated coagulation factor X in human plasma,
whose activity is profoundly augmented by trace amounts of
heparin.

Yin et al.

(1971b) and Kakkar et al.

(1972) have

proposed that this is the way in which heparin prevents venous
thrombosis.

Yin et al.

(1971b) also showed that the same

inhibitor was active against thrombin but the amount of heparin
necessary to block the thrombin-fibrinogen reactions by the
inhibitor was considerably more than required to neutralise
activated factor X and II.

If accelerated coagulation is

important in venous thrombosis following tissue trauma, this
theory satisfactorily explains why a low dose of heparin fails
to prevent venous thrombosis in patients after hip fracture or
myocardial infarction.
Although the relevance of accelerated blood coagulation
which is found after surgery to thrombin formation is not clear,
in Chapter III it was shown that irreversible platelet aggregation and the platelet release reactions are caused by thrombin,
generated through the coagulation pathways on the platelet
membrane.

This evidence suggests how accelerated blood coag-

ulation may be commonly related to thrombus formation.

This

dependence of the platelet release action on thrombin generated
through the coagulation pathways is in keeping with the
observations that heparin inhibits the platelet release reaction
(Chapter III).

Moreover, O'Brien et al.

(1969) reported that

heparin in vitro inhibited collagen-induced and adrenalineinduced platelet aggregation and concluded that it achieved
this effect by inhibiting the release reaction.

Heparin has

also been shown to reduce increased post-operative platelet
adhesiveness (Negus et al., 1971) and to prolong platelet
survival in dogs (Rowsell et al., 1967), and man (Mustard and
Murphy, 1963b). Harker and Slichler (1972) also reported that
in patients with venous thrombosis, tissue trauma, widespread
cancer, obstretic complications and bacteraemia, increased
platelet and fibrinogen consumption could be modified by
heparin.

The preceding observations are in accord with the

effectiveness of heparin in the prevention of thrombosis.
In contrast, however, heparin injected into man or
rabbit has been reported to cause transient thrombocytopaenia
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(Gollub and Ulin, 1962, Eika and Godal, 1971) although others
have failed to show any effect (Davey and Lander, 1968).
In vitro heparin has been reported to potentiate adrenalineinduced release of platelet constituents in citrated plasma
(Zucker, 1972).

Recently Eika (1972a,b) has also published

evidence that eight commercial heparin preparations all induced
aggregation of washed human platelets and concluded that this
effect is probably due to release of platelet ADP by heparin.
The experiments reported here provide reasons for
these conflicting reports concerning the effects of heparin
on platelets, and have relevance to thrombosis and its management.
This report concerns:

(1)

evidence that heparin

inhibits the platelet release reaction and that it achieves
this effect by interfering with coagulation (and particularly
by inhibiting the action of activated factor X);

(2)

evidence

that heparin-induced aggregation and release, and potentiation
of release and aggregation by other agents reflect in vitro
conditions; and (3)

discussion of the role of accelerated

coagulation in thrombosis and its control by heparin.
RESULTS
INHIBITORY EFFECTS OF HEPARIN ON PLATELETS
Results in Chapter III show that irreversible
aggregation and the release reaction are caused by thrombin
generated on the platelet membrane through the activation of
coagulation pathways, and it is therefore possible that
heparin may influence platelet function through its anticoagulant effects.

The effects of heparin on platelets

suspended in plasma (and thus with an intact coagulation
pathway) or in an artificial medium (and thus free of
coagulation factors) were examined.

Similar results were

obtained with both commercial heparin preparations.
Comparison of platelet function in plasma anticoagulated with
citrate or different concentrations of heparin
Platelets labelled with 3 H-5HT in ACD plasma, were
centrifuged and resuspended in PPP prepared from blood anticoagulated with trisodium citrate, or various concentrations
of heparin (Evans).

The results of such an experiment which
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have recently been reported in Chapter III, showed that ADP
caused the release action in citrated-plasma but not in
heparinised-plasma.

Although the concentration of heparin

used in this experiment was high (100 U/ml), subsequent
experiments have shown that much lower concentrations of
heparin can inhibit the platelet release reaction caused by
ADP.

For example, in Table VI-1 (experiment 1) it can be seen

that 1.7 U/ml heparin considerably reduced the amount of radioactivity released from platelets by two different concentrations of ADP.

The lowest concentration of ADP able to

induce the release reaction in this experiment was 4.5 µM,
and it should be noted that 1.7 U/ml heparin was more inhibitory
when this concentration of nucleotide was used than when a
higher concentration of ADP was used (i.e. 9.0 µM).

In Table

VI-1 (experiment 2) it can be seen that 0.2 U/ml heparin was
sufficient to inhibit the release reaction when a concentration
of 1.5 µM ADP was used, whereas, 0.4 U/ml heparin was required
to completely inhibit the release reaction caused by 7.5 µM
ADP.

These results are to be expected since the release

reaction is dependent on coagulation and the activation of
coagulation increases as the concentration of ADP increases
(Walsh, 1972b).

Thus, the concentration of heparin required

to inhibit the release reaction increases as the activity of
the coagulation pathway increases.
Effect of heparin on platelets in dialyzed plasma
Platelets in plasma anticoagulated with ACD were
labelled with 3 H-5HT, washed once and resuspended in dialysed
plasma.

In this test system the addition of ADP together with

calcium, induced platelet aggregation which was invariably
followed by clotting of the sample (Fig. 6-1).

Furthermore,

the clotting time decreased as the concentration of ADP was
increased (Fig. 6-1).

It can also be seen that 4 mins. after

the addition of ADP, there was release of platelet radioactivity
associated with irreversible, but not reversible aggregation
(Fig. 6-1).

The addition of heparin before ADP and calcium,

resulted in inhibition of the second phase of aggregation, the
release reaction and clotting, but did not inhibit the first
phase of aggregation (Fig. 6-1).
In this test system it was
also possible to demonstrate inhibitory effects of heparin at
concentrations considerably less than 1 U/ml

(Table VI-2).
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Inhibitory effects of heparin on washed platelets suspended
in an artificial medium
Attention has been drawn to the fact that certain
methods for isolating platelets from plasma allow thrornbin to
be generated during the procedures, with consequent alteration
in platelet function.

By avoiding this problem, it is possible

to obtain isolated platelets which only respond to ADP upon
the addition of both fibrinogen and thrornbin and it was
concluded that aggregation and the platelet release reaction
reflect a thrornbin-fibrinogen interaction.

In the experiment

shown in Fig. 6-2, sufficient thrornbin was added to enable
second phase aggregation to occur and it can be seen that
heparin alone prevented this.

However, in the presence of

dialyzed, heated and adsorbed plasma (which contains antithrornbin III and XaI activity) a much lower concentration of
heparin was able to inhibit second phase aggregation (Fig.
6-2) .
It has been suggested that heparin inhibits the
coagulation mechanism by augmenting the activity of a naturally
occurring inhibitor (XaI) to activated factor X (Xa)
al., 1971b).

(Yin et

To determine whether this activity of heparin

accounts for its inhibitory effects on platelets, the experiment
summarised in Fig. 6-3 was carried out.

Washed platelets were

obtained which responded to Russell's viper venom (RVV),
indicating the presence of factor X, V and II adsorbed to
their membranes.

RVV activates factor X on platelets, and

aggregation is mediated through thrornbin generated on the
platelet surface (Chapter III); this accounts for the lag
period seen in Fig. 6-3.

It can be seen that XaI partly

inhibited RVV-induced aggregation, but when a trace amount of
heparin was also added, there was complete inhibition of
aggregation (Fig. 6-3).

It should be noted, however, that

heparin alone accelerated aggregation (Fig. 6-3).

Results

similar to the above were obtained when coagulation was initiated
by Xa rather than RVV.
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EXPERIMENTAL SYSTEMS IN WHICH THE INHIBITORY EFFECTS OF HEPARIN
CANNOT BE DEMONSTRATED
Effect o f h eparin on platelets in citrated-plasm~
Various investigations (Eika, 1972c; Zucker, 1972)
have s hown that heparin added to citrated-PRP has no inhibitory
effect on platelet aggregation and release and we have confirmed
th i s o bservation (Fig. 6-4).

In the experiment s hown in Fig.

6-4 i t can be seen that heparin at a concentration as high as
83 U/ ml failed to inhibit irreversible aggregation and release
caused by ADP.

Furthermore, heparin augmented the release of

p l ate let radioactivity, which increased in amount as the time
of incubation of platelets with heparin prior to addition of
ADP wa s increased up to 15 mins.

(Table IV-3, experiment 1).

The e ffect of different concentrations of heparin incubated
with platelets for 15 mins. before adding ADP was also examined,
and i t can be seen that the extent of release was the same over
a 100 -fold range in heparin concentration (Table VI-3,

r

experiment 2).
Injected heparin has been reported to cause transient
thrombo cytopaenia in vivo (Gollub and Ulin, 1962; Eika and Godal,
1971) a nd we therefore examined the effect of heparin alone
without ADP on platelets.

No effect could be demonstrated on

plat ele ts suspended in citrated or in dialysed-plasma.
Potentiation by heparin of response to ADP of washed platelets
suspend ed in an artificial medium
The following experiments firstly reveal a minor
difference in the effects of two different commercial
prepa r a tions of heparin, and secondly, show that the influence
of heparin on washed platelets is determined by the procedure
employed for isolating platelets and thus the nature of the
platele ts obtained.

In a previous experiment (Fig. 6-2) it was

shown that if thrombin generation was prevented during washing
of platelets, it was necessary to add thrombin back to restore
function o f these washed platelets and heparin inhibited the
release re a ction and irreversible aggregation caused by ADP.
Howeve r , if coagulation is allowed during isolation and washing
of platelets (Method 1), the platelets obtained respond to ADP
without the addition of further thrombin, probably because it
is alre ady present in association with the membranes of these
platele ts, and in Fig. 6-SA it can be seen that heparin did not
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inhibit, but rather seemed to potentiate aggregation of these
platelets by ADP and augmented release of platelet radio-activity.

In this experiment heparin at concentration in t he

platelet suspending medium of 1, 10 and 100 U/ml was used and
it is not eworthy that the amount of radioactivity released
increased with increasing heparin concentration.

In Fig. 6 - SB

the same washe d platelets were challenged with a lower c o nce nttration o f ADP which only produced reversible aggregation, and
it can be s een, that the addition of heparin changed this
response t o i r reversible aggregation and caused the release of
platelet radioactivity.

The same results were obtained whe t he r

or not an ti-thrornbin (heated, dialysed, adsorbed plasma) was
added with the heparin.

Although both commercial preparat ions

of heparin enhanced the response of platelets washed in the
manner des cribed here, the effect with heparin (C.S.L.) was
observed a f t er 30 secs. incubation with platelets, whereas,
heparin (Evans) only potentiated aggregation after 15-30 min s .
incubation.
In contrast to the previous experiment when washed
platelets we re isolated by Method 2, a different response was
obtained with heparin.

Platelets washed by this latter method

will respond to ADP without the addition of thrombin, but
second phase aggregation and release do not occur, indicating
lesser amo un t s of thrornbin associated with these platelets
than those is o lated by Method 1.

In Fig. 6-6 it can be seen

that altho ugh heparin markedly potentiated aggregatior., no
release of p latelet radioactivity occurred.
A p ossible explanation for the results described in
this section i s that thrornbin associated with the membranes of
platelets , i s protected from its natural inhibitor and hence
the inhibitory activity of heparin by platelets.
Effects of h e pa rin alone on washed platelets.

Influence of

temperature and other factors
In a r e cent study, Eika (1972b) showed that eight
commercial p re p arations of heparin all induced aggregati o n of
washed human p latelets.

We therefore examined the effec t of

heparin alone , in the absence of ADP, but showed that neithe r
of the two hepa r i ns used would cause aggregation or release
in any of the preparations of washed platelets used in the
preceding inv estigations.

Since the methods used here f or
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washing platelets differ from the method used by Eika, and
it was suspected that this may account for the conflicting
findings, appropriate modifications were made to one of our
methods to duplicate some aspects of the method of Eika.
Method 2 washing and suspending fluid were modified as
follows:

apyrase was omitted; the pH was adjusted from 6.5

to 7.4; and platelets were handled and stored at either 370c
or 4°c.

When these modifications were used to isolate

platelets, it was demonstrated that heparin (C.S.L.), but not
heparin (Evans), has an effect on washed platelets, and the
results follow.
Heparin alone, added to platelets isolated at 37°c
caused moderate aggregation, without release of radioactivity,
and fibrinog en potentiated the response (Fig. 6-7A).

It should

be emphasis ed that heparin-induced aggregation of these washed
platelets only occurred at concentrations above 10 U/ml in the
suspending medium.

Furthermore, aggregation occurred without

the addition of calcium to the suspending medium, although
EDTA inhibited the response (Fig. 6-7B).

When apyrase, which

degrades ADP was added, slight inhibition of heparin-induced
aggregation was observed (Fig. 6-7B).

When platelets were

isolated at 4°c rather than 37°c, heparin caused both minimal
aggregation and release of platelet radioactivity, and these
responses were augmented by fibrinogen (Fig. 6-8).

Again,

aggregation occurred without the addition of calcium, but EDTA
inhibited the response (Fig. 6-9).

When apyrase was added

before heparin, aggregation and release were inhibited (Fig.
6-9) .
DISCUSSION
It is concluded from evidence reported here that the
efficacy of low dose heparin regimens in the prophylaxis of
venous thrombosis is due to the ability of heparin to augment
the anti-coagulant effect of a naturally occurring inhibitor
in plasma directed against Xa.

The fluidity of circulating

blood is controlled, in part, by several naturally occurring
inhibitors in plasma to various activated coagulation factors,
including XIa, Xa and IIa, and XaI (activated factor X
inhibitor) was first identified in 1969 by Yin and Wessler,
who subsequently showed that it instantaneously and irreversibly
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inhi bited Xa, and that this inhibitory activity was profoundly
augme n ted by trace amounts of heparin (Yin and Wessler, 1970;
Yin et al., 1971b).

Furthermore, there is evidence that anti -

thromb in III activity (the principal circulating inhibitor
to thro mbin) and XaI activity reside in a simple protein (Yin
et al., 1971c).
The data presented in this paper which clarify the
effect s o f heparin on platelets and define its mode of action
can be s ummarized as follows:
(1)

Heparin inhibits irreversible aggregation and the
release reaction (Fig. 6-1).

(2 )

Irreversible aggregation and the release reaction
are caused by thrornbin generated on the platelet
me~rane through the coagulation pathways, and as
the extent of activation of coagulation increases
with increasing ADP, the concentrations of heparin
required to inhibit the release reaction and
irreversible aggregation increases (Table 6-1).

( 3)

Heparin was more effective in the presence of
dialysed, heated and adsorbed plasma (which contains
XaI and antithrornbin)

(4 )

(Fig. 6-2).

RVV-induced platelet aggregation is mediated by
thrornbin and depends on activation of Factor X.
Aggregation by RVV was partly inhibited by XaI, and
and completely inhibited by XaI and trace amounts
of heparin (Fig. 6-3) and similar results were obtained
when aggregation was caused by Xa.

(5)

When washed platelets were obtained with thrornbin in
association with their membranes, aggregation and
release occurred upon the addition of ADP and
fibrinogen, and heparin was unable to inhibit these
responses (Fig. 6-5).
This last result suggests that when thrombin is

adsorbed to the platelet surface, it is protected from inactivation by antithrornbin

III and heparin.

Factor Xa, however,

has been reported to be as susceptible to inactivation by XaI
on the p latelet surface as it is in solution (Walsh and Biggs ,
1972).

Thus, although XaI activity and antithrombin

III

activity both reside in the same protein and both are influe nced
by hepar in, our results indicate that heparin inhibits platel e t
functions by p reventing thrornbin generation by inactivati ng
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(with XaI) factor Xa, rather than preventing the thrombinfibrinogen reaction.

Furthermore, Yin et al.

(1970) have

shown that XaI is more effective against factor X than against
thrombin.

They concluded from their data that 1 µg XaI

inhibits 32 units of Xa in contrast to only 1.2 units of
thrombin.

Secondly, they calculated that 1 µg of XaI by

neutralizing 32 units of Xa would prevent, because of the
amplification which occurs in the sequential reaction of blood
coagulation, the generation of 1600 units of thrombin and to
neutralise this would require 1330 µg of XaI, i.e. more than
a 1300-fold increase in the quantity of inhibitor.
This economy in XaI utilisation when thrombin formation
is prevented, together with our observations and those of
Yin and colleagues (1971) strongly suggest that the physiological
target of the inhibitor is Xa rather than thrombin, and that
heparin achieves its anti-coagulant effect by augmenting XaI
activity.

Since small amounts of heparin may normally be

present in plasma (Eiber and Danishefsky, 1957; Engelberg, 1961),
it is quite possible that endogenous circulating heparin has a
physiological role in regulating the blood coagulation mechanism
and platelet function and thus acts as a natural anti-coagulant.
Conflicting results have been obtained with different
tests of platelet function and there is considerable evidence
of an increase in platelet adhesiveness to glass after surgical
operations (Wright, 1942; Emmons and Mitchell, 1965; Negus et
al., 1971; O'Brien et al., 1972).

Although the connection

between this event and predisposition to thrombosis remains
uncertain, it is considered that altered platelet function is
causally related to thrombus formation.
based on two observations.

This suggestion is

Firstly, blood coagulation is

accelerated during and after operation (Sharnoff et al., 1960;
Ygge, 1970).

Secondly, we have recently shown that platelet

functions of aggregation and release are dependent on thrombin
generated through the coagulation pathways (Chapter III).

Thus,

accelerated coagulation results in altered platelet functions.
Indeed, with the Chandler apparatus it has been shown that
platelet aggregation in recalcified plasma is markedly increased
in post-operative subjects (Ardlie et al., 1967).

It is

proposed therefore, that an alteration in circulating platelets
due to accelerated coagulation is the cause of post-operative
deep vein thrombosis. This concept of post-operative thrombosis
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and the way in which it is influenced by heparin is sununarised
diagranunatically in Fig. 6-10.
In other experiments reported here, heparin (with or
without antithrombin

III and XaI) was known to potentiate ADP-

induced aggregation of washed platelets obtained with thrombin
in association with their membranes (Fig. 6-5 and 6-6), and
furthermore, it did not inhibit the first phase of aggregation
in which it has been shown that thrombin and fibrinogen are
involved in a bond between adherent platelets (Chapter III).
The possibility that thrombin adsorbed to the platelet membrane
may be protected by platelets from its natural inhibitor and
heparin activity, has already been raised and may explain some
of these observations.

It has been suggested that complex

formation between thrombin, heparin and fibrinogen may occur
(Abilgaard, 1968) and this could explain potentiation of
aggregation and its failure to inhibit the first phase of
aggregation.

In addition, heparin has been shown to reduce the

electrophoretic mobility of platelets (Gr¢ttum, 1969).

This

alteration may facilitate platelet aggregation and account for
the observed potentiation of aggregation of washed platelets
caused by ADP.

Similarly, it might account for aggregation by

heparin alone of some preparations of washed platelets in the
absence of release (Fig. 6-7A), and for the thrornbocytopaenic
effect of injected heparin reported by various groups (Gollub
and Ullin, 1962; Eika and Godal, 1971).

The demonstrated

potentiation of heparin-induced aggregation by fibrinogen (Fig.
6-7A and 6-8) may be due to heparin-fibrinogen complex formation
which has been reported by Godal (1960).

Only one of two

commercial preparations of heparin studied caused aggregation
of washed platelets in our studies, but this is not surprising
in view of the long and well established finding of differences
in activities of heparin preparations from different sources
(Jacques, 1940).
In contrast to the suggested direct effect of heparin
on the platelet membrane as a cause of aggregation of washed
platelets, we were also able to confirm the observation of
Eika (1972a;b) that heparin aggregates washed platelets by
releasing platelet ADP (Figs. 6-8 and 6-9).

However, the

present studies clearly show that this effect is entirely a
consequence of storage of platelets at

4°c

and is thus an
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artifact.

Platelets stored at 4°c have marked changes in

ultrastructure (White and Krivit, 1967), and show increased
response to ADP, collagen and adrenaline (Kattlove et al., 1972)
and thrombin (Murer, 1972).

Even platelets stored at room

temperature (22°C) are more sensitive to ADP than kept at 37°c
(Chapter V).

All of these observations emphasize the need to

keep platelets at 37°c for in vitro studies.

It should also

be emphasized that heparin only aggregated washed platelets
when it was added in high concentration, well in excess of
those used therapeutically.
Zucker (1972) has shown that heparin enhances the
release reaction in citrated-plasma but again it seems that
this is an artifact and it is concluded that citrate interferes
in some way with the inhibitory action of heparin or XaI.
Although the presence or absence of citrate has been shown to
have no effect on the inhibition of factor Xa by XaI in the
presence or absence of heparin in a test system without platelets
and thus the reaction may not be calcium-dependent (Yin et al.,
1973), this may not apply to the physiological situation where
it is envisaged that the reaction is occurring on the platelet
membrane.
To conclude, our results show that heparin inhibits
platelet aggregation and the release reaction and that it
achieves this effect by augmenting the activity of XaI thus
inhibiting coagulation.

Post-operatively there is accelerated

coagulation with consequent abnormal platelet function believed
to be causally related to thrombosis, and the goal of prophylactic heparin therapy is to maintain normal clotting times
thereby preventing thrombosis but not interfering with
haemostasis.

The success of a low dose heparin regimen for

prevention of post-operative venous thrombosis depends on preoperative initiation of therapy so that heparin and XaI can
neutralize subsequently generated Xa.

However, when heparin

therapy is not commenced before the event predisposing to
thrombosis, thrombin will be generated, and once formed, cannot
be prevented by low dose of heparin from converting fibrinogen
to fibrin.

Whether or not heparin is to be recommended to all

patients subjected to major surgery if altered platelet function
is shown to be invariably present, it seems that the regimen of
Gallus et al.

(1973) in which 5000 U of heparin is given sub-
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cutaneously three times daily is preferable to others for
sustained control of the clotting time and hence prevention
of thrombosis.
Summary
Heparin was shown to inhibit the second phase of
aggregation and the platelet release reaction caused by ADP.
These platelet responses to ADP are mediated by thrornbin
generated through the coagulation pathways on the platelet
membrane (Chapter III), and evidence was obtained that
inhibitory action of heparin is due to inactivation of Xa in
the presence of XaI.

In contrast it was shown that thrornbin

adsorbed to the platelet surface is protected from destruction
by its natural inhibitor and heparin.

Since trace amounts of

heparin were able to augment the inhibitory action of XaI on
factor Xa, this phenomenon has relevance to low dose heparin
regimens for prophylaxis of venous thrombosis.

r

It is proposed

that post-operative thrombosis is due to abnormal platelet
function caused by accelerated coagulation, and that herparin
prevents thrombosis through its anti-coagulant action on factor
Xa.

It was also suggested that trace amounts of heparin

normally present in the circulation may act as a natural anticoagulant.
One of two commercial preparations of heparin studied
caused washed platelets prepared by some but not all methods
used here, to aggregate and release their constituents.

However,

it was shown that these effects of heparin on washed platelets
are simply a consequence of storage of platelets at

4°c

emphasizing the need to keep platelets at 37°c for in vitro
studies.

Heparin failed to inhibit the release reaction of

platelets in citrated-plasma and it was suggested that this
may be due to interference by citrate.

These observations with

washed platelets and citrated-plasma are considered to be
artifacts and thus have no relevance to heparin action in vivo.

Table VI-1.
Effect of different concentrations of heparin on
the release of 3H-5HT.
Experiment 1

Percentage release of 3H-5HT
Final ADP
concentration

Citrate *
concentration
17.0rnM

Heparin

Concentration

(U/ml) *

98

17

1.7

4.5µMt

21.4

0.0

2.0

4.6

9.0µM

24.8

1.5

1.6

10.8

*

Final concentration of anti-coagulant in plasma, adjusted
for PCV.

t

Minimum concentration of ADP that induced a release reaction.
In this experiment platelets were labelled with 3 H-5HT in

ACD plasma, centrifuged and then resuspended in heparinised
plasma.
Experiment 2
Percentage release of 3 H-SHT
Final ADP
concentration
Heparin
0.0*

*

concentration

(U/ml)

0.2

0.4

-

l.5µM

16 .1

2.7

7.5µM

19.7

15.2

1.84

Modified Tyrode's solution added instead of heparin
In this experiment platelets were washed by method 3, and

finally resuspended in Tyrode's medium containing calcium.
Platelets were labelled with 3 H-5HT during the first wash.

The

second phase of aggregation and release were restored with the
addition of dialysed plasma.

Table VI-2.

Effect of different concentrations of heparin on
the release of 3 H-5HT in dialysed plasma.

Percentage release of 3H-5HT
Final ADP
concentration

Heparin

o.oo#
3.8µMt

7.7µM

concentration

(U/ml)

0.36

0.83

8.30

6.9

4.4

3.7

0.0

21.8

2.5

2.4

0.0

*

*
#

Modified Tyrode's solution added instead of heparin.

t

Minimum concentration of ADP that induced a release reaction.

Final concentration of heparin in plasma.

Platelets were labelled with

3

H-5HT in ACD plasma,

centrifuged and then resuspended in dialysed plasma.

A

Table VI-3.

Effect of incubation of heparin with platelets on
3
the release of H-5HT in citrated plasma.
Experiment 1
')

Percentage release of ...)H-5HT
Final ADP
concentration

Time of incubation (mins) with heparin
(0.83U/ml)
~

15

!

30

!

!

60

I

i

l.8µMt

0.0

34.8

35.6

34.5

9.0µM#

25.6

35.3

36.6

25.4

Experiment 2
Percentage release of 3 H-5HT
Final ADP
concentration

Heparin
0.00* 0.83

I

concentration
8.30

i

(U/ml)
83.00

l.8µMt

0.0

34.8

37.8

36.2

9.0µM#

25.6

35.4

35.4

36.1

*

Modified Tyrode's solution added instead of heparin.

t

Concentration of ADP that induced reversible aggregation.

#

Concentration of ADP that induced irreversible aggregation.
Platelets were labelled with 3 H-5HT in ACD plasma,

centrifuged and then resuspended in citrated plasma.

In

experiment 2 platelets were incubated with the various concentrations of heparin for 15 mins. before study.
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FIGURE 6-1

Inhibition by heparin of clotting, second phase

aggregation and of

3

H-SHT from platelets suspended in dialyzed
3
plasma. Platelets were labelled with tt-5HT in ACD plasma,
centrifuged and resuspended in dialyzed plasma which was prepared
by dialyzing citrated-PPP at room teirperature for 5 hours against
three changes of m:>dified Tyrode's solution without calcium. In
this test system it can be seen that the addition of ADP, together
with calcium {2mM) induced platelet aggregation which was followed
by clotting {indicated by a sudden change in light transmission).
Concentrations of ADP : {A) Cl) 1.51,.JM; {2) 2.31,.JM; {3) 3.81,.JM;
{4) 7. 71,.JM;

A

B {1) and {2) 3. 8µM.
3

% H-5HT released

1

Addition {at first arrow)
fvbdified Tyrode's solution

2

Modified Tyrode' s solution

0.0

3

.Modified Tyrode 's solution

29.4

4

fvbdified Tyrode' s solution

26.7

B 1

2

Heparin {Evans) ( lU/ml)
fvbdified Tyrode's solution

0.0

0.0

29.4

Samples were taken at the time indicated by the large arrows for
deiermination of amount of released platelet radioactivity. Final
concentrations of reagents used are given in this and other Figures
and the tracings have been superiirposed.
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FIGURE

6-2

Inhibitory effect of heparin, in the absence (A) and

presence (B) of added antithrombin, on second phase aggregation of
was hed platelets suspended in an artificial medium. In these
experiments platelets were washed 4 times by Method 2 to remove
coagulation factors and finally suspended in Tyrode's suspendi~g
medium containing calcium. Sufficient thrombin (T) (0.03U/ml)
(except in experirrents Al and Bl where modified Tyrode's solution
replaced thrombin) and fibrinogen (F) (0.3g/l) were added to the
suspension of washed platelets to enable second phase aggregation
to occur upon addition of ADP(7.lµM).
Addition (at first arrow)
A 1

M::>dified Tyrode's solution

2

Heparin (Evans) ( 1. 7U/ml)

3

Heparin (0. SU/ml)

4

Heparin (0. l 7U/ml)

5

r-bdified Tyrode's solution

B 1

Modified Tyrode 's solution

2

Heparin (0.17U/ml) + antithrombin (supplied as dialyzed
heated and adsorbed plasma).

3

r.t:>dified Tyrode's solution
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FIGURE 6-3

Evidence that the inhibitory effect of heparin on

platelets is the result of inhibition of coagulation due to increased
activity of the natural inhibitor to Xa(i.e. XaI) in the presence
of heparin. Platelets were washed 2 times by Method 1 and suspended
in Tyrode's suspending medium with calcium. Platelets washed by
this method have coagulation factors X, V and II adsorbed to their
membranes and by activating factor X, RVV causes thrombin to be
generated and this causes platelet aggregation.Fibrinogen (F) (0.3g/1)
and RVV

(3.4µg/ml) were added at the points indicated.
Addition (first arrow)

1.

XaI (supplied as dialyzed,

Addition (second arrow)
Heparin(Evans) (0.06U/ml)

heated and adsorbed plasma)
2.

XaI

Modified Tyrode's solution

3.

Modified Tyrode's solution

M'.:>dified Tyrode's solution

4.

Modified Tyrode's solution

Heparin (0.06U/ml)
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FIGURE 6-4

Effect of heparin on platelets in citrated-plasma.
3
Platelets were labelled with H-5HT in ACD plasma,centrifuged
and resuspended in citrated-PPP. Concentration of ADP 9.0µM.
(1) Modified Tyrode's solution added 30 secs before ADP.
(2) Heparin (Evans)

(83U/rnl) added 30 secs before ADP. The arrount

of radioactivity released is shown beside each tracing.
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Potentiation by heparin of response to ADP of platelets

washed by Method 1 and suspended in an artificial medium. Platelets
were washed 2 times by Method 1 (where coagulation is allowed during
3
washing) , labelled with H-5HT in the first wash, and finally suspended
in Tyrode's suspending medium with calcium. Fibrinogen (F) (0.3g/1)
was added at the point indicated. Concentrations of ADP added at
the points indicated were : (A) 4.lµM;

(B)

Addition (10 rnins before ADP)
A 1

Modified Tyrode's solution

2

Heparin (Evans) (l.OU/ml) +

l.5µM.
3

% H-5HT released

3.2

antithrombin(dialyzed, heated,
adsorbed plasma)
3

Heparin (10.0U/ml) +
anti thrombin

4

2

13 ..5

Heparin (100.0U/ml) +
an ti thrombin

B 1

4.4

t-bdified Tyrode's solution

23.5

0.0

Heparin (8.3U/ml) +
anti thrombin
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FIGURE 6-6

Influence of heparin on platelets washed by Method 3.

Platelets washed by this method have lesser a:rrount of thrombin
associated with their membranes than platelets obtained by ~ethod
1 and ADP does not cause a release reaction. Platelets were washed
3
2 times by Method 3, labelled with H-5HT in the first wash, and
finally suspended in Tyrode's suspending medium with calcium.
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Concentration of ADP was 7.7~M, and concentration of fibrinogen(F)
was 0.3g/l.
(1) Modified Tyrode's solution added at point indicated by first arrow.
(2) Heparin (C.S.L.) (8.3U/ml) added at point indicated by first arrow.
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FIGURE 6-7

Effect of heparin added alone on washed platelets. Platelets

were washed 2 times at 37°c using a nodification of Method 2, as
described in the text, to duplicate some aspects of the Method of
3
Eika (1972a;b). Platelets were labelled with H-5HT in the first wash,
and finally suspended in Tyrode's suspending medium without calcium,
and stored at 37°c. Concentration of heparin(C.S.L.) was lOOU/ml.
A 1 Modified Tyrode's solution added at point indicated by first arrow.
2 Fibrinogen(F) (0.3g/l) added at point indicated by first arrow.
B Fibrinogen (F) (0.3g/1) was added 30 secs before heparin.
1 EDTA(l.Sg/1) added at point indicated by first arrow.
2 Apyrase(lg/1) added at point indicated by first arrow.
3 z.bdified Tyrode's solution added at point indicated by first arrow.
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Effect of heparin on platelets washed and stored at

4°c.

Except for the change in temperature, the same rrethods for isolating,
labelling and suspending platelets were used as described in the
legend to Fig. 6-7. Concentration of heparin(C.S.L.) was lOOU/ml.
The amount of platelet radioactivity released is shown beside each
tracing.
(1) Modified Tyrode's solution added at point indicated by first arrow.
(2) Fibrinogen(0.3g/l) added at point indicated by first arrow.
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Inhibitory effects of EDTA and apyrase on heparin induced

aggregation of washed platelets, isolated and stored at 4

0

c.

The

methods were used as in the experiment summarised in Fig.6-8.
Concentration of heparin(C.S.L.) was lOOU/rnl,and concentration of
fibrinogen(F) was 0.3g/l. The amount of radioactivity released is
shown beside each tracing.
(1) EDTA(l.Sg/1) added at point indicated by first arrow.
(2) Apyrase(lg/1) added at point indicated by first arrow .
(3) Modified Tyrode's solution added at point indicated by f i rst arrow .

rm

-,mrtdd

POST-OPERATIVE
ETC.
?ADP
?ADRENALINE
?OTHERS

[ Xal+HEPARIN

J

ACCELERATED
COAGULATION
ON MEMBRANES

OF
CIRCULATING
PLATELETS

l

PLATELET INTERACTION
WITH VESSEL WALL OR
WITH OTHER PLATELETS

l

THROMBOSIS

FIGURE 6-10

A concept of post-operative thrombosis and its control

by heparin. Platelets normally circulate with coagulation factors
adsorbed to their membranes and there is evidence that in circulating
blood, coagulation is going on continuosly to a small extent (Chapter
III). Certain factors (?ADP,?adrenaline) cause accelerated coagulation
during and after operation and since thrombin is involved in both
platelet aggregation and release, an alteration in platelet behaviour
occurs. As a consequence altered circulating platelets interact with
the vessel wall or with each other to cause throrobosis. Heparin may
normally function to control coagulation by neutralizing Xa in the
presence of its naturally occurring inhibitor(xaI), thereby determining
the amount of throni:>in subsequently generated. The goal of prophylactic
heparin therapy is to prevent post-operative shortening of the clotting
titre by neutralizing the increased amounts of Xa generated, thus
preventing an alteration in platelet function and thrombosis.
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CHAPTER VII

GENERAL DISCUSSION

POSSIBLE MECHANISM OF ADP-INDUCED PLATELET AGGREGATION
AND ITS IMPLICATIONS FOR HAEMOSTASIS, THROMBOSIS AND
ATHEROSCLEROSIS
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On the basis of evidence from various chapters and
from current relevant literat u re, a possible mechan ism for
ADP-induced _ aggregati on · ha s been proposed, and the implications
of this mechanism for haemostasis, thrombosis and atherosclerosis
have been discussed. Further disc ussion of the experimental
observations follows.
Mechanism of platelet aggregation and release
Alteration s of platelet shape and the f ormat·on o f
pseudopods occur prior to plat elet aggregation (Bull and
Zucker, 19 65 ; O'Brien and Heywood, 1966).

In biopµysic al terrts,

such a change will allow cell contact thro ugh the reduction of
the potenti al energy barrier t o cell contact by decreasing the
radius of curvat u re of the con ta c ti ng surfaces (Bangh am and
Pathica, 1960).

Thus the shape change and the pseudopod

formation observed after the addition of ADP to platelets may,
therefore, be necessary for platelet-platelet interaction.
Recently, Ardlie (1971) sugge ste d that ADP induced a set o f
biochemical reactions in platel ets similar to those occurring
during muscle contraction.

According to this proposal, bound
•

calcium (possibly sequestered u nder the inf luence of c y clic -AMP )
is made available to the contractile protein, thrombosthenin;
contraction of platelet thrombosthenin may then be responsib le
for the alteration of platelet shape and pseudopod formation.
Based on evidence presented in this thesis, it is
proposed that follow ing these c hanges in platelet morphology,
platelet-platelet interaction involves an enzyme-substrate
reaction.

The initial recognition and adhesion of platelets

involves the forma t ion of a thrornbin-fibrinogen bond between
adjacent surfaces of platelets.

This is followed by the

polymerization phase of the thrornbin-fibrinogen reaction.
Irreversible aggregation is d ue to fibrin polymerization.
Thrombin also activates factor XIII which i n turn stabilizes
polymerized fibrin through a transamidation reaction between
fibrin monomers.

Evidence has also been presented showing that

ADP is necessary for the initial interaction between platelets
and it was suggested that ADP and calcium may cause a reduction
of the net negativi charge of platelet surfac e , thus allowing
platelets to come into, and maintain contact long enough for a
progressive interaction between aggregates and p olymerizing

__...,..
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fib r in to occur.
The release reaction occurr ing during the irrevers i ble
phase of aggregation is· considered to be the result of thro mbin
action on fibrinogen.

However, the nature of the fibrinogen

derivates responsible for the release reaction has not been
determined.

The fibrinopeptides are the most likely candida t e

as Laki (1951) has demonstrated, tha t of the two products rel eased
from fibrinogen by thrombin, fib r inopept ide B was able to
'

potentiate contractions of isolated f rog heart~

When platelets

are packed together by polymerizing fibr in, the released
fibrinopeptides are trapped within the aggregates and thus
allowed to act on the platelet membrane.

This could explain in

part the observation that close cell c ontact is requir e d fo r
release to occur (O'Brien and Woodhouse, 1968; Massini and
Luscher, 1971).

Recent investigations suggest that esterases

or proteolytic enzymes may be involved in platelet aggregation
(Salzman and Chambers, 1964; Jobin et al., 1970; Zucker, 1972).
Zucker (1972) in fact, suggested that a chymotrypsin-like
enzyme is involved in primary aggregation and a trypsin-like
enzyme is involved in release.

Cole et al.

(1967) have shown

that thrombin has both chymotrypsin - and trypsin-like activitie s.
Therefore, Zucker's observation could well be explained on the
basis of thrombin involvement in aggregation.
Mechanism of haemostasis
In the formation of a haemostatic plug, the initial
event is the adherence of platelets to exposed collagen fibres,
(and possibly other subendothelial connective tissue).
microscopic studies (e .g. Mustard et al.,

Electron

1967) have shown

that this adherent layer of platelet is degranulated and swollen.
Platelets are also adherent to each other with strands of fibrin
interspersed between them and between the collagen fibres.
Platelets in the centre of a plug we re seen to be adherent to
each other but with no evidence of fibrin or degranulation o f
platelets, although the platelets showed pseudopod formation and
swelling.

These changes resembled those seen when ADP is added

to PRP in vitro.

At the periphery of the plug, the platelets

are also closely adherent to each other, but showed evidence of
pronounced swelling, pseudopod formation and possibly
degranulation.
I

jJ

Here, fibrin strands were seen interspersed

I

'
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between platelets.

One probl em in the understanding of the

mechanisms involved in haemostasis i s the question of how the
coagulation sequence is · initiat~d at the site of injury.
Recently, however, Walsh (1972a;b) showed that platelets
developed coagulant activities when stimulated by ADP and collagen
Furthermore, Wal sh and Biggs (1973) showed that coagulation
occurs on the platelet membran ce protected from natural plasma
inhibitors.

In Chapters III and IV, e vidence is presen -ed that

'
I

the intrinsic p athway of coagulation is invo lv d in ADP-~induced
aggregation ~

Thrombin generated within ADP-induced platelet

aggregates is then responsibl e for the release reaction and
irreversible aggregationc

On the basis of electron microscopic

f i ndings , those of Walsh (1972b;c) and Walsh an

Biggs ( 972),

and those repo rted in this thesis, the fo llowing mechanism o f
haemostasis is proposed (see F i g. 8-1 for a summary of the
scheme) :
(i)

Following tissue injury, platelets adhere to exposed
subendothelial collagen fibres.

This results in the

activation of the intrinsic pathway of coagulation and
subsequent thrombin formation, on the platelet membrane.
Thrombin then induces the releas e reaction through its
action on fibrinogen on the platelet surface.
(ii)

Released platelet ADP induces further platelet
aggregation with consequent growth of the haemostatic
plug.

The intercellular recognition and initial

adhesion between platelets is due to formation of
thrombin-fibrinogen bonds between adjacent platelet
surfaces.

As platelets aggregate, there is activation

of coagulation on their membrances with consequent
thrornbin formation.

Enzymic action of thrombin releases

fibrin and fibrinopeptides.

Fibrin polymerizes and

f actor XIII ac tivat ed by thrombin stabi liz es the fibri n
polymers resulting in the formation of a stable platelet
aggregate.
It is to be noted that in the scheme of haemostatis
proposed, blood coagulation and platelet aggregation are interdependent in the haemostatic mechanism and fibrin is not formed
from the independent activation of t he coagulation pathway.
Mechanism of thrombosis and atherosclerosis
The mechanisms involved in thrombosis are considered

'
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to be similar ,to those involved i n ha e mos t as i s

(Mustard, 1968).

The significance of thrombosis in the pathology of atherosclerosis
can be considered in relation to three stages in the progress
of the atherosclerotic lesions.

Firstly, it is accepted that

an occluding thrombus can occur at a late stage of the disease
when the artery is severely diseased and narrowed (Crawford,
1963; Friedman, 1971).

Secondly, thrombosis is also considered

to be important in the development and growth of atherosclerotic
lesions (Duguid, 1946 ; 1 948; Crawford, 1961).

Thirdly, recent

evidence sugge s ts that platele scan injure blood vessels , thus
i nitiating a chain of events leading to atherosclerosis (Mustard
et al., 1970).

In Fig. 8-2,

based on evidence reported here,

the possible mechanisms by which vari ou s factors may influence
platelet function to cause thrombosis and athero s clerosis are
summarized.
recognised:
(i)

Two main categories of injurious stimuli are

Exposed subendothelial collagen fibr es due to rupture
of an atherosclerotic lesion or due t o injury to the
vessel wall by other causes.

(ii)

Intravascular stimuli which include adrenaline, ADP,
viruses, bacteria, antigen-antibodies complexes and
endotoxin.

These stimuli may initiate arterial th r ombi through causing
platelet aggregation (Mustard and Packham, 1970a).

The

subsequent fate of the thrombi depends on blood flow and the
formation of fibrins

Blood flow has been shown to b e important

in localization of thrombi (Mustard et al~, 1962) and in the
limitation of the growth of a thrombus (Begent and Born, 1970).
It appears that the formation of fibrin around the periphery of
platelets serves to stabilize the thrombus (Hovig et al., 1967,
Mustard et al., 1967).

On the basis of the obs e rvati ons reported

here, it is apparent that when stimuli initiate platelet aggregation they also initi ate thrombin f ormation on the platelet
membrane.

The amount o f thrombin formed may depend in part on

the extent of the injury and in part on blood flow .

The subse-

quent fate of a thrombus may be related to the extent of
thro mbin generated.

If little thrombin is formed as in minimal

tissue injury, then little fibrin is formed, thus resulting in
unstable thrombi.

Honour and Mitchell (1964) in fact observed

that platelet thrombi formed after minimal injury to cortical
I
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vess els were unstable and embolization occurred.

Begent and

Bo rn (1970) showed that thrombus growth and stability is also
dependent on the veloci ty of flow; the greater the velocity of
flow the sl?wer the rate of t hrombus growth .

It is likely tha

platelet thrombi not stabilized by fibrin would be easily
dislodged by shear forces due to rapid bl ood fl ow.
The f ormation of a stable thrombus on the vessel wall
may disturb the fl ow of nutrients into the intima resulting in
vascular damage.

This may be reflected in increased vascular

permeabil ity of plasma and its constituents.

The stabl e

thromb us is eventually incorporated into the v --s~el walJ caus ngprogressive growth of an atherosclerotic plaque~

Another way in

which these injurious stimuli may initiate vascu lar damage is
through inducing the platele t reJease reaction

When

hes e

stimuli interact with platelets,' thrombin f ormation is initiated
on the platelet membrance and the thrombin through its action
on fibrinogen induces the release reaction.

Platelets release

serotonin, and various permeability factors as yet not completely
identified (Mustard et al., 1965).

These agents could cause

vascular damage and initiate the chain o f events l eading to
atherosclerosis.

The site of vascular da~age may become a focus

for the formation o f a stable aggregate.

Hence, thrombosis can

lead to vascular damage or vice versa and both events
eventually result in atherosclerosis (see Fig. 8-2).
Prospective studies have indi cated certain risk
factors in coronary heart disease (Kagan et al., 1962) such as
high blood pressure, high blood cholesterol and cigarette
smoking.

Recent attention has also been paid to the possible

role of psycho-soci al factors and personality traits in coronary
heart disease (Rosenman et al., 1966; Jenkins, 1971).
et al.

Friedman

(1968) have for instance shown that a person with a

driving, competitive and aggressive personality (labelled Type
A) have increased atherosclerosis.
The link between such factors as hypertension,
cigarette smoking and "stress" may be through catecholamines .
Persons with a type A personality, h ypertensives , and cigarette
smokers secrete increas ed amounts of catechol amines into the
circulation (Elrnadjian et al., 1957; Levi, 1966; Kershbaum, 1966;

EI
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Nestel, 1967;

pe

Quattro, 1971; Esler and Nestel , 1973) .

Catecholamines cause a rise in blood free fatty acids (FFA)
(Rosell and Bullard, 1971; Riddle et al., 1972).

The mobilized

FFA could have an effect on platelet function (Hoak et al.,
1969).

Adrenaline also has direct effects on platelets.

It

has been shown to poten tiat e and induce platelet aggregation
(O'Brien, 1963; 196 4b; Ardli e et al., 1966a, Thomas, 1 967;
Mills and Roberts , 1967; Schwartz and Ardlie, 1967) .

Intra-

venously, catecholamines cause acceleration of coagulation,
increased t hrombus depos i tion and decreased platelet s u rvival
(Farwell and Ingramf 1 9 5 7; Oz ge a nd Mustardf 1964; Rowsell et
al., 1966).

Recently, Haft and associate s

(1972) showed that

intravenous noradrenaline caused platelet aggregation in sma ll
myocardial vessels with concomit;ant myocardial damage.

Furth er

experiments showed that rats subjected to stress had platelet
aggregates in small myocardial vessels (Haft and Fan i , 1973).
Collectively, these various findings suggest that a possible
link between "stress" and myocardial damage may b e via
catecholamine-induced intravascular platelet reactions.
Epidemiologic studies, notably the Framingham study,
have indicated a rel ationship betwe en hign plasma lipid levels,
and accelerated atherosclerotic disease (Kannel et al., 1971).
However, many questio ns concerning how the lipids became
incorporated into atherosclerotic plaques, _the determinants of
high blood lipid levels, and indeed whether lipids have a
causal role in atherosc lerosis (and thrombosis) are still to
be answered.

The most consistently implicated lipid is

cholesterol.

It is a prominent component of atherosclerotic

lesions (Smith et al., 1967), and in a var i ety of animal
species elevated levels of blood cholesterol result in
atherosclerotic-type lesions (Moses, 1954; Bronte-Stewart and
Heptinstall , 1954; Deming et al., 1958 ).

However, these studies

do not provide evidence o f a causal role for this lipid in
atherosclerosis.
Constantinides (1965) showed that both arterial
injury and raised plasma lipids are necessary for the production
of atherosclerotic lesions in rabbits not unlike those in
huma·ns.

Blood elements, notably platelets, have been implicated

in mechanisms of vascular damage (Mustard et al., 1970).
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Mustard and associates

(1963) have shown a correlation betwe en

the e xtent of thrombus f o rmation and serum cholesterol level.
Furthermore, Nordoy et al.

(1968) showed that feeding rats with

saturated fat was associated with an increased incidence of
stable t hrombi caused by infusing ADP .

Yamazaki et al.

(1972)

also showed that acute cholesterol feedin g caused an alteration
in pl a telet f unc t ion.

Also, it has been shown that cholesterol

amplified the thro rnboplastic activity of phospholipids (So rbye
et al., 1971 ).

This coupled with the fin d ing of Frost (1969)

that n umerous platelets adhere t o the aortic vessel wal l in
cho l este rol-fed rabbits, suggests the theoretical possibili ty
that cholesterol may cause atheros clerosis by altering platelets
which in turn injure the vessel wall r s ulting in athe r o s c le osis ~
The finding that platelet function s and blood coagul ation are linked and interdependent enables the f ollowing interpretation of data de rived from in vitro studies of platelet
aggregation in a group o f individuals shown in F.· g. 5 -11.

In

this figure it can be seen that the minimum ADP dose required
to induce a two-phase response differed with di ff erent
individuals and it is suggested that this di ffe rence is due to
•

differences in activity of coagulation pathways in these
individuals.

In this study, it should be noted that there was

a considerable range in the minimum dose of ADP that caused a
biphasic response in a group of ten individuals.
three subdivisions can be made:

(i)

re spons e b etween 0 ~8µM to 4 . SµM ADP;

Arbitrarily,

those that give a biphasic
(i i )

those that give a

biphasic response between 4.6µM to 9µM and (iii) no biphasic
response elicited even at ADP concentrati ons . above 9µM.

One may

speculate that those who give a biphasic response at low ADP
concentrations have altered platelet function because of increased
adrenaline or increased chole sterol or other lipids in their
circ ulation.

Th is group may in fact be that group of individ uals

at risk f or thro mbosis and atherosclerosi s .
GENERAL SUMMARY
Factors involved in haemostasis and thrombosis include
the vessel wall, platelets, blood coagulation and the pattern of
blood flow.

Platelets have a very important role and furthermore,

platelets and thrombi are considered to be involved in the

¥N.A

Mffl/ ELL

EPAAM#. .

98

pathogenesis of atheroscl ero sis and its complications.

The r -

fore, an understanding of the mechanism of platelet functions
such as aggregation and . release are essential to the understand-

ing of haemostasis, thrombosis and atherosclerosis.

This thesis

presents evidence that blood coagulation and platelet aggregation
and release are interdependent and this finding has important
implications for haemostasis and thrombosis.
Test systems were developed for the study of platelets
in plasma and in artificial media.

Methods were developed for

washing platelets so that some coagulation factors were either
retained on the platelet membrane or alternatively removed.
When platelets with adsorbed coagulation factors removed by
washing, were resuspended into normal dialysed plasma or
absorbed dialysed plasma, ADP fq.iled to induce irreversible
aggregation or release in absorbed dialysed plasma whereas,
both phenomena occurred in normal plasma suggesting that an
intact coagulation pathway is necessary for these platelet
functions.

Heparin inhibited these functions providing further

evidence that release and irreversible aggregation depend on
coagulation.

Further experiments showed that both thrombin
•

and fibrinogen are involved in the platelet reactions of
aggregation and release.

The enzymatic phase of the thrombin-

fibrinogen reaction is followed by the polymerization phase
and observations showed that polymerization of fibrin is
responsible for irreversible aggregation.

Furthermore, fibrin

and/or fibrinopeptides caused the platelet release reaction.
Since the polymerization phase of the thrombin fibrinogen
reaction is preceded by an enzymatic phase, it was suspected
that the initial adhesion between platelets is mediated by a
thrombin-fibrinogen bond.

The observations that trace thrombin

and fibrinogen together restored the aggregation response of
washed platelets to ADP and that TAMe inhibited platelet
aggregation are consistent with this hypothesis.
Evidence was obtained that
through two distinct actions:

(1)

ADP

induces aggregation

an alteration of platelet

morphology, and (2) a reduction of the negative charge of
platelets.

The reduction in negative charge of platelets is

considered to facilitate contact between morphologically altered
platelets.

Since the continued presence of

ADP

was shown to be
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required until stable bridges of polymerizing fibrin had been
l

formed, it was proposed that

ADP

together with calcium causes

the reduction in surface charge of platelets.
Heparin inhibited the- second phase of aggregation
and release and evidence was obtained that its inhibitory effect
is mediated by XaI.

The observation that trace dose of heparin

augmented the action of XaI on Xa is relevant to the low dose
regimens of heparin used for prevention of post-operative
venous thrombosis.

It was proposed that post-operative throm-

bosis is due to abnormal platele

function caused by ac celerated

coagulation and hep ari n p events v enous thrombosis through the
inact ' vat'on of Xa ~
The demonstration that coagulation and platelet
aggregation are inte r dependen t indicates that platelet function
'

studies should be done in plasma to obtain data relevant to
the in vivo situation.

Methods were develop ed for maintaining

platelets in vitro under conditions where pH and temperature
were controlled since platelet reacti ons are significantly
modified by these environmental factors.

l
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THE HAEMOSTATIC MECHANISM

STAGE I : PLATELET ADHERENCE AND RELEASE

ADHESION OF

PLATELETS TO

SUBENDOTHELIAL CONNECTIVE TISSUE

C.T.

!
ACTIVATION OF COAGULATION
ON MEMBRANES
OF ADHERENT PLATELETS
WITH GENERATION OF THROMBIN

C.T.

!
RELEASE OF PLATELET ADP
AND OTHER CONSTITUENTS
DUE TO THROMBIN
ACTION ON FIBRINOGEN

•
C.T.

~

ADP

STAGE II : PLATELET AGGREGATION ( GROWTH OF
HAEMOSTATIC PLUG

5HT etc.

INDUCTION OF PLATELET AGGREGATION
BY RELEASED ADP
AND ACTIVATION OF COAGULATION
ON PLATELET MEMBRANE BY ADP
WITH THROMBIN GENERATION

l
FORMATION OF FIBRIN
WITH CONSEQUENT STABILISATION
OF PLATELET AGGREGATES

FIGURE 8-1.
mechanism.

Schematic diagram of the haemostatic
The scheme is based on observations reported

here and those of Walsh (1972b;c) and Wal s h and Biggs
(1972).

For full discussion see text.

INTRA VASCULAR STIMULI

VESSEL WALL STIMULI

CHOLESTEROL
ADRENALINE
ADP
VIRUSES/ BACTERIA/ ENDOTOXIN

ATHEROMA
VESSEL WALL INJURY

'I

ALTERATION
OF PLATELET FUNCTION

I

RELEASED 5HT
CATIONIC PROTEINS ETC.

THROMBOSIS _ _ _ _ ___. VASCULAR DAMAGE

\
FIGURE 8-2.

ATHEROSCLEROSIS

I

Possible mechanisms by which various factors

may influence platelet function to cause thrombosis and
atherosclerosis

(See text for explanation).
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APPENDIX I
Formulae of stock solutions u sed for preparing platelet
washing and· suspending solutions.
Stock solution No. I
NaCl.

160 g.

KCl

4 g.

NaHC03

20 g.

NaH2P04

1 g.

Make up to 1 a litr e with dei o niz e d distilled water.
Stock solution No. II

Dissolve 20.33 g. in 900 ml. of deionized distilled water.
Bring to a total volume of 1. 0 litre.
Stock solution No. III
(10-lM.)
Dissolve 21.91 g. in 900 ml. of deionized distilled water.
Bring to a total volume of 1.0 litre.
Modified Tyrode-albumin solution for washing platelets
To 50 ml. of stock solution No c I, add 800 ml. of deionized
distilled water.

Dissolve in this, 3.5 g. of bovine albumine

(C.S.L., Fraction V) and 1.0 g. of glucose.

Add 20.0 ml. of

stock solution No. II and dilute to 1.0 litre.
6.35.

Adjust pH to

Osmolality should be 290 mls. for all washing and

suspending solutions.
Mo dified Tyrode-albumin s uspe n ding medium
To 50 ml. of stock solution No. I add 750 ml. of deionized
distilled water, 10.0 ml. of stock solution No. II and 20.0 ml .
of stock solution No. III.
1.0 g. of glucose.

Dissolve 3.5 g. of albumin and

Dilute to 1.0 litre and adjust pH to 7.35.
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Modified Tyrode solution without calcium or magnesium
To 50 ml. of stock solution No. I add 950 ml. of deionized
distilled water.

Adjust pH to 7.35.
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fibrinogen in r e lease, and mechanism o f inhi b itory act ion
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for publication).
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