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SUIMARY,

Blood platelets have the ability to stick avidly to one another and to
damaged surfaces in blood vessels and by so doing form platelet aggregates.
These aggregates form the initial obstruction to blood loss from a wound
and blood flow through a thrombosing artery and vein.

Platelets are stimulated to aggregate by a specific chemical messenger,
ADP, which apparently acts on receptor sites on the platelet surface.
Platelets themselves contain large stores of ADP which are explosively
released when platelet aggregation is promoted by thrombin, adrenaline,
collagen or 5 Hydroxytryptamine. These promoters of platelet aggregation
can be studied in vitro where the ADP they induce platelets to release
produces a dose-dependent (primary) aggregation which is partially
reversible.

This thesis reports the finding that some platelets undergo a further
(*secondary*') agsregation, much more marked than the primary ome, to form
large persistent aggregates. Secondary aggregation occurred because small
amounts of ADP in the plasma were causing the platelets to reiease nearly
all their stores of ADP and to show an exaggerated aggregation response to
ADP.

Studies in man showed that there are twe grades of secondary platelet
response. lost platelet suspensions derived from normal healthy controls
showed a self-limiting secondary aggregation, but 20% showed a powerful
progressive 'chain-preactive' type of aggregation.

Studies carried out on 'sick' patients in the *'hyperthrombotic' period
following acute illness showed that the incidence of the 'chain reaction'

response had risen to 70%.



In animal studies most mammals failed to show any secondary aggregation
reaction. A self-limiting response was observed in blood derived from some
baboons and guinea pigs. Only the cat showed a consistent 'chaim reaction'
response, This is the only animal which develops arterial thrombo-embolic
disease in its natural emvironment.

This association between secondary aggregation and arterial thrombosis,
and the high incidence of the chain-reactive response during the "hyper-
thronbotic' state following ascute illness, susgests that secondary platelet
aggregation may be a significant factor in the pathogenesis of thrombotic
disease in man,

Purthermore, inhibition of this reaction by newly available drugs
may offer a new approach to the prevention and perhaps treatment of
thrombotic and embolic disease.



HISTORICAL ASPRCIS

The first microscope which gave sufficient definition for viewing
bodies of 2-3u, and so blood platelets, was developed by Lord Lister's
father in about 1826. Over the next few years shed blood was examined
with increasing care and many small particles were described and drawn.

From their reports it seems likely that by 1846 blood platelets had been

seen independently by Gulliver, Addison, Arnold and Zimmermamn (for review

see Robb-Smith 1967), although none of these workers realised the significance
of these small bodies. Donné (1841) is sometimes credited with the discovery
of the blood platelets for his description of 'les globulins du chyle', however,
as dilution of the blood with water increased the number of 'les globulins',

he may easily have seen what he thought he saw, namely chylomicrons.

T+ W Jones PRS (1851), working in London with the frog foot
preparation, was the first person to notice the accumulation at sites of
injury of cells from the blood; but amphibisn platelets are both nucleated and
larger than mamalisn platelets and so a cross correlation between the two was
not made. The next advance was made by Sir william Osler in 1871. He made
an in vivo study of the mesenteric blood vessels of a mammal and saw, in addition
to red and white blood cells, small disk shaped bodies which he correctly
correlated with the blood platelets in shed blood from man. He also noted
that platelets had the ability to form clumps of a 'granular' appearance.

Finally, the correlation between vessel injury and platelet 'granular'
mass formation was made by Bizozzero (1681) and was confirmed and amplified

by Eberth and Schimmelbusch (1686). Like Usler, these workers studied



From section of half-hour thrombus produced by forcible ligature of femoral artery of dog (see text).
Shows masses of blood plates containing bands of fibrin and leucocytes. Zeiss D. ocular 3.

Fig. 1.1.

Section of thrombus drawn by Welch 1887.



mammalian mesenteric blood vessels, but with the additional manoeuvre of
vessel injury. They found that a mass of blood platelets formed at the
injury site. The individual platelets in this mass developed a granular
appearance and then the platelets appeared to fuse into a granular mass,
certainly their individual outlines could no longer be distinguished by
light microscopy.

Welch (1887) extended the applicability of this sequence of changes to
the thrombotic situation, by observing the changes which occurred when the
femoral artery of a dog was injured by tying a tight ligature around it.
After the ligature was released platelets adhered and aggregated at the site
of injury, forming large, irregular masses., Then, between five and fifteen
ninutes after the injury, thick fibrin strands formed between the platelet
masses, and white blood cells migrated into the thrombus (Fig. 1.1.).

Welch followed the progress of these platelet-fibrin thrombi, and found
that, two days later, they had a homogeneous appearance to light microscopy
and a response to staining which was ‘indistinguishable from fibrin',

This progression from platelets to 'fibrin' lead him to postulate that the
so=called 'fibrin thrombi' found in man, were the later stages of a platelet-
fibrin (*white') thrombus, and did not arise de nmove as fibrin deposits.

The electron microscope hat shown that he was risht (vide infra).

Eberth and Schimmelbusch (1886) used the term ‘viscose metomorphose'
to describe the development of a granular appearance in individual platelets
in a platelet aggregate. Their name has since given rise to confusion and
controversy, for it has been subsequently applied to granular changes in a
platelet aggregate ('viscous metamorphosis' Wright and Minot 1917) and to
the biochemical aspects of the platelet release reaction (vide infra). In
the authors opinion the eonfusion caused by the use of this term has hindered
understanding of platelet aggregation, and its use should be abandoned.



Thus by the end of the 1880's the initial events, of platelet adhesion
to injured vessels followed by platelet aggregation, with later strengthening
by fibrin strands, were known. No important further advances were made in
this field until the advent of the electron microscope and of improved
biochenical methods.

Adherence of blood platelets to injured vessel walls is the first
event in the formation of a haemostatie plug or a thrombus, The platelets
do not adhere to normal vascular endothelium subjected ¢o a laminar blood
flow. They are able to adhere when only minor endothelial damage is present
(Prench et al 50), but only temporarily (5). It is the exposure, by damage,
of vessel wall comnective tissue (collagen) which produces a firm base for a
platelet=-{ibrin mass, for platelet adherence to collagen is rapid and firm
(Bounameaux 20, Roskam 156, Kjarheim and Hovig 96a, Jolmson et al 86).

The platelet-collagen reaction is a highly specific one, as is shown by
its abolition by a collagenase (Hovig 78) amd by altering the helical
structure of the collagen molecule (Nosel et al 135, 185). It differs from
platelet to platelet aggregation, in that calcium, which is essential for

aggregation, is not required for adhesion (Spaet and Zucker 154, Spaet and
Lejnicks 172).

Platelet aggregation (platelet adhering to platelet) is the property
of blood platelets which allows them to form the main mass of a haemostatic
plug and a vhite thrombus; 4t has the effect of supplying the 'bricks’
and part of the 'mortar' (the remainder of the 'mortas' is provided
subsequently by thick fibrim threads).



Until the 1960's, ocur knowledge of platelet aggregation was limited
to morphological observations, and to the demonstration that thrombin would
induce platelets to aggregate (Sharp 165). In 1960, Hellem (72) reported
that 2 substance released during the boiling of red blood cells was 2
potent platelet ozgregating agent., Analysis of the red cell extract showed
that the active substance was the adenine nucleotide, adenosine disphosphate
(ADP) Gearder et al (54). Closely related adenine nucleotides (adenosine
triphosphate or ATP, adenosine monophosphate or AMP, and adenosine) did not
prodvce aggregation.

Before the discovery by Gaarder et al (54) of it's platelet aggregating
propertics, ADP had been kpown mainly for its part in the ATP intracellular
energy transfer process. Cne preceding pilece of information, however, gave
special interest to the ADP story. In 1958 Professor Born (11) had shown
that blood platelets themselves contained a very high (almost umiguely o)
concentretion of adenine nucleotides. This raised the possibility that
the platelets themselves and not red blood cells (which had after all to be
boiled) could be the source of the ADP, Subsequent work with labelled
edenine nucleotides (Holusen 73, 74, 75, Ireland £4) showed that there
were twe roughly equal pools of adenine nucleotides in platelets. One
was metebolically active, and is presumed to be concerned with ordinary
intraceliuvlar cnergy transfer; the other apparently served no metsbolic
function, and had an unusually high concentration of ADP, indicating that
a specialised storasge process was occurring. This stored ademine nucleotide
pool with a high ADP content, is now known to be relcased when the platelet
is stimulated by certain platelet aggregating agents (Holmsen 73, 74, 75,
Ireland 84, Mills et al 116, 117).



Collagen
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" Fig. 1.2.

The'two-tier! hypothesis of platelet aggregation. ADP is first released
into the plasma from platelets (by thrombin, collagen, SH-T) or by damage
to 'cells! (first tier), and this free ADP then stimulates platelets to
aggregate (second tier). The inhibitors of the platelet aggregating
action of each stimulator are given beside the appropriate arrow («¥).



Since 1962 many new platelet aggregating substances have been
discovered in addition to the original omes, thrombin and ADP (for reviews
see Marcus 112, Michal and Firkin 113). The ones likely to be of
physiological (and pathological) importance are the catechol amines
(adrenaline and noradrenaline, Mitchell and Sharp 121, O'Briemn 138),
collagen (in addition to stimulating adhesion, Hovig, 78, 79) and
Se-fydroxytryptanine or serotomin (0'Brien, 139). Thrombin (84) collagen (73)
and the catechol amines (117) induce platelets to release the adenine
nucleotides of their metabolically inactive pool; 5 hydroxytryptamine (S5HeT)
is suspected also to induce a release (139, Haslam, 69), but it is at most
a snall one (139).

The relcase of ADF from platelets by aggregatin:; agents such as thrombin,
collegen, and adrenaline suggests a 'two tier’ action (Fig., 1.2.). The first
Ttier' consists of the release of ADP, and the second, of the action of the
released ADP on the platelets to produce aggregation. There is other
evidence for the two-tier hypothesis. Inhibitors of aggregaetion are kmown
which sct on individuel aggregeting agents (e.g. heparin on thrombin,
collagenase on collagen ete. see Fig. 1.2.) without at the same time inhibiting
the aggregation produced by other agents or ADP, but inhibitors of ADP
induced aggregation (adenosine, 2 chloroadenosine (13)) inhibit the
aggregation of all aggregating agents. Even more convinecing is Haslans
deuonstration (68, 69), that the enzyme sysiem pyruvaie kinase-phosphoenol
pyruvate (PK - PEP), which removes ADP rapidly from plasma, prevents thrombin
and adrenaline from producing aggregation, even although the ADP-release
induced by these substances is still occurring.

There are two exceptions to this two tier system, the first phase of
adrenaline aggregation (vide infra), and the phenomenon of Secondary
Aggregation of blood platelets, which is the subject of this theeis.

xiii



Secondary Aggregation (S.A.) was first described by Macmillan (106)
in 1966 and has since been confirmed by several groups of workers (Nills
et al 118, 116, Zucker and Peterson 196, 197, O'Brien 142, 143, Hardisty
et al 64, 65). S.A. is a merked, almost maximal, aggrogation response in
platelet rich plasma induced by low concentrations of ADP, It is associated
with the release by the platelets of their ADP stores. This ability of ADP
to induce the release of more ADF from platelets means that it is performing
both first and second 'tier' actions. 1t thus can produce a self-
propagating platelet aggregation/platelet ADP release reaction. S.A. will
be deseribed fully in the results section and its possible implications will
be discussed at the end of this thesis. Zucker and Peterson (196) have shown
that platelet factor 3 activity is released when ADP induces S.A. (but not in
the absence of S5.A.), indicating that S.A. also promotes coagulation.

As was mentioned above, the catechol amines occupy a unigue positiocn.
O'Brien (138, 139, 140) showed that adrenaline producsd two phases of
aggregation, in contrast to the one phase occurring with other aggregating
agents, Whereas in all ADF mediated aggregation platelets change from their
in vivo shape of diske (Osler 146, Algire 2) to irregular spheres (Zucker and
Borelli 195, Macmillan and Oliver 109, O'Brien 141), in the first of the two
phases of adrencline aggregation the aggregating platelets retain their in vivo
disk shape (0'Brien 141, 144 Macmillan 106). This suggests that ADP is not
involved in the first phase of adremaline aggregation, a suggestion which is
supported by the demonstration that concentrations of the adrenaline
inhibitor phentolamine, too small tc affect ADP induced aggregation, cause
complete disaggregation of the adrenaline first phase, (Macmillan 106,
Mills et al 117). The second phase of adrenaline aggregation, like the
aggregation induced by other aggregating agents, is mediated through ADP



released by the platelets (Mills et al 117, O'Brien 139, Macmillan 106,
Haslam 69).

There is a strong association between the release of the platelet
stores of ADP and degranulation of the platelets (Hovig 78,79, Mills et al 116,
Marcus 112). Amitriptyline inhibits S.A. while leaving the P.A. responmse
to ADP umaltered (Mills et 2l 118), and the platelets in aggregates formed
in amitriptyline treosted plasma do not show degranuletion (Mills et al 116).
These observations suggest that the nucleotide 'pool' is in one of the granules,
a8 does the general primciple that it would be difficult otherwise for the
¢ell %o maintain a store of ademine nucleotides with & high ADP content.

The way in which platelets are induced to aggregate by ADP has not
yet been discovered, nor has the nature of the bridge between platelets.
It is howover reasonably ceriain that ADP scis on specific receptors sites
on thq'platelet surface, because concentrations fer too small (10‘”11) to form
a monolayer around the platelet (about 10-551) produce agsregation, and because
edenine nucleotides cleosely related to ADP inhibit azgregation {Born and
Cross 15, Mustard end Packham 133), susgesting the presence of a competitive
iphibition mechonism,

In 1964 Caarder and Laland (54a) suggested that ADP may ba both
stimlating platelets to aggregate and forming part of the bridge between
them, Thece workers noted that the only other adenine nucleotide which caused
platelet aggregation, a synthetic substance adenosine tetra-phosphate, was also
the only othor nuolcotide which (1like ADP) had an umeven number of negative
charges., Aggregation is imown to be caleium dependent (111), and these
workers hypothesised that ADP became fixed to platelet receptor sites and
the odd negative charges on adjocent platelets were then joined through a
ezleium bridge. It io now lknown that ADP does not become firmly fixed to



platelets (Born 14, Salzman et al 159, 170)., Also, in view of the transient
nature of much platelet aggregation, it is unlikely that a strong link, such
as a co-valent calcium one, is present,

Several workers have subséguently offered explanations of how ADP may
alter the function of the platelet membranre as a prelude to aggregation.

Spaet and Lejnieks (172) suggested that conversion of ADP to AMP provided
energy for aggregation, but this conversion can be prevented by ICN (Salzman
et al 159) while leaving platelet aggregation unimpaired. Salzman has
suggested (160) that the ADP is producing 'produet inhibition' of the action
of a platelet membrane ecto-ATPase, but again there ares several objections to
this theory (Michal and Firkin 113). The most interesting suggestion is the
recent one by Packham et al (149) and Mills and Smith (119), that since platelet
aggregation inhibitors of widely varying structure have the common link of
affecting the cyclic-AMP system in the platelet membrane, the ADP "message'
may be being transmitted to the rest of the cell through cyclic AMP, the
recently discovered intracellular 'messenger' substance (198),

At the other end of the process, the inter-platelet bridge, there has
been an as yet unsubstantiated suggestion of a combination between the two
portions (actin and n&oain) of the contractile protein thrombosthenin
situated on adjacent platelets (Booyse and Rafelson %a, b, ¢,)s It will be
interesting to see the reports of follow up studies on this possible mechanisnm,

After platelet aggregates have formed they often break up (disaggregate),
sometimes to a marked degree. Born and Cross (17) suggested that this might
be due to the inhibitory action of ADP degradation products (AMP and adenosinme).
Subsequent work has shown, however, that this degradation is relatively slow
(Ireland and Mills 85), and disaggregation iz in fact occurring while about 80%
of the ADP dose is still present, Since AMNP and adenosine are weak
inhibitors of ADP mole for mole (15), the platelets are disaggregating inspite



of a persistin: aggregation~inducing stimulus. 0'Brien (139) showed that

a grossly pharnacological dose of ADP (100i1/L) in incubated platelet-rich
plasma, nade the platelots refractory to ADP. This refractory response
mechanism was found etill to ocour with 15p ADP/L by Rosenberg and Holmsen
(154), and by the author (108) to be still present at the physiological dose
range of ADP of 0.5~1.5u/L. It also occurred following the addition of low
concentrations of thrombin and 5H-T, It is thus likely that, following the
aggregation-prone response to ADP, the platelets pass into a refractory
state. This rerractory-atate may be the reason for disaggregation.

The work described soc far has been concerned with the in vitro
situation, Several workers have shown correlations between the results
in vitro and the effscts of aggregating asgents in experiments on intact animals
Systemic infusions of ADP into cats (Born and Cross 16,) rabbits (Busficld and
Tomich 23) and man (Davey and Lander 36) all produced a fall in platelet count.
In the rabbit, a preceding infusion of the ADP inhibitor adenosine protected
the animal from thrombocytopenia to a subsequent ADP infusion (152).

Musterd et sl (128, 129) investigated the pathological changes which
occurred when ADP and thrombin were infused into pigs. Both these substances
produced rlatelet aggregates in small vessels, The ADP induced aggregates
broke up within a few minutes and the thrombin induced ones persisted for
upwards of an hour, This showed thst in the pig ADP induced aggregation is
a transitory phenomenon. An interesting finding in Nustard's work on ADP
infusion was the occurrence of cardiac arrhythmias gfter the platelet
aggregates had dispersed,

Another experimental model which has been used, 1s rabbit cortical
veasels cxposed by craniotomy., VWhen these vessels are injured by artery
forcepe a small injury (*minor') produeed mo change and a large ('mejor?)
one induced platelet aggregation ('white body' formation) at the site of the



damage (Homour and Ross-Russell T6a). Homour and NMitchell (76) showed
that the application of platelet aggregating agents to *minor' injury
sites resulted in white body formation at this normally gquiescent site,
In vitro inhibitors of the aggregating agents, both specific and general
(adenosine), were equally inhibitory in this in vivo situvation, These
workers later showed (18) that systemic infusion of the ADP inhibitor

adenosine prevented "major' injuries from inducing 'white body' formation,
This finding suggests that the stimulus csusing platelets to aggrogate

ontc a damaged vessel wall in vivo is ADP,
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» PLATILETS
The prime role of the platelet is in haemostasis (vide infra).
Platelets also provide an essential part of the intrinsic coagulation

system, a lipid material (Flatelet Factor 3). It's precise chemical nature

is not known but it certainly contains phosphatides similar to, or a mixture
of, phosphatidyl ethanolamine, phosphatidylserine and inosital phosphatides

(1765 6)+
There is increasing evidence that platelets play an important part

in most responses of the blood to injury (148), Flatelets adhere to

bacteria both in vivo and in vitre (77, 101). They phagocystose foreign
material, and the platelet count is reduced during anaphylactic reactions

(69) and after injections of bacterial endotoxins (157, 175). In rats, the

platelets seem to play an essential part in the production of anaphylactic

shock (56), but the relevance of this finding to man is not yet known,

Cne further effect of platelets is their endothelial supporting
function (Johnson et al 86). The absence of platelets allows petechial and
purpuric haemorrhages to develop and their presence prevents this escape of
red cells from vessels, The mechanism of this protective function of
platelets, of maintaining 'vascular integrity', has not been elucidated.

Finally, platelets are am important constituent of thrombi
(vide infra).



The work of Bizoszzero (9) and Eberth and Schimmelbusch (40)
in the 1880's has been confirmed by subsequent studies using light
(Roskam et al 55, Jorgenson and Borchgrevink 91, 92) and electron
microscopy (Kjarheim and Hovig 96a). The sequence of events is now
known to be, vessel contraction, then platelet adhesion and aggregation
at the sites of the cut blood vessels, and following these two events
the formation of thick fibrin strands around and in the spaces in
platelet aggregates. These events produce a stable and impermeable
platelet-fibrin plug ('consolidated' plug) (for review see Roskam 156).
Coagulation alone can produce haemostasis in capillaries, but this is
not an important factor in achieving haemostasis (91, 92). Over the
two weeks or so fellowing an injury the platelet-fibrin mass is
organised to secar tissue composed of new collagen.

Both normal platelets (quantitative and qualitative) and
normal coagulation, are necessary for the formation of a consolidated
plug. VWhen the platelet component is defective, prolonged bleeding
occurs from small puncture wounds ('bleeding time' test). The bleeding
time is normal in patients with coagulation defects, because the
platelet plug and vessel contraction can arrest the bleeding, but
microscopy shows that the plug is friable and unstable (Jorgenson et al
93). It is therefore understandable that this friable plug can become
dislodged, allowing bleeding to recommence.



In a recent electron microscopy study on experimental
thrombosis (in pigs), Mustard et al (130) have confimmed and extended
Welch's observations (184) of 1887. The sequence of events found by
Mustard and his co-workers was the same as that during the formation of
haemostatic plugs. Platelets were found adhering to collagen and
attached to these were agsregates of platelets encased in fibrin,

In the two days following the injury the platelet-fibrin mass was
invaded by mononuclear cells which part digested the platelets, and
then phagocytosed the parts and whole platelets. By five days, many
fibroblasts were seen and a little new collagen, and by fourteen days,
the platelet~fibrin thrombus had been converted to an intimal scar
which was rich in smooth muscle cells and collagen, and covered with
normal endothelium.

This process, of repairing the injured artery to near its
normal state, is an efficient one, and is a necessary one for maintaining
the life of an animal, |However, in man, an extension of this process,
thrombo-~atherosclerosis, is now the main cause of death in adults in
industrialised countries, due to its effects on coronary and cerebral
blood vessels,

The mechanism of the development of thrombo-atherosclerosis
remains the subject of controversy to this day, and the purpose of this
part of the review is to assess the part thrombosis is playing in this
process, by describing the pathological evidence derived from man
himself,

In 1949 Duguid (39) revived the 'encrustation' theory of
atherosclerosis, when he demonstrated fibrin staining material on
arterial walls which was being converted to fibrous plaques, This
showed that at least some atherosclerotic plaques were formed in this

way. The problem of assessing how many plagues are so formed, is



complicated by a '"tip of the iceberg' phenomenon. Since a thrombus
is organised in a few days or weeks into a fibrous plague, the number
of thrombotic deposits seen at any one time is likely to only be a
very small percentage of the total number which are occurring.

The iceberg phenomenon is also operating in very diseased
arteries, as has been shown by Mitchell and Schwartz (122). These
workers examined the corcnary artery vessels of patients dying after
a myocardial infarction. When the time between the infarction and
subsequent death was taken into account, they found a progression from
totally occluded coronary arteries in all patients dying in the first
forty-eight hours after the infaretion, to stenotic fibro-atherosclerotic
plagues in patients dying at four months after the infarction. This
suggests that organisation of thrombi is a major factor in the
production of stenotic atherosclerotic plaques.

The same conclusion has been reached by the other workers in
this field (Crawford 30, Branwood and Montgomery 20a), because they
frequently found thrombus on atherosclerotic plaques, often layers of
thrombus. As Crawford (30) has said 'it will be appreciated that the
natural history of most of these cases (of atherosclerosis) is one of
recurring episodes of thrombosis. At an early stage when blood flow
is rapid and the lumen widely patent, the thrombi are small., They
become rapidly consolidated by the blood pressure and incorporated in
the wall. But with successive deposits stenosis builds up and there
is a tendency for larger thrombi to form and be less completely
incorporated in the vessel wall, until ultimately occlusive thrombosis
occurs. '

The reported incidence of occlusive thrombosis in patients
dying of recent myocardial infarction has varied widely, as reviewed



by Crawford (30). Davenport found 607, Branwood and Montgomery only
21% with recent mural thrombus in a further 38%. But these workers
did not separate their patients into forty-eight hours and increasing
time periods, nor was the most informative technique of serial
sectioning of all narrowed areas used. MNitchell and Schwartz (122)
finding of 100% (see above) would therefore appear to be nearer the
true incidence.

Some occlusions are due to atheromatous debris and not
white (platelet-~fibrin) thrombus. The most careful study to date is
probably the one of serial sectioning of 40 occlusions of coronary
arteries by Friedman and Byers (51). These workers found an
atheromatous deposit ('abscess') which had ruptured into the vessel
lumen as the initial event in all the occlusions. A platelet-fibrin
thrombus was the cause of the block in 38 occlusions, with atheromatous
debris the cause in the other two. Constantinides (29) has reported
parallel findings in occluded cerebral arteries.

In sudden death from ischaemic heart disease, there has been
a lower incidence of occlusions (Crawford, Dexter and Teare, 31).
Thrombotic occlusions were present in 50%, and fresh mon-occlusive
thrombosis in a further 20%, The incidence of thrombosis was highest
in the younger patients, especially those under forty years. Those
without occlusive thrombus had severe stenotic lesions of their coronary
arteries, a finding which was also made by Branwood and Montgomery (20a).
The deaths in those patients without a thrombotie occlusion have been
attributed to cardiac arrhythmia, thought to be caused by ischaemia.
An alternative cause of arrhythmia would be transient block of the
stenotic vessels by platelet sggregates, like that shown to cause
arrhythmie in animals (Musterd et al 130). Thus some of these deaths
could be due to a transient or subsequently dislodged platelet aggregate.

xxiii



Fig. 4 Diagram illustrating the propagation of deep
vein thirombi from a nidus in a valve pocket (A) and

the deposition of successive layers of fibrin, platelets,
etc (B and C). Retrograde extension occirs when

there is venous blockage from propagation (D).

Fig. 1.3. ’

Diagram of the stages in the pathogenesis of deep vein thrombosis
from Sevitt 1971.



There would seem to be a little doubt that platelet-fibrin
thrombi and their organisation is the major mechanism in thrombo-
atherosclerosis, What remains uncertain is how other markers of the
atherosclerotic trait, such as hyperlipidaemia, obesity and cigarette
smoking, are acting on this process, Are they responsible for
atheromatous abscess formation, or for the bursting of these abscesses?
Or do they promote thrombogenesis or prevent fibrinolysis, or otherwise
impair the arterial walls ability to organise thrombi, or even increase
the amount of scar tissue formed? No doubt future research will
answer these questions, but the morphologic evidence, based on findings
in man himself (not on animal experiments), leaves little doubt of the
thrombotic pathogenesis of most atherosclerosis.

Platelet-fibrin thrombi are also the major event in the
initiation of deep vein thrombosis, a cause of significant morbidity and
mortality following acute illness., The major worker in this field has
been Sevitt who recently reviewed his own and other peoples work (163).
Deep vein thrombi arise in the areas of turbulent blood flow around
venous valves (162), as layered platelet=fibrin thrombi (see Fig. 1.3.)
which eventually gives rise to a block of the vein. Red coagulation
thrombosis then occurs, and parts of the red thrombus sometimes become
dislodged and embolise to the lungs.

Layered white thrombi are also one of the sources of arterial
emboli, They arise in areas of turbulent blood flow, such as
fibrillating atria, and arterial aneurysms; and on areas of vascular
damage, such as endocardial myocardial infarctions and eroded

atherosclerotic plaques.

This short review only includes a part of the very large
literature on platelets and the part they play in health and disease.
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There have been many extensive reviews of different aspects of
the literaturc in recent years of which the most helpful ave,
in the authors opinion, those by Marcus and Zucker 1965 (111),
Kowalski and Mewiarowski 1967 (98), Jolmson and Seegers 1967
(78), Marcus 1969 (112), Michal and Firkin 1969 (113) and
Mustard and Packham 1970 (133).



SUIMARY OF REVIEW

1.

2.

3.

4.

In vitro studies on man and animals have shown that the biochemical
mechanism of platelet aggregation is centred on ADP. A store of
ADP is present in platelets and is released by substances such as
thrombin, collagen, adrenaline and 5 H-T. This released ADP then
acts on specific receptor sites on platelets making them capable
of aggregating with other platelets.

An vivo studies suggest that in vitro studies are relevant to
platelet aggregation behaviour in the intact animal, and in one
study in man.

Blood platelets are the major initial constituents of haemostatie
plugs, of thrombi on atherosclerotic plagues, and of the white head
of venous thrombi.

After adhesion of platelets to collagen in an injured vessel,

a platelet mass is formed by the clumping of platelets to each
other (platelet aggregation). The platelet mass is then
strengthened by the formation of fibrin strands in it's spaces and
around it.



Recorder

Fig 2.1 Circuit diagram of the turbidimetric method for measuring
platelet aggregation




HATERIALS:

Needles: Disposable plastic and steel needles. Siges G20 and No.il.
Syringes: Plastic disposable syringes.

Glassware: All glassware was siliconised. (Siliclad, Clay-Adams Inc., N.Y).

Centrifuge Tubes: 50 ml. containers. Siliconised glass or polythene
Burroughs Welleome Ltd. One turn of the head

(50 marks) delivered 0,01 mls. The needles used for the delivery were

626 stainless steel.

sma: Magnetised plastic strip (Belipse,

J. Neill & Co (Sheffield) Ltd.) was placed in a 3 mm. length of polythene
tubing (NO.3 sterivac, Allen & Hanburys) and the ends were sealed with
molten plastie. They were checked for comparability in the aggregation

apparatus,

1. Modified Titrator (Evans Electro-selenium Ltd.).

A cadmium sulphide photo-resistor cell (Mullard ORP 12) was
substituted for the standard selenium photo-electriec cell. A red
filter (EEL606) was placed in front of the cell. The table for
holding specimens was removed, and a plastic water jacket
(Professor G. V. R. Born's Workshop, Royal College of Surgeons,
London) was inserted.

2. 6v.D.C, stabilised supply (Cossor Instruments Ltd., England).

3. Honeywell strip Chart recorder -~ 1nV full scale deflection,

Type Y 153X18/V=II-I1I-/1IV/-R.

4. (Cireuit Fig. 2.1. The photo-cell (A) was situated in one arm of
a Wheatstone bridge circuit. Variable resistances (B) of 25K and
5¢ were placed in the opposite arm (allowing coarse and fine
adjustment of the baseline). A 6v DC stabilised supply was commected
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across the balaneing armm., Changes in the balance arm were recorded
across a 100 ohm variable resistance (gensitivity control) by the
recorder,

5. The stirrer motor of the EEL titrator revolved at 1300 rpm and was
exactly followed by the magnetised stirrer in the plasma (both
checked with a stroboscope).

Centrifuge: M.S.E. super minor with a head for four 50 ml. buckets,

Tachometer (Smiths Industries): Full scale reading on higher

sensitivity O to 1000 and on lower sensitivity O to 5000.

Mater Bath: Sensitive to - 0.5°C (Type SB2, Grants Instruments (Camb.)

Ltd.).

Hicroscope: Reichert, Biozet, with phase contrast attachment,

Parafilm: (Iindsay and Williams Ltd., London).

After rinsing, the apparatus was

soaked for one hour in Pyroneg solution. Then it was re-rinsed ten
times. Distilled water was used for the last three rinses. The glass
mdridinahotairwmatflcc.
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de disphosphate from equine muscle (Sigma Chemicals Ltd).
A stock solution (1072 in saline) was prepared and divided into
2 ml, aliquots., These were stored at -20°C until used end a new
batch of aliquots was prepared every two months.

Other chemicals were prepared and stored in the same way.

DO G ‘.‘,L;. >

(all Sizma Chemicals Ltd).

Adrenaline ecid tartrate (Burroughs Wellcome Ltd).

Thrombin ~ bovine (Parke-Davis).

Collagen was prepared from human achilles tendon obtained postmortem
(method of Hovig 78). It was stored at - 4°C, and a batch was only
used for two weeks,

Heparin (Pularin, Evans) was dissolved in saline to give the required
strength and stored at —4°C,

EDTA Trisodium salt (Hopkin & williams)

Calcium Chloride A 40mM stock solution in distilled water was prepared.
Citrate anticoagulant 3,87 Trisodium citrate wes prepared in de-ionised
distilled water by the Pharmacy department. It was stored at 4°C.
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Blood was collected by clean venepumcture and two syringe technigue

into 20 ml. syringes which contained the anticoagulant, The
anticoagulants were 2 mls, 3,87 eitrate (final concentration in blood
0.38%); 2 mls. 30 m EDTA (final comcentration 3mM); or 200 units
heparin in 0,2 mls, (final concentration 10u/ml). The blood and
anticoazulant were mixed using a bubble of air drawn into the syringe.

The anticoszpgulated blood was discharged into a 50 ml. centrifuge tube

end ineubated at 37°C for 3 mims, It was then centrifuged at 150g. for
10 mins, at room temperature. The platelet rich plasma was removed to

e level of about 0,5 ems. above the blood/plasma interface, and
transferred to a test-tube in a weterbath at 37°C where it was stored

vntil it was used., The residue of bleod and plasma was re-centrifuged at
460g., end the platelet poor plesma was removed to a level of about 0.5 cms,
sbove the plasms/blood interface. It was stored at 37°C.

Platelet + ‘theoretical and practical detalls are described

in Chapter Three.

Platelet counts: Hloed snd plasma specimens were collected in sequestrine
plastic tubes and platelet counts were performed by the method of Dacie

(34), veing phase contrast microscopy.
Specinens were fizxed in formalin solution

and examined and counted according to the wet preparation technique
described by Zucher and Borelli 1954 (189). The specimens in this test
end tests of platelet morphology (see below) were coded before counting
in order to make the examination a 'blind' onme,
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Three categories of shape were counted:-
(a) Disks - platelets whose short diameter (as they turmed over in the
wet preparation) was 30 percent or less of the long diameter,

(b) Spheres - roughly spherical platelets whose shortest diameter was
not less than 50 percent of the longest one.

(e) Others - shapes intermediate between disks and spheres, or degenerate
shapes,

Specimens were fixed as for platelet

(a) Siges of agsrezate. Aggregates wers recorded in the size ranges of
2-10, 11=20, 21-50 platelets and then as 50 plus platelets to 4 HPF
(high power field 400x), i-1 HPF, 1-2 HFF, 2-5 EPF end 5 plus HPF's,
The percentage of the total platelets 4n each of the aggregate
size ranges was estimeted visuvally by compering identical dilutions of
the original platelet rich plasms (PRP) and aggregated FRP with each
other, The estimate was recorded as the percentage of the
originally single platelets (i.e. 100%) present in tho sgzregates
of each range of aggregate size, This method is semi-quantititive,
however in a geries of duplicates, exemined in a2 blind ecxperiment,
the results in the pairs were similar,

egatess The aggregates were slowly and
firmly squashed by pressing the slide asainst the coverslip (Sharp
166). The degree of separation of the plateleis produced by the
compression indicates the strength of inter-platelet bonds,
Specinens were classified in the following categories:

(1)

sion - nearly all platelets in the aggregates
individunlly identifiecd (Fig. 2.2).
(2) Moderate adhesicn - Individual platelets identified at the

edges of the aggregate, but not at its centre (Fig. 2.3).
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(3) Marked adhesion - Individual platelets not seen even at the
edge of the aggregates (Fig. 2.4).
A specimen was classified on the adhesion category which was dominant.
Although the method is semi-quantitative, blind examination of duplicates
produced similar results.

During platelet aggregation substances such as adenine nucleotides,

5 H~T and adrenaline may be released by the platelets and those
substances added to the PRP are altered by plasma and platelet metabolism,
Some are stimulators and some inhibitors of aggregation. One often
wishes to Imow the sum of the effect of their interaction on platelets,
but some of these substances may not yet have been identified and the
interactions of those already identified are complex, Their composite
effect has been measured in this thesis biologically - by adding the
supernatent to fresh PRP., The aggregation produced by the supernatant
was compared with that produced in the same FRP by known concentrations
of ADP.

In some experiments the total aggregating activity of the supernatant was
neasured. In most only the ADP-like aggregating effect was estimated.
This was separated from the total by adding the adrenaline and 5 H-T
inhibitor, phentolamine, and the thrombin inhibitor, heparin, to the
test PRP (Macmillan 106).

Nethod.
Aggregated specimens of plasma were allowed to stand for 45 secs to allow
the larger aggregates to sediment (sedimentation and centrifugation of
agoeregated specimens gave equivalent results), 0.25 mls of supermatant
was then drawn into a plastic 1 ml. syringe and injected at 60 secs after
the end of aggregation (i.e. 15 secs after the sedimentation period)

into a fresh specimen of plasma (calibration plasma). The aggregation
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produced by the supernatant in the calibration plasma was compared

with that produced by platelet poor plasma (PPP), prepared from the
plasma under test, to which known concentrations of ADP had been added.
The aggregating activity in the supernatant was expressed as its ADP
equivalent activity in p moles per litre ()zl). When the calibration
specimen contained heparin and phentolamine the activity of a supernatant
was called it's ADP-like aggregating activity and was also expressed as
b moles per litre.

Reproducibility. A pool of supernatant was prepared from platelets
which had released aggrogating activity in response to ADP (Secondary
aggregation, Macnillan 106). The pool was stored at 4°C and four sets
of diluted specimens, each in duplicate, were prepared. Each set
consisted of a specimen of undiluted supermatant, of pooled supernatant
diluted to 60 percent, and to 30 percent (by PPP from the same specimen)
and of PPP containing known quantities of ADP. The preparation took
45 minutes. The four sets were stored at ~20°C, The ADP-like
aggregating activity in the supernatant and it's dilutions was measured
using calibration plasma from four different subjecta., Calibration
plasme specimens contained phentolamine (4;::4) and heparin (10 units/ml).
The experiment lasted a total of six hours. The results are shown in
Table 2.1.

The average ADP-like aggregating activity in diluted supernatant matched
closely with the dilutions made i.e. 607 to 63.5% and 30% to 31%. The
range of results were, mean - 20% for 1007 supernatant; mean = 25 for
60% dilution and mean = 30% for 30% dilution, The duplicate results in
each calibration plasma were close together whercas there was a wider
variation between the different calibration PRP's,
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This showed that the range of the results of = 207 to = 307,

was due more to biclosical variations in the response of the
calibrating plasma than experimental techmique. The degree of
variation found is of the order expected with biological materials,
JYalidity, Direct comparisons were not made between aggregating
aotivity and diochemicel measurements of adenine nucleotides,

5H-T, and catecholamines in the same plasma, However the results
obtained by this biological method are the same as those subsequently
obtained when biochomists examined the same situation (Mills et al
116).
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Platelet adherence to non-platelet
surfaces (eg. collagen and glass),
Platelet adherence to other platelets

to form platelet aggregates.

The breaking up of platelet aggregates,
resulting in smaller aggregates or
single platelets.

An in vitro phenomenon measuring the
reduction in the platelet count produced
by verying stimuli (usually glass) which
cause platelet adhesion plus platelet
aggregation, and possibly disruption of
the platelets,

An aggregation response to ADP, occurring
in all platelet rich plasma, in which the
aggregation process increased in extent
gradually with increase in the added

ADP concentration (P.A. was followed by
disaggregation at up to, and including,
the 10pM ADP dose).

A second wave of aggregation to ADP,
occurring in only some platelet rich
plasma. It produced an abrupt increase
in aggregation of near maximal extent.
No disaggregation followed for at least
five minutes, The ADP concentration
which first produced S.A, was called the
S.,A., point ADP concentration,



Chain-reactive S.A.:

Three types of S.A., occurred:-

(1) Biphasic S.A.: The stronmgest S,A., It was
able to reverse established disaggregation, and

80 produced a markedly biphasic aggregation
tracing.

(2) Hon-phasic S,A.: A weaker S.A. It was able
to continue the primary azgregation process but
did not reverse established disaggregation,

(3) Lewsl S,A.: A non-phasic S.A. in which the
increased aggregation reached a steady (level)

state lasting at least five minutes.
An S,A. process which was able to extend it's

aggregation-inducing potential beyond the plasma in which it occurred
to further specimens of the plasma, so producing a marked aggregation

chain reaction.
Self-liniting S.A.:

An S,A., process which was unable to induce a

merked aggregation chain-reaction.



Statistics
The question of which type of analysis to use in this

thesis was discussed with Dr, Barr, Director of the Statistical
Department, Oxford Regional Board. The measurements of the
'gsecondary aggregation' reaction of platelets were made by finding
which of a range of concentrations of a chemical produced the
reaction; also a significant, but quantifiable (see Chapter Seven),
biolosical variation was present. Both these facts argued strongly
for 5 conservative approach to the analysis. It was decided to use
the less sensitive parametric range of tests vhich demand more
experinents and greater agreement to achieve significance, and it
was felt that confidence could be placed in the 5% (p = 0.05)
probability level. The use of parametric tests allowed direct
analysis of the experiments which gave the part qualitative, part
quantitative data, inherent in studies of the secondary agsregation
reaction of blood platelets,

The tests were performed according to the directions given
by Langley 1968 (ref 100).

Asterisks are used in the tables to denote levels of
significance, on the scale shown below (this will not be repeated for
each table in the text).

*b=@.05 o+ p=(0.0t wesb={0.002 *err p =L0,001
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In vitro measurements of platelet adhesion and aggregation
involve the obtaining of preparations containing a highly metabolically
active 'cell', the platelet, and exposing them to an acute stimulus as
comparable as possible to the omes occurring in vive during haemostasis
and thrombosis.

Obtaining platelet preparations means for practical purposes
obtaining whole blood i.e. & plasma, red cell, white cell, platelet
mixture, Unless the blood is immediately tested (Salsman (158),
Busfield (23), it must be either cooled (which damages platelsts (192),
or anticoagulated (or it will clot). Thus, if separation of platelets
from red cells is contemplated, one must either damage them with cold
or alter their behaviour with anticoagulants, Anticoagulants are not
necessarily a2 lesser upset than coolins, however they do allow easier
handling of platelet preparations, more exact observation of platelet
behaviour, and the use of more complex tests.

Platelet adhesion and aggregation studies are hampered by a
problem which is common to much biological material from man - no
absolute standards can be preparoed., An additional problem is that the
number of platelets in plasma varies over a wide range giving difficulties
in quantitation,

In spite of these drawbacks much has been accomplished, as will
be seen from the preceding review, But it is important to remember the
degree of manipulaetion which occurs before testing, and the degree of
comparability of the stimuli used to the in vivo situation it is

23



aanqeIaduag
£poq 9B I0M * 1|

soTpnys

TeotSoToydaou o
TeOTWeYo0Tq J0oF SurTdures *¢

ToTTRIRd J0O quasqe
nusudmba S9TJ9S UT pesn aq UBO STToO 93TUM sgeo0ad
Po1eoTTdWoD 98I0 *2 sqQuUBTNWLAS AUBK *2 150Ul puB T[22 Pay *2 9TOUYM BAJRSqD *Z2
) uotaeTndod qeTeqeTd @oﬂp S suxog)
(sTw g 3sutede sTW 0g) Teotdfqe oAT3d uot1edoadde
oTdwes J938a®T °*T  UOTIBAJISSCO quUBlSUO) °*T| LW UOTIRINITJIQUS) *T sseooad oT3uIs *T 19Te3eTd
QUM TOA Spaei
(UBqSU0D PUB SUTAWTLS UYITM -J1971J8 PUB U99M]9Q UT
QWITY 490BQUOD QUB1LSUOD unowun yaTM ‘squrod
seambea enbtuyosy *¢ UOT2BAJISSAO OM3 ATUQ °*€

o3ueyo B JO °oSnBO
9U3} PULJ O3 Popesu

1TMOTIITP pue gqseq otrFroeds nuesaad
queqtodwt £aea snyexedde aJou J9yj3Jany 1Byl uotye3sa3de pue
JO UOT}EBSTPJBPUBLS °*Z SOTgeTIBA LUBW OF *Z UOTSaYpPE yjog °Z
Spoya au

Sutqunoo qeTe3reTd JO
sTTeI1Td TBaIMpodOad pue . quasagd pooTq
SeTATNOTIITP TBOTUYOSL °T snyeaedde oTdWTg °*T aAOQB SB T squewaTe TIV ‘T | Ssourior3s 19T7e1eTd

ua3BTT00 03 UOTSOUpPE
WOJJ SJI9FITP .
9AT1BlTUEND TWeg *T  UOTQBAJISSQO QUBISUO) *T ssBT8 09 UOTSaYPY *T sseooad oT3UIS °T UoTSayUpy 29Te1e1d

syoeqMBIJ : so3equBADY " syoeqMBa( S938qUBADPY

1s9]

TBOoTUYo8] T€0T2 9109

paaedead aq ued uotyeasdead qeTeqeTd paepusls ON *f
sqeTeqeTd Jo uorqgeTndod Teordfae ue JurqoeTes oq Aew pooTq JutdnITaquedo JII °*€
aurtqd Yydnoays pue oanyeIeduo) YTM osuodsed 39Te1eTd UT sadury) *z

3utqyq0T10 quessad 04 sangesedweq MOT J0 spueTndeootque J0°3urqseq prdea Joyatd *T 59893 TTB JO SweTgoad

uoT1e30133e pue UOTSOUpPE 49793eTd Jurinsesw JO SpPoylsul JO SHOBQMBJID PUB SodeqUBAPY T°€ °TdBIL



intended to mimic, when considering the possible relevance of in vitro
findings to the in vive situation.

There are three main groups of tests:-

(1) Adhesion tests - the adhesion of platelets to various substances,
especially glass, is observed directly.

(2) Agzregation tests - platelets, separated from red cells and
most white cells, are stimulated to aggregate, and the effects
of the stimulus are followed in different ways; visually, by
optical or ultrastructural microscopy, and automatically by
recording the changes in the density of the plasma.

(3) Platelet stickiness tests - platelets are induced to adhere to
a surface (usually glass), other platelets aggregate onto the
adherent ones (142, 149) and yet other platelets form non-
adhering aggregates; some platelets may disrupt., This is
thus a composite test., The combined effects of these three
processes are calculated from platelet counts taken before
and again after the blood has been exposed to the stimulus.

3. CRITIQUE OF THE TESTS
The advantages and drawbacks of the three groups of tests are
given in Table 3.1.
(a) Tests of adhesion involve microscopic study of blood or platelet
rich plasma in contact with an adhesion-inducing surface.
Collagen in injured tissue has been used (174), but the effects
of this reaction was until recently only roughly quantifiable,
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(v)

Spaet et al (173) have now developed a technique which may solve
this problem, It is easier to quantitate tests in which glass
is the stimulus, but the mechanism of adhesion to glass shows
differences from that of adhesion to collagen (20), suggesting
that different platelet properties may be being measured.

ss have their earlier origins in
Morowitz and Jurgens (124) experiments, in which they drew non-
anticoagulated blood back and forth through & capillary tube,
The modern era of this test was initiated by Helen Payling Wright
(186). She constructed a vaseline coated, revolving bulb which
allowed intermittent and moving contact between blood and a clean
non-vaseline coated glass coverslip. The platelets were counted
at gero time and again at intervals of 20 mins. The decrease in
platelet count wes taken to be an estimate of platelet adhesiveness,
Hany variations of this technique of prolonged contact with a gmall
glass area have been developed since (111, 61)., A new generation
of tests with a ghort glass contact time was introduced by Moolten
and Vroman (123) in 1949 and the technique was much improved by
Hellem (72). 1In order to incresse the ares of glass Hellem used
many smell glass beads packed into a container. This represented
a major advence in standardisation as he was able to pump blood
through the beads at a standardised rate. He also described many
of the technical pnd sample variations which affect the results,
and which are now known to be crueial for worthwhile results.
Others continue to be added, (61, 53, 55). Modifications are
plentiful, with Busfields (22) the most attractive. Unfortunately

it is not possible to work at body temperature with these methods.
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The numerical basis of platelet stickiness tests is the platelet
count, As Mitchell (55) has so aptly said, "only those who have tried
to decide whether a blob in a counting chamber is, or is not, a
platelet, can appreciate the difficulties of this laboratory procedure,
and understand the ease with which observer bias may occur",.

The place of this test in studies of platelets and their
disorders has become clearer with the pessage of time. Its greatest
use is as a glinical method for screening patients and populations

It has the advantage of allowing interaction of all elements of
the blood. However the corollery of this is that vhen changes are
detected it is necessary to perform more specific tests to find out
which component of whole blood is producing the change. Are the
red cells releasing more (or less) ADP? (e.g. measure red cell
fragility): or are the platelets varying in adhesion, or sggregation,
or disintefgration?, or are the white cells or plasma (e.g. fibrinogsmn)
responsible? Thus this test has a position analogous to that of the
whole blood clotting time in coagulation work, any sbnormality must
be investigated further to find it's cauvse, and a negative result does
not exclude an abnormality.

(e) Zests of platelet aggregation: In these tests the platelets are
separated from the red cells, thus limiting the number of reactants.
The act of separation introduces the possibility that ome will be
studying an atypical platelet population, and this possibility has
been studied in this thesis. Also the red cells could theoretically
affect the platelely by releasing ADP during the separation process,
but there is no proof that this actually occurs.

These theoretical disadvantages are outweighed by the many
advantages of being able to study a single process, aggregation.
Initially platelet rich plasma was studied in test-tubes containing
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Light Transm

Fig. 3.1 Diagramatic representation of the correlation between
plasma light transmission and the formation and
subsequent breaking up of platelet-aggregates.



" Borns Method

Light g

Water jacket

to recorder

Magnet

Fig. 3.2 Diagranm of the apparatus of the
turbidimetric method of Born.



PRP which were shaken after the addition of aggregating agents
(sharp, 165, 166).
Hethod of Boxn: Professor Born (12, 17) noted that as ageregates
formed in a test-tube of PRP the density of the plasma decreased
(Fig. 3.1) and he harnessed this change to develop a much improved
and automatic method of measuring aggregation (Fig. 3.2). A light
was shone through the plasma on to a photo-electric cell, and the
changes in plasma density were recorded by noting the changes in
light transmission. A gontinuous recording of the aggregation and
disaggregation of platelets was thus possible, Other advantages
of this method are that the stirring is carried out automatically
by a magnetic stirrer and revolving magnet, and that the tubes
containing the plasma can be enclosed in a water-jacket, allowing
work at body temperature,

This method is semsitive, for example even changes in platelet
shape can be detected (Macmillan et al 1965, 109; O0'Brien 141, 144).

Specimens of plasma and aggregates can be removed, and so
correlations can be made between the tracings of ligzht transmission

and microscopical or biochemical tests.

1. [Eguipment: The types and specifications have been listed in the
materials section of Chapter Two.
2.

(a) The water-jacket was perfused with water et 37°C for 20 mins.
before use,

(b) The light source was centred on the lems system. This was
achieved by moving the light source until inserting a glass
tube containing saline into the curvette (saline blank)



reduced the light transmission by less than 3%. This centring
of the light source was important as turbid solutions such as
plasma were found to block differing percentages of the light
transuission at different positions of the light source (unlike
coloured solutions or coloured filters).

(e) The pert of the L.T., scale required for an experiment was marked
on to the recording paper, To do this a saline blank was
inserted into the cuvette and previously calibrated blue filters
were inserted into the light path.

() Micrometer syringes were filled with active chemical solutions,
taking care to avoid air bubbles in the syringe and needle (G26).
The needle was bent to a right angle in such a way that the
bevel would face the side of the tube of plasma during an

injection.

Using a disposable 1 ml syringe, 1 ml of plasma was transferred
from the store of PRP in the waterbath to the tube used for testing. This
tube wes then incubated at 37°C for at least two minutes. It was wiped
dry and placed in the cuvette, and slignment marks on the tube and the
water-jacket were opposed.

The stirrer was added and recording started., After an interval
of exactly 15 or exgetly 30 seconds the injection of active agent was
started. The injection took from two to five seconds (0,005 ml to 0.025 ml).
After the injection the needle was wiped against the side of the tube.

The changes in plasma light transmission were recorded for three
to ten minutes,

In many experiments the tracings preduced by increasing
concentrations of an aggregating agent were superimposed by backwinding the
chart to a constant starting point. This made comparisons much easier.
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Platelets very in size and shape, and thie variability is cven
greater in platelet aggregates. JFor this reason only descriptive scales
can be strictly applied to the light changes in aggregating platelet rich
plasma, and the "light trensmission' scale is therefore used, Density is
inversely proportional to light transmission (07 L.T. = completely dense
to light, 100% L.T. = no obstruction to light), and to avoid the mental
gymasties of this conversion the term light extinction which corresponds
directly with density hes been used by some (68). In this thesis the
simpler word ‘densiiy' will be used. Density as a general term is not %o
be confused with 'optical demsity' which applies only to particles of ‘I):
or less, The optical density scale is used in soume parts of platelet
aggregation iracing interpretation (vide infra) but in the full lwmowledge
that it is not strictly applicable.

The platelet aggregation tracings were recorded in such a way
that the top of the tracings were positioned at & low light transmission
(high density) and the botiom of the tracings at a high light tramsmission
(low density), Thus & fall in the tracing indicated that the lizht
transnmission had increesed i.e. the demsity had fallen; and vice versa.
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Photograph of Dose-response curve to ADP of platelet rich plasma

In this, and subsequent dose response curves, the plasma was stirred
for 15 or 30 seconds and then,at the point marked by an arrow, ADP
was added. The number beside each tracing is the final concentration
of ADP. The tracings produced by increasing concentrations of ADP
have been superimposed by back winding the chart. ADP was added to
this plasma in concentrations of from 1pM to 10pM. After a small
initial rise in the tracing, there followed a fall which increased
with the ADP concentration. Then the tracing showed a further rise
which decreased as the ADP concentration was increased.




Previovs work, Born (12, 17) and 0'Brien (122) have described this

response as one of increasing aggregation snd decreasing disaggregation
as the ADP concentration was incressed, Born was working at room

temperature, and O'Srien, using hot air, at 37°C.

Investigation. Fig. 4.1. shows a dose response curve to ADP of
the type described by Born and 0'Brien. The tracings which occurred
with increasing concentrations of ADP have been superimposed to aid
comparison (see methods).
Before the addition of ADP, small baseline oscillations were
present, The addition of ADP was followed by three changes.
1. Oscillations ceased and the tracing rose.
2. A fall in the tracing with, at high ADP concentrations,
a reappearance of osecillations.
3« A variable return of the tracing towards the baseline,
which was of lesser degree as the fall increased.



Previous work, All investigators have confirmed Born's original
observation of the presence of aggregates visible to the naked eye

as the density of & plasma decreased (tracing falls), and of breaking

up of the larger of these visible aggregates as the density subsequently
inereases (rise of tracing).

Present study. The initial rise in the tracing which followed the
addition of ADP, was inveatigated by microscopy of samples removed from
plasma undergoing this change. Then the microscopical appearance of the

aggregation and disaggregation processes was investigated.
1- OO U

D1 £ LLOTIONS and rise © Facing.
Previous work. In vivo blood platelets are disk shaped (2, 7, 9) and
this in vivo disk shape is well maintained in citrated plasma at 37°C
(189). ADP has been shown to change the shape of platelets from disks
to spheres coincident with agsregation (195).

0*Brien, 1965, (141) and Macmillan and Oliver, 1965, (109) noted
that when plasma containing disk shaped platelets was stirred a swirling
effect could be seen by the naked oye, presumably due to the disk shape
of the platelets resisting stirring.

The light transmitted by this swirling plasma oseillated (141, 109).
When the shape of the platelets was changed from disk to sphere by ADP the
swirling ceased and the plasma density rose. The light transmission showed
corresponding changes.

The experiment described below is an extemsion of the work
reported in 1965.
Present investigation. Samples from the same pool of plasma were stirred
for 5 mins, After 30 secs. stirring saline or low concentrations of ADP
(0.1, 0.2, 0.4 pit) were added, (using these low concentrations the earliest
stages of the 'rise' were exposed), Samples were taken for microscopical
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exanination during the 'pre-addition' period of stirring and at four

points after the addition., Three experiments were performed and they

gave the same results,

Rosults Fig. 4,2.

f. PARP & paline, Oscillation of the tracing persisted for the 5 mins.
of the experiment, The microscopy samples contained over 80% of
*disk® shaped platelets throughout the 5 mins, At the ‘pre-addition'
point most of the residual platelets were '"indeterminate' in shape.

At 5 mins, about 50 percent of the residual platelets were 'spheredt.
A Pew aggregates of disks (2.5 platelets) were observed,

2, ADP 0,1 i, Coincident with the small rise in tracing and partial
loss of oscillations induced by the ADP, the percentage of single disk
platelets fell from 847 to 607 and of single spheres rose from 2 to 30%.
Purther spheres were present in aggregates of 2-10 platelets =nd an
estimated 157 of the platelet population was in agsregates. By
5 mins, almest complete disaggregation had occurred and the percentage
of disk platelets had risen to 777 and of spheres had fallen to 157,

Je M. The rise of the tracing was more sbrupt and oseillations
ceased, By the top of the rise the percentage of disk shaped platelets
had fallen from 847 to 204 with = corresponding rise in the percentage
of spheres, 25% of the platelet population was in aggregates of
spheres which varied in size from 2 platelets to 20 platelets. Over
the next 5 mins ocomplete disaggregation occurred, and the percentage
of the disk shaped platelets rose to 627,

4o m. After an abrupt rise in the tracing there followed a
fall, and soon afterwards a further rise. Svbsequently the tracing
fell towards the baseline,

By the top of the rise only 5% of the platelets were still disk
shaped (85% were spheres and the remainder 'indeterminate'). Eighty
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Fig. L.3.
Diagram of the tracings used for tracing/microscopy correlations .

ADP was added after 30 seconds stirring (arrow with box).
Samples were taken from the specimens at the points shown by plain arrows.



percent of the platelels were In asgregates, and the size of
aggregates ranged from 2 platelets to 50 - 4 H,P.F. (high power
field, see methods), Over the 5 nins of observation over 807
of platelets became single, The remainder were in small aggregstes
(2 to 20 platelets). Over 407 of platelets resumed their previcus
shape of disis,
Conmento
fs ADP produced sphering of disk shaped platelets and some sphorieal
platelets formed aggregates. These changes were detected by the
turbidinetrio nethod of observing PRP, Over 5 mins a marked
disaggregetion snd modorate regaining of the disk shape occcurred.
2, ‘There was & marked variation in the response of the platelots,
Only some changed to spheres, Only scme sphered platelets formed
agsrogates, and these aggregates varied in their size.
3« The variability of the platelet reaponse was presumably due to the
different ages of the platelet population of a PRP,
2e spawesation | Fa of tracineje
Pgevjous work. Born and iume (19) have demonstrated a rapid disappoarence
of single platelots during the fall of the tracing produced by ADP-nmediated
platelet aggregetion. Theso workers then studied the density of the
larger aggrogates paying particular attention to the changes in the density
of aggregates during 'socondary’ aggregation (106)., This demsity was
inoreased compared to that of 'primary' aggregates.
Dresept work. Specimens of plasma were removed for microscepical study
at seversl pointy of a moderate aggregation response (25 - 357 of initial
plasna 0,0,) and of a very marked aggregation response (‘secondary’
aggrogation)s See Fig. 4¢5. Tor diagramatic representation of the
tracings and the saupling points. The saupies were examined for the
percentage distyivution of the platelets in different sizes of aggregates,

33



S4USNITIOAX9 JNOJ JO ©FBIOAY «

Jo
UOTSaYpPY TBuIajul

(0O%X) PTOTF Iouog USTH

uotpeTndod jeTe3BId JO JUL0JI9d

poIRl - S 9%  0O¢ ¢ b L 9 183 %001 (°
posIe 4 G oL 96 ¥ G 6 8 1183 %09 (P
938BI8 PO G 9l T 7 ol 6 ol ol T1es o0¢ (@
98007 - - 6 Sl G2 ¥4 61 ¢l 98Tx Jo dog  (q
. - - - - - - - C L6 sutressg  (®
TIBF VO54eH  °2
uotjeIaI .
95007 - - - - 6 81 82 61 -598sTP %08 (°
98007 - - l ol Ge 129 8l L 1123 %001 (P
98007 - = L 54 9 1a! b b Trer %S (°
85007 = = = ¢l 9% v2 61 bt osTZ Jo doy,  (q
- - - - - - - - 001 QUTTessy (®
TTBJ 938I9pOH  °|

§94850185% JeBa8] +§ G2 o | I~ ,H,.fom 0501 oLz aTduts

“TOT3CToAGHESTD JO PUE UOTJES0a058 POJAPUL 4GV JO So5¥]S JUSISJJIp 368 SUSUTosdsS JO AJOOSOIOTH

*1°7 °198L




and for the degree of inter-platelet adhesion in the larger aggregates

(as described under methods), Four experiments were performed at each

level of aggregation and the pattern of the changes was similar,

Results Table 4.1.

1. [lHoderate fall. As expected microscopy confirmed the presence of
aggregates but the pattern of their formation was unexpected. By
the top of the rise some of the aggregates were nearly as large as
those present during the late stages of the aggregation process.

The greatest involvement of platclets in large aggregates occurred
at half-fall. The percentage of platelets in larger aggregates at
the full fall point was less than that in larger aggregates at the
top of the rise. At all points single platelets and platelet
aggregates of all the sizes up to the maximum one occurring were
present, Adhesion of platelets to each other in the aggregates was
'loose' at all times.

2. |Marked fall (S.A,). By the top of the rise many aggregates, some
large, were present. The number of single platelets and aggregates
of 2«10 was small at all times, During the 30#% to 100% fall time
period, aggregates of sizes 10 platelets to + HPF almost disappeared,
with almost all platelets forming into large aggregates. However
the largest aggregates were present at the 307 fall position.

The degree of intermal adhesion of platelets in the aggregates
increased steadily from 'loose' to 'marked' from the 307 to 100% fall

position,

Je

Microscopy of specimens
taken while the tracing was rising confirmed the break-up of aggregates.
But the degree of disaggregation was less marked than that suggested

by the degree of return of the tracing to the baseline,



When the tracing returned to the level of the top of the 'rise’,
disaggregation was microscopically incomplete (although it ecould
become complete over the mext 5 to 10 mins), After a tracing
returned from & medium fall to the level of the oscillating baseline,
upwards of 50% of the platelet population was etill in small
aggregates (up to 1/16 HPF).

Samples teken after the small disaggregation which follows some
marked falls (vide infra, primary sggregation) followed for 10 mins
showed 20% plus of platelets were single., But many aggregates of
up to 1 HPF in size were still present, and these showed moderate

adhesion of the platelets,

f« The light transmission from stirred human platelet rich plasma
was an oscillating cne and it correlated with a disk shape of
the platelets.

2, VYhen ADP was added to the plasma three changes occurred.

3« Pirst, oscillations ceased and the tracing rose. This change
correlated with a change of plateslet shape from disk to sphere
and with aggregation of some of these spheres.

4., Second, the tracing fell and this correlated with further
platelet aggregation. A few aggregates neer to the maximum
size occurring to a2 particular ADP concentration were already
present before the fell in tracing started. The largest
aggregates were present at about the 507 fall position of the
tracing.

5. [Finally, the tracing rose. This rise correlated with macro-
and microscopic disaggregation. The microscoplc extent was
less than that susgested by the degree of rise of the tracing.

6. Throughout the microscopic atudy there was considerable

variation in the individual responsiveness of the platelets.
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Only in the very marked azgregatiom falls, where aggregates
of sizes 10 to about 200 platelets (i HFP) disappeared, was
this variation absent. The variation would be expected
from a population of platclets of different ages.
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Fig. L.L.

Dose response curve to ADP of a PRP which showed Primary Aggregation
(P.A.) only.

Increasing concentrations of ADP produced increasing aggregation. This
increase was initially rapid and then slower. Aggregation was followed
by disaggregation which decreased in extent as the ADP concentration
rose; but which was still just present at the lOPM ADP dose.




This type of response was found in all platelat rich plasma
from man, A plasma showing this response is shown in Pig. 4.4. The
lowest ADP concentration producing aggregation varied from 0,01 )J!l to
1.0 )m. The degree of aggregation increased in direet proportion to
the ADP concentration, initially repidly and later more slowly. The
maximum concentration used was 10 pii, as this is at the upper limit of
the (ADP) which platelets can relesse in their response to aggregating
agents (116, 117, 74, 65).

Aggregation was followed by disaggregation. The degree of
disaggregation decreased as the aggregation increased, but it was still
present in slight degree after the 10 )1}1 ADP dose. VWhen the aggregated
plasma was stirred for 10 mins further disaggregation occurred. . In this
10 mins the tracing returned to the bzseline level fellowing ADP additions
of up %o about 3 yi but not after higher doses of ADP (Macmillan 106),

sddition of the pharmacological ADP dose of 100 yM produced

vary marked agsregation with little or no disaggregation during 10 mins
of gtirring.

The widely used (13, 67, 139) measurcment for primsry aggregation
of the percentage fall (0.D. scale) in density produced by a fixed dose of
ADP will be used. In this thalﬁs1)z!ml’m the fized dose in most

experiments,

1. The primary aggregation (P.A.) response is one showing a gradual
increase in aggregation directly proportional to the added (ADP).
This was followed by disaggregation which was inversely proportional
to the ADP concentration, However, slight disaggregation was still
oceurring after a 10 pi ADP addition.

2. P,A. will be characterised by the percentage fall in 0,D, of a plasma

produced by 1 yM ADP.
wr
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Fig. L;f.

Dose-response curve to ADP of a PRP which, in addition to P.A., showed

biphasic Secondary aggregation to 0.25pM ADP

The 0.25pM ADP addition induced a small primary aggregation which was
followed by disaggregation. -After the disaggregation was complete there
occurred a further, very marked, and near maximal aggregation

(eveee= expected P.A. response). This is Secondary aggregation (S.A.)
and the shape of the tracing of P.A. plus S.A. is biphasic. The

O.SpM ADP addition induced a larger primary aggregation which reached a
trough. Then instead of showing primary disaggregation (dotted line)
S.A. occurred. The 1.0pM addition produced a fusion of P.A. and S.A.
and a degree of aggregation which was not increased by ADP 10pM.




In most plasma from man the 'primary' aggregation response to
added ADP was interrupted by a further very marked aggregation ('secondary’
aggregation), The author's original deseription of the process and the
subsequent confirmation of it's presence are detailed in the review
(Chapter 1).

Eresent Study.

The stage of the P.A. process at which it was interrupted by S.A.
varied widely in plasma from different subjects. Very rarely S.A.
occurred after stirring alone. In the remainder of the plasma it occurred
after ADP additions anywhere between 0.25 uM ADP and 10 )m ADP, 1In a few
plasma S,A. was not detected.

Dose-response curves to ADP of plasma from patients and volunteers
showing the range of S.,A, responses are described below.

Results,

The S.A. process was most easily seen when it was very active,
for it then converted a small P,A, response into a very marked aggregation
(maximal or near maximal),

The most active form is shown by Fig. 4.5. In this plasma
0.25 }lll added ADP produced the expected very small P,A. aggregation, This
was followed by a small disasgregation, which was slightly impaired in
degree (for expected, see Fig 4.5). Instead of proceeding to further
disaggregation and a regaining of disk shape by the platelets (as expected,
see Fig. 4.2), after about ome minute of the disaggregation phase the
tracing started to fall again, The speed of this fall gathered momentum
and the oscillations of large aggregate formation started to appear.

The process continued until very marked aggregation was present.
Comparison of this tracing of the S.A., response with that induced by
10 yit ADP during P.A. (Pig. 4.4), showed that the degree of aggregation
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Dose response curve to ADP showing biphasic S.A. to 0.75pM

I'he addition of 0.25 to 0.75pM ADP induced P.A. The disaggregation
phase of the 0.75pM tracing was interupted by a secondary aggregation
which continued to a near maximal extent. 1.0uM ADP produced fusion
of P.A. and S.A. 10pM ADP only slightly increased the degree of
aggregation.

esssesses = expected P.A. response
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Fig. L.6.
Dose response curve to ADP showing biphasic S.A. to 0.75pM

‘'ne addition of 0.25 to 0.75pM ADP induced P.A. The disaggregation
phase of the 0.75uM tracing was interupted by a secondary aggregation
which continued to a near maximal extent. 1.0pM ADP produced fusion
of P.A. and S.A. 10pM ADP only slightly increased the degree of
aggregation.

evesssess = expected P.A. response



present after S.A. was markedly the greater of the two. Furthermore,
stirring of plasma in which S,A, had occurred for 10 mins did not
produce any disaggregation (in marked contrast to even a 10 yif ADP ;
addition in the primery aggregation type of respomse). A small
inerease in plasma density occurred when plasma which had undergone
S.A. were stirred for 1 hour, but microscopy showed this was due to
disruption of aggregates (frayed edges of aggregates and platelet
'debris'), not disaggregation.

The addition of 0.5};!1 ADP to the plasma shown in Fig. 4.5
produced a faster onset of S.A., for the S.A. response interrupted the
early part of the disaggregation following the P,A. response, 1}1! and
10}1! ADP additions further increased the speed of onset of S.A., and P.A,
and S.A, became inseparably fused. But none of these higher ADP
additions added significantly to the degree of aggregation.

Fig. 4.6 shows the dose-response curve to ADP of a plasma which
gave the S.A, response to a 0.75}! ADP addition, At this ADP
concentration the S.A. process again interrupted the disaggregation
following the P,A. response, It had the same very marked aggregation
tracing as the plasma depicted by Fig. 4.5.

The ability of the S,A. process to reverse disaggregation
resulted in the separation of the two aggregation phases by a
disaggregation process. The S.A. in plasma showing this biphasic
tracing, of P.,A, and S.A. seen separately, will be called 'biphasie’ S.A.

Demonstrating the biphasic stage required careful titration of
the ADP addition, for as is shown by Figs. 4.5 and 4.6. a small further
increase in the ADP addition produced fusion of P,A. and S,A., However,
the abrupt increase to near maximal aggregation which S.A. produced was
so striking, when compared to the small P,A., response to low (ADP) and
the 'step'by step' nature of P.A., that, even when P,A, and S.A. were

fused, the underlying presence of an S.A. reaction was obvious.
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Big. L.7.

Dose-response curve to ADP showing biphasic S.A. to 1.5pM ADP

P.A. occurred at 0.5 yM addition. At 1pM ADP addition the disaggregation
phase of P.A. was interupted by a further aggregation process (giving

a biphasic tracing) but this did not develop to a marked extent i.e.

it was partial S.A. The next ADP dose (1.5pM) induced a fully developed
S.A. process; P.A. and S.A. can still be separated. At the next dose
level of 2jl,aggregation of P.A. and S.A. were indistinguishable.

10pM ADP did not increase the aggregation response. (+s¢ecss... = expected
response from P.A. only).
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Fig. L.8.
Dose response curve to ADP of a PRP which showed non-phasic S.A. to

3pM ADP

The response was of P.A. type until the disaggregation phase of the

2pM addition. This was impaired (for expected see ddotted line). The
31M addition was followed by a continuing aggregation process with

P.A. and S.A. fused,which continued to a near maximal response for

the plasma (which was less marked than for biphasic S.A.). The LpM and
10pM additions showed the same pattern with a small increase at each
dose in the extent of the aggregation.




A further example of 'biphasie' S.A. is given in Fig. 4.7.
This plasma showed a "pre-S.A.' response, for a second aggregation
interrupted the disaggregation phase which followed the P.A. response
to 1 P ADP. But this further aggregation faded away without reaching
a near maximal extent (S.A. was produced by the 1.5 yit ADP addition).
Thus the S,A., process sometimes affects the aggregation in a plasma
at the ADP addition before S.A. occurs.

Pig. 4.8 shows the S.A. process in a plasma where the higher
dose of 3 /vl ADP was required to induce secondary aggregation. The
process was less marked in this plasma, but still produced more
aggregation than 10 yif ADP added to a plasma showing only the P.A.
response, Again the aggregates persisted for 10 mins without
disaggregating. This less active S.A. reaction was not strong enough
to reverse an established disaggregation process, though there was a
small 'bump' in the tracings of some plasma where P.A. joined S.A.

This type of S.A. tracing will be called ‘non-phasie’,

The ADP addition required to induce S.A, in twenty plasma was
correlated with the type of S.A. tracing which resulted. Eleven plasma
showed a 'biphasic' response and in these the ADP addition indueing S.A.
was 1.5}11! or less., INine plasma showed the 'non-phasie®’ response, in
eight Z)IHADPormnm required to induce S,A. and in one 1.5)11!@?
was sufficient, The correlation between biphasic S.A. and an indueing
ADP addition of 1.5):! or less, and non-phasic S,A, and an inducing ADP
dose of 2 i or more, was significant at the 1% level (Fisher's d test).

There was a sub-division of non-phasic S.A. which became very
interesting when the mechanism of S.A. was investigated (next chapter).
In a few plasma the increased aggregation respomse of S.A, levelled out
(Pig. 4.9) instead of continuing, as it had in the other plasma. No
disaggregation occurred in 5 mins but had occurred slighily by 10 mins.
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Fig. L.9.

Dose response curve to ADP of a PRP which showed 'level! non-phasic S.A.

to 32@ ADP.

0.5 and 1.0 pM ADP induced a P.A. response and 2jM ADP induced quite
marked aggregation and there was very little disaggregation. 3pM ADP
was followed by a marked aggregation response which became level and
continued for 3 mins with no disaggregation. 5pM ADP was also followed
by aggregation which became level (cf continuing aggregation of biphasie
and other non-phasic S.A.). 10pM produced a small further increase in
aggregation. '




This type of tracing was called 'level' S.A.

S.A. can be separated on the appearance of the tracings into
biphasic, non-phasic, and level, To increase further the power of
discrimination between plasma, the dose of ADP necessary to induce S.A,
was used as a measure of S,A, activity. The fully developed S.A. process
was used as the end point, and was defined as a 'continuing aggregation,
lasting for at least 3 mins, which reached 80% or more of that occurring
with 10 }ﬂ ADP', This point will be called the 'S.A. point®,

The scale of ADP concentrations used to determine the S.A. point

vas: 0.25:M, 0.5, 0,75, 13, 1.5)M, 2y, 3uM, 4pH, Sy, 7.5 and

Specimens removed from plasma which had undergone S.A. showed
the following features:-
1. less than 25,000 single platelets/cu.mm. (many of which were deformed).
2. Very few aggregates in the 2 platelets to 4 HPF range.
3. Many aggregates sized i-2 HPF, all of which showed marked adhesion.
After biphasic S.,A, the number of single platelets was usually
(0th/eu.mn. Also the ageregate size and the degree of 'marked' adhesion
in the aggregates was greater than after nonephasis S.,A., Microscopy of
S.A. aggregates which had been stirred for ome hour showed no break-up of
the aggregates, but their edges had become ragged. There wes a marked
inorease in the amount of platelet 'debris' (which probably accounts for
the small inorease which occurred in the demsity of the plasma),

1. In most plasma from man a second wave of agsregation occurred during
an ADP dose-response curve. This has been called 'secondary’

ageregation (S.A.).
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2. On the appearance of the tracings S.A, was divided into:
(i) Biphasie: S.A. interrupted the disaggregation which
followed P,A., (correlated with an inducing ADP concentration
of 1.5 FI ADP or less).

(14) Non-phasie: S.A. was unable to interrupt established
disaggregation (correlated with en ADP addition of 2 yM ADP
or more).

(4i1) Lewel: Non-phasic S,A. where the aggregation reached a steady
state of less than maximal degree
3. The presence of the S,A. response in a plasma resulted in:-
(1) Maximal or near maximal aggregation of the platelets in a plasma,
to ADP additions which would otherwise have only a small P.A.
response (through biphasic S.A.) or a moderate P,A, response
(through nen-phasic S.A.).
(i1) The aggregation of nearly all the platelets into large, very
persistent aggregates with marked inter-platelet adhesion (in
contrast to the mainly transient aggregates formed during P.A.).
4, The accuracy of the measurement of S,A. was increased beyond the
separation of the three types of tracing by determining the lowest
ADP addition which induced S.A. (S.A. point (ADP)). Eleven dose
levels of ADP in the range 0.25 - IO}E were used.
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Fig. 5.1.

S.A. point ADP uM/L ( Log.)

The ADP-like aggregating activity (pM/L) present in plasma after S.A.

The aggregating activity (log) has been plotted against the S.A. point

log (ADP] pM.
ADP yM/L.

QO = normal S.A.

The diagonal line shows the concentration of the added

O = level S.A. @ = S.A. absent



In the previous chapter the presence of S.A. in some human
plasma was described. The next stage was to try and find out why
S.A, occurred. Two primary factors were possible; an increased
aggregating response of the platelets, and an increase in the aggregation
stimulus in the plasma. As platelets are known to release ADP when
stimulated by thrombin and collagen, an increase in aggregating activity
in the plasma due to platelets releasing endogenous ADP was the most
likely mechanism. Several secondary affects could however be occurring,
such as the plasma affecting a platelet's sbility to undergo S.A., or

there could be a combination of mechanisms which varied in their
importance.

Plan of study. The supernatant of plasma which had been induced to
undergo S.A. was examined for ADP-like agsregating activity (see
methods)., After addition of the S.A. point ADP concentration the
plasma was stirred for 3 mins to allow S.,A., to occur, ther the
supernatant was examined.

Results Fig. 5.1. (32 subjects).

The total ADP-like activity P"/I‘ in the supernatant has been
plotted against the S.A. point ADP concentration. The diagonal broken
line shows the amount of ADP added (this is an over-estimate as some of
the added ADP will have been metabolised by the time the supernatant
vas examined).

All the plasna showing S,A. contained an excess of ADP~like
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Table 5.1.

Comparison of the total aggregating activity present

after

S.A. with the ADP-like activity present.

Aggregating Activity

(ADP-equivalent pM/L)

S.A. point (1) (2) Excess of (1)
Subject of plasma Total ADP-like over (2)

(ADPRV/L)

(1) 0.5 2.8 3.2 None

(2) 1.0 8.1 9.3 None

(3) 2.0 5.1 L.9 0.2

(L) 2.0 (level) 32 2.9 0.3

(5) 2.0 (level) 2.5 2.7 None

(6) L.o .9 5.3 None




aggregating activity over the original ADP addition. The three plasma
which showed only P,A. showed a decrease compared with the ADP additiom.
Thus S,A. and an excess of ADP-like activity in the plasma were
correlated. (Wilcoxon sum of ranks, p< 0,002).

The size of this excess of ADP-like activity varied through wide
lindts from { 1yM to)‘l()!. Plasma with an S.A., point of 1.3.1" ADP
or less had a higher excess than plasma with an S,A. point of 2uM ADP
or more (Wilcoxon, p( 0.01). Five plasma with the 'level' type of
SeA. were tosted (marked ] Pig.5.1.)s The release of ADF-like
activity in these plasma was low,.

These findings were reported in outline in 1966 (Macmillan, 106)
and in 1968 HMills et al confirmed the presence of an ADP release using
a specific biochemical method (116).

Platelets are knoun to relesse substances other than adenine

nucleotides and among these are other platelet aggregating agents,
the catechol amines and SH-T (116, 196). In addition to producing
ageregation these latter substances are also capable of a synergistic
action with ADP (139, 117).
Present study. Supernmatant from plasme which had undergone S.A. was
tested for both ADP-like activity (i.e. with the inhibitors heparin
and phentolamine present) and for total aggregating activity
(i.es no inhibitors).
Results. Table 5.1. (six subjects)

The total aggregating activity was elightly greater than the
ADP=like aggregating activity in two subjeots and slightly less in four,



3.

4.

The group contains biphasic S.A. plasma (two), non-phasic S.A. (two)
and level S.4. (two).

Comments. The total aggregating activity released during S.A, was no

greater than the ADP-like activity relesse in six plasma which

included all types of S.A.

The release of ADP and S.A. have been associsted in the preceding
works To see if the release and S.A. could be separated the following
combinations were tested for ADP-like activity.

te PRP + S.A. point (ADF) - stirred for 3 mins (3.4.).

2, FRP + S.A. point (4DP) ~ mixed and incubated for 3 mins,

3¢ PRP + S.A. point (ADF) - stirred for 3 mins,

Six experiments were performed using biphasie S.A. plasma and
they gave similar results.

Results, A marked release of aggregating setivity occurred only
when PRP was stirred alter the addition of ADP, ADF and no stirring
produced no release or only a small one. In stirred platelet poor
plasna a dearease in activity occurred.

Comment. Stirring was necessary for a marked release of ADP at

the S,A. point ADP concentration.

The ADP-like activiiy present in plasma which was undergoing
S.A. was measured at four poinis during it's development; at the
top of the rise, and at 30% fall, at 607 fall and at near 100% fall
of the tracing.
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Table 5.2. Timing of the release of ADP-like activity during S.A.

ADP-like aggregating activity

(arbitary units)

Change from

(1) (2) (3) (L) (5) (6) |Mean | preceeding column
(1) Top of rise 2 6 3 2 0 0 2.2
(2) Fall of 30% 6 16 20 16 5 b | 112 Increase*
(3) Fall of 60% 21 38 31 35 Iy 2k |27.2 Increases
(L) 2% mins 25 .- 33 33" 3¢ 13 27120:0 N.S.

(near 100%)




Results. Table 5.2 (Six subjeets). The units are arbitary,

There was only a low ADP-like activity at the top of the rise,
probably due to the added ADP. The increase in activity was marked
at the 30% fall point (p (0.05) and showed a further definite increase
over this at the 60% fall point (p<0.05). Little or no further
increase in activity occurred between 60% fall and mear 1007 fall,
Sumery. In six plasma the release of ADP-like activity occurred
during the first 60% of the fall of the tracing.

5.

In some plasma the early stages of S.A. can be detected in

the tracing as impaired disaggregation occurring at ADP doses which
were less than the S.A, point ADP concentration (see Chapter Four).

In these pre=S,A. specimens there was sometimes a small increase in
ADP-like aggregating activity in the supernatant above the added

ADP concentration.

The best way to try and answer this question is to separate
platelets, wash off as much of their plasma coating as possible, and then
resuspend them in another plasma. Unfortunately this is not possible
because such a separation can only be performed with EDTA plasma and
EDTA prevents the S.A, respomse (see Chapter Seven, Expt. 3). Only a
partial answer therefore is possible,

Present Study. PEP was diluted by 337 with it's own (parent) PPP and
the S.A. point was measured. This was compared with the S.A., point of
the same PRP similarly diluted with PFP from a separate plasma with a
differing S.A. point. Purther dilutions would have lowered the S.A.
point too much for the test. Both mixtures were incubated at 37°C for

20 mins before testing, to permit an interchange of constituents between
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Table 5.3. Effect on S.A. point of a plasma of incubating it with a
foreign platelet poor plasma

S.A. point (ADPpM)

Subject W @ G ®& 6 ()

(1) Subject PRP + own PPP 0.5. 1:5. . 2.0 2.5 L.Oo¥ 75
SA point of foreign PRP [7.5 5.0 Nil 1.0 1.0 1.0

(2) Subject PRP + fcreign' PPP|0.5 1.75 2.5 2.5 L.0 7.5

Difference (1) and (2) None 0.25 0.5 None None None




the platelets and plasma.
Results, Tablet 5.3 (Six subjects)

The difference between the S.A, points of the parent PRP and
the 'foreign' PRP was wide in four experiments (Expts. 1,2,3,6). The
S.A. point in these four was unaffected by the interchange in two
experiments, and minimally affeected in the other two (Expts. 2,3). VWhen
the S,A. points of the plasma involved was closer (Expts. 4,5), there was
no difference.

Comment. 33% dilution of a PRP with PPP from a separate PRP with a
differing S.A. point had little or no effect on the S.A. point.
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ADP-LIKE AGGREGATING ACTIVITY PRESENT AFTER S.A.
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Fig. 5.4. |
The ADP-like aggregating activity (yM) present in plasma after S.A.

This figure is a repeat of Fig. 5.1. with horizontal lines at the .10pM
and 5.5 supernatant aggregating activity levels. Of the 29 subjects
showing S.A. the ADP-like aggregating activity in the supernatant was

{10pM in 26 and {5.5pM in 11.




In the introduction to this chapter the theoretical possibilitice
of a change in platelet responsivenees or the presence of a release of
aggregating activity were stated. A release of ADP has been detected,
and it was also found that the total release of aggregating activity and
ADP-like aotivity were equal, The results of Chapter Four showed that
S.A. produced a greater eggregation respomse snd failure to disaggregate
(mmm)mgumrmwr.mnl—. Yot a
closer look at the amount of aggregating activity released (Pig. 5e4.)
shows that the activity present in ithe supernatant of twmnty-eix of the
mmms¢.m<tgmmnm<s.glnnm
of the twenty-secven,

Thus it must be assumed that the platelets are more reactive to
the available aggregating activity during S.A. than they are during P.A.
This is particularly so in the plasns showing lovel S.A., in whom the
release of aggregating sctivity was particularly small,

An increased aggregation response can be due to either an absolute
increase in aggregation, or to & decroase in disaggrogation. The relative
importance of these two mechanisms cannot be deduced from the present
series of exporiments, However it is worthy of note that the tracings
and microscopy show a marked failure to disaggregate.

The only small increase in aggregating activity in some of the
plasna undergoing full S.A. suggosts that possibly only a part of the
agsregating activity released into the plasma is essential for 5.4, If
this 1s so then an increase in platelet responsivences would be a major
factor in S.A., with it's importance mesked by the large size of the
release of ADP in most S,A. plasma,
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AGGREGATION CHAIN REACTION INDUCED BY S,A.
There is available after S.A. endogenous platelet ADP free in

the plasma which theoretically could induce further PRP to undergo S.A.,
with yet further release of endogenous ADP. If such a continuing
reaction occurred it could initiate a chain reaction of aggregation.

This possibility was tested experimentally.

Present study. Plasma showing the P,A.-only response, and other plasma
showing biphasic S.A. were used. The pharmacological dose of 100 /n!'! ADP
was added to the P.A.-only plasma, and the much lower S.A. point (ADP) to
the S.A., plasma, After aggregation had occurred ome quarter of the
supernatant (0.25 mls) was added to a further 1 ml., of the same plasma
(this is equivalent to 20% of the released amnd added ADP), After the
aggregation this produced in the second plasma specimen had occurred,

the transfer, and so the dilution, was repeated, by adding 0.25 mls, of
the supernatant to a further fresh sample of the same plasma.

Results;

1. E.A.-only plasma. Fig. 5.2. 100ui ADP was edded to the plasma,
and after aggregation had occurred the transfer described above (207 of
original addition) was performed. The plasma sample showed a slightly
reduced aggregation respomse. The mext transfer (4% of the original 100y
addition) was followed by a marked reduction in the aggregation. The
third transfer (< 1% of the original addition) was followed by only a
minimal aggregation response, This loss of aggregation response was
that which would be expected from the dilution produced by the transfer.

2. S.A. plasma. Fig. 5.3. shows the result using a plasma with
an S.A. point of 1.5 ADP. The addition of 1.5l (i.e. only 1.5 percent
of the dose used in the P,A.,-only plasma experisent above) was followed by
a biphasic S.A. tracing. The same transfers, and so dilutions of the
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added dose, were made. 1In contrast to the P.A.~only plasma the S.A.
plasma showed an S,A, response with each transfer. Thus S,A. was
producing a release of more than four times the ADP needed to initiate
S.A, in a further aliquot of the same plasma., Thus an aggregation
chain-reaction was oeccurring.

The transfers could be continued until the store of plasma
was exhausted, and eight to ten transfers were performed on other
biphasic S.A. plasma without any break in the chain-reaction. Also,
using plasma showing very active S.A., transfer of as little as 0.1 =nl.
(i,e. only 10% of supernatant) from a post-S.A., specimen was sufficient
to initiate, and support, the aggregation chain reaction.

In contrast to biphasic S,A. plasma, non-phasic S.A. plasma
supernatant failed to initiate or support an aggregation chain reaction,
with the unusual exception of some of the non-phasic S.A. plasma with an

S.A. point of 1.5uM,

The preceding experiment showed that the theoretical possibility
that the S.A. process could result in an aggregation chain reaction was
correct. The biphasic S.A. plasma nearly always gave the chain-reaction
when only 207 of the aggregating activity after S.A. was transferred (in
some biphasic S.A. plasma it occurred with the tramsfer of (10% of the
aggregating activity), whereas only a few of the plasma which showed a
non-phasic S.A. tracing gave an aggregation chain-reaction with the 207
transfer.

The aggregation chain-reaction potential of the S.A. in a
particular plasma, can be considered from the alternative viewpoint of
how many further units of plasma could be induced to underge S.A. by the
released aggregating activity. If 200 of the aggregating activity
present after S.A. induces one further specimen of plasma to undergo S.A.,
then the total aggregating activity present after S.A. would be capable
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of indueing at least five further units of the same plasma to undergo S.A.
(1.0. 1007/20%); the aggregating activity released by S.A. in each of these
five units could each induce five more units of plasma to undergo S.A.
(1.0 5% or 25) and after the mext coycle of S,A., there would be enough
agerogating activity present to produce S.A. in 252 i.e. 625 units.

The chain-reaction potential of an S.A. plasma can be gxactly
calculated, by dividing the aggregating activity release released during
S.As by the S.4. point of the plasma. The results of this calculatiom,
using the fisures for release of aggregating activity and S.A. point
reported at the beginning of this chapter (Fig. 5.,1), are givem in
Table 5.4. To emphasise the effects of the geometric scale of increase
which occurs during a chain-reaction, the effects of the second and third
cycles of such a reaction are given,

A plasma with an S.A. point of o.zs}m/n ADP and a release
produeing 9.25}:!/1. ADP=like activity had the aggregation chain-reaction
potential to induce S.A. in 37 further units of plasma in the first cycle,
1370 units in the second cycle, and greater than one million units in the
third., In this plasma the potential is obvicusly enormous. The chain-
reaction potential of three cycles of reaction reduces rapidly as the S.A.
point ADP concentration rices, being 16,900 for 0.75 S.A. peint, 2,800 for
1.0, 577 for 1,5, and then falling to the low level of 6 for the S,.A,
point of %u!l ADP,

Although the level of released ADP-like activity falls as the
S.A. activity of the plasma decreases, it is still, at the 2}114/1. ADP S.A.
point, 30% of the release occurring at the o.zs)nm/l. ADP S.A. point. But
during the seme period, the aggregstion chain-reaction potential has fallem
to 0,01% of it's value at the 0.25}5/1. ADP S.A. point. Thus the mejor
determinant factor of the chaine-reaction potential iz the S.A. point ADP

concentration.
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These calcuiations have shown the erucial importance of
relatively small changes in the S.A. point ADP concentration. 1In
the S.A., point range o.aﬁ}m-t.s)anlx. ADP a fast reducing, but important,
chain-reaction potential was present, whereas S.A. points of 9:! ADP/L
and above were associated with minimal potential for a chain-reaction.
This point is underlined when one calculates that the inarease in
S.A. point sctivity from 2l to 0,25 ADP wes associated with
a one hundred thousand times increase in aggregation chain-reaction
potential.

To emphasise this rapid increase in chain-reaction potential,
for only a smsll decresse in the ADP concentration required for S.A.
two new ternms for describing the S.A. process will be used in the
remaining parts of the thesis, The S.A., in a plasma with an S.A. point
of 0,25 to 1.;::: ADP/L will be called Chain-Ree

it's marked ability to induce S.A. in a further sample of the same
population of platelets. 1In plasma with an S.A. point of 3::! or nmore,
the S.A. will be termed Self-limiting S.4., to stress it's relative
inability to induce further platelets to undergo S.A. This division
corresponds very closely with the previous division into ‘*biphasic’
and 'non-phasic' S.A.



MECHANISM OF SECONDARY AGGREGATION

Added ADP

(1) Reversible aggregation (P.A.)
Becomes

self-perpetuating (2) Increased and persisting aggregation } R

(3) Release of platelet ADP stores

Fig. 5.5.

Diagram to show how the responses of platelets to ADP during
secondary aggregation become self-perpetuating.



1« During S.A., aggregating activity was released by the platelets
into the plasma, This activity behaved as though it was ertirely due to
ADP,

2, The platelets responsiveness to ADP was increased during S.A.
and such a change could be an important part of the S.A. response.

3. The combination of a release of ADP with an increased
responsiveness to ADP is sufficient to explain the S.A, process. Thus
the ability of ADP to induce S.A. was due to the platelets showing a
triple response as compared to the sipgle one (aggregation) which they
show during P.A. A self-propagating aggregation process resulted
(Fig. 5.5). The added ADP was acting as 2 trigger, but S.A. soon
becanme self-sufficient.

4. Due to the release of ADP, some S.,A, had the ability to initiate
a pewerful aggregetion chain-reaction, an ability which correlated closely
with the presence of a biphasic tracing. It correlated even more closely
with ar S.A, point of 1.5 }m/r. ADP or less and such plasma have been
called *chain-reactive' S.A. plasma.

5« The factor which determined the magnitvde of the chain-reaction
potential was the S.A. point ADP concentration. The potential of three
cycles was very large for an S.A., point eof 0.2@1!4 and 100,000 times less
for an 5.A. point of 2):! ADP, The rapid fall in aggregation chain-
reaction potential for only reletively small changes in S.A. point ADP
concentration over the range 0.25)\! to gﬂ ADP has been stressed.
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JRIBODUCTION
The S.A. reaction has been studied so far by adding gxogenous

ADP., In vivo one would expect the ADP released from injured tissues and
danaged red cells t0 have the same effect as that of exogencus ADP, as it
is exogenous to the platelet cell.

A further important source of ADP is the release by the platelets
of their rich storescof ADP. This release is induced by thrombin,
adrenaline, collagen and 5i.T. (see Chapter 1). Since the platelets will
have entered an altered state when they undergo the release reaction, it
is important to find oui whether or noi this endogenous platelet ADP will
induce S.4, in these altered platelets.

There are practical difficulties in attempting to show this,
Since throambin and collagen release ADP as part of their direct effect,
ADP release is mnot, as in ADF induced 5.A., a narker of S.A. The search
for S5.A. during the aggregaftion produced by these substances had therefore
to be based on the appearance of the aggregation itracings. A search
was made for san gbrupt increase to a rpear maximal aggregation response =2t
a lower than expected dozse of aggregating agent. In order to increase
the ease of finding any such change, plasma showing the marked Z.A.
response of biphasic S.A. were coupared with plasma which showed only
PeA. A direct correlation between S.i. to ADP and the second phase of
adrenaline induced aggregation has already been reported (Macmillan 1966)
and confirued (Hardisty et al 1970).
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First, plasma which showed P.A, only and biphasic S.A. were

compared, and then, plasma which showed non-phasic S.A. were examined.

Ihrombin

Previous work. Thrombin is an active platelet aggregating agent which
exerts it's full action over a smaller range of concentration than ADP

(139).

At the higher thrombin concentrations fibrin forms and prevents

further observation. Thomas (177) has demonstrated a biphasic response

2,

In these plasma increasing concentrations of thrombin
produced a gradually increasing aggregation response.
This was followed by a decreasing, but always present,
disaggregation. At higher thrombin concentrations
fibrin formed, initially during the disaggregation phase,
end then during the aggregation phase.

The thrombin concentration required to produce the most
marked aggregation effect was 0.45 to 0,7 units.

The ADP=like aggregating activity released by the stage
of marked aggregation was measured in three plasna.

It was 4.8; 5.2; and 6.9:1!(.

In biphasic S.A. plasma, a biphasic aggregation tracing
occurred with thrombin (see Fig.6.1 right 0.2 units).
The second aggregation phase had an identical appesrance
to the S,A. tracing induced by ADP i.e. it rapidly

resulted in marked aggregation with no subsequent
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disaggregation. Thus an gbrupt increase in agzregation
had occurred (ef Fig. 6.1 left) with a biphasic tracing.
The lowest thrombin dose inducing the S.A. response in
this series was 0,01 units i.e only 2.5% of the thrombin
coneentration producing a iassar aggregation in P .A.~-only
plasma., In plasma with non-phasic S.A. an abrupt
increase in aggregation occurred but a biphasic tracing
was rare. This aggregation also proceeded to a maximal
aggregation with no subsequent disaggregation in 10 mins,
Thrombin concentrations of 0.15 to 0.4 u were required.
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Collogen

Previous work. The aggregation produced by collagen occurs after a
latent period, is of slower speed than with other aggregating agents,
and is not followed by disaggregation (70, 124).

The previous findings were confirmed. There was a latent

period of 30-90 secs followed by a slow aggregation process
and no disaggregation. The extent of the aggregation was

only moderate for 500 units (top of an arbitrary range).

2e

In plasma showing & biphasic S.A. response small doses

of collagen produced a minimal aggregation (10 units

Fig. 6.2. right). A small further increase in collagen
dose (15 units) produced an abrupt increase in aggregation
to near maximal, which had the S.A, tracing appearance.

It thus fulfils the criteria for am S.A. response. S.A.
produced a marked inerease in the maximum degree of
aggregation possible to collagen because 'primary' collagen
aggregation is only moderate in extent at it's maximum,
The lowest concentration of collagen which was followed by
S.A. was half of one unit i.e. only 0,1% of the collagen
dose producing considerably less aggregation in ‘primary’
collagen asgregation.
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Fig. 6.3.

Adrenaline indvced platelet aggregation

Top: Plasma showing only P.A. to ADP: After a latent period of
about 15 seconds the oscillations decreased and the tracing fell
slightly. Then aggregation levelled out and remained steady. There
was only a little difference between the effects of adrenaline
1pM and 100pM. This is the adrenaline first phase of aggregation.

Bottom: Plasma showing chain-reactive S.A. to ADP: Adrenaline O.LpM
induced a first phase. An increase of adrenaline *o 0.75pM
induced, in addition to the first phase, a second aggregation
which was marked and continued until aggregation was near
maximal. This is the adrenaline second phase and it is similar
in appearance to S.A. to ADP. Adrenaline 100pM increased the »
speed of’onset but not the extent of the secondary aggregation.
The second phase allowed a very marked increase in the aggregation
response over the first phase response (.... Expected 'primary!?
adrenaline aggregation).




0'Brien (123) has shown that adrenaline and

noradrenaline induce platelet aggregation in two phases. The first
is small, and the platelets asgregate without losing their in vivo

disk shape. ADP is probably not involved (69, 106). The second

phase produces a maximal response. O'Brien found that it was absent
in some of the plasma he was examining (123, 124, 125).

2.

These plasma showed only the first phase of adrenaline
aggregation, After a short latent period there was a
small fall in the tracing and oscillations were preserved.
ADP=like aggregating activity was tested for, but none was

detected. There was no spontaneous disaggregation but

cemplete disaggregation was produced by the «receptor blocker
phentolanmine (Maemillan 106).

In these plasma the first phase was interrupted by a rapid
maximel aggregation (see 0,75 pi), the O'Briem second phase.
The tracing was identical to the tracing of a biphasic S,A.
response to ADP, This maximal response was obisined in all
plasmae showing S.A. with ADP, The adrenaline concentration
indueing S.A. varied from 0,005 to 100)1!.

ADP~like activity was detected at an early stage of the second
phase and inereased in concentration during the phase wntil it
was comparable to, or exceeded, the concentration produced by
S.A. to ADP,

The increase in aggregation allowed by S.A. was very marked,
and marked aggregation only occurred when S,A. was present.



-

Table 6.1. S.A. point dose to ADP, thrombin, adrénaline, and collagen
in plasma from 25 subjects.
S.A. point concentration
Subject Platelet
count ADP THR Adrenaline Collagen
(103/cu mm)| /L wits /L, units

1x 785 0.25 .15 .005 2
23 L10 0.5 s (ERR 1 1
3¢ 3L0 0.5 .0l .05 1
Ly 470 0.5 .01 5 0.5
Cx 280 0.5 .05 .25 1
63 560 0.75 .125 .05 20

1 210 0.75 .20 .75 15
83 2L5 0.75 .225 .5 25
9% 345 1.0 .075 .2 10
10 320 1.0 .15 o 25
il L55 1.5 .225 1.0 20
12 195 1.5 .225 3.0 15
13 L20 2.5 .15 .5 T.5
1 305 3.0 25 5 15
15 2L,0 3.0 .225 .75 20
16% - 275 3.0 225 T<5 75
17 1420 4.0 agy A5 15
18 275 5.0 20 100 20
19 360 5.0 20 5.0 30
20 310 8.0 L5 3.0 60
21 380 10 F 0.5 100 500
22% 530 10 F 0.5 100 500
23 560 10 F 0.6 100 500
2l 260 10 F 0.5 100 250
25 L80 10 F 0.5 100 250

F = fibrin formed before S.A. occurred
THR = thrombin % selected patients .
Analysis by Friedmans Test 1937



Plan of study. Each plasma was tested with ADP, thrombin, collagen

and adrenaline to determine the S.A. point, if any, to each. The plasma
were taken from pationts (selected for high S.i.) and from volunteers,
and consisted of 12 with & chain-reactive S.A. response to ADP, 8 with
selfelimiting S.A, and 5 with only a P,A, response. The four dose
response curves could not always be completed in the 30-90 minute period
after venepuncture when the S.A. point to ADP is stable (see Chapter 7),
and, to allow for this, the order in which the different aggregating
agents were added was randomised.

Results. Table 6.1.

The results have been tabulated using the S.A. point to ADP as the marker,
The platelet counts show no significant difference between the 5.i. and
P.A.~only plasma,

The results showed an absolute correlation between absence of S.A. to
ADP and absence of an S.A. tracing to thrombin, adrenaline and collagen,
in the five plasma tested. Examination of the other results suggested
that the S.A. point doses of the four aggregating agents in any one
plasma were comparable. Friedman's correlation test was applied and

a very highly significent correlation was found () =<0,001).

A correlation was also found within the upper ten S.A. plasma group and
the lower ten S,A. plasma group. (,t» ={ 0,01 for S.A. points 0,25-1 .91/1.
ADP; p = (0,01 for S.A. points 1.5—19-1/:. ADP).
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Table 6.2 Release of ADP-like activity from the same plasma by four

aggregating agents.

Aggregating ADP Thrombin Adrenaline  Collagen
agent

Subject 1 6.0 (2) 13.8 (1) 5.9 (3) Lh.9 (L)

" 2 L.75(3) 6.25(2) T«25(1) 25 ()

t 3 1 178 @) 12.0 (2) 9.0 (3) 7.5 (L)

" L 78 (2) 8.1 (1) 7.5 (3) 6.4 (L4)

.

Friedmans correlation test:-
aggregating agent to release X? = 8.hx
subject to release X = 6.3 (N.S.) |
The figure in brackets is the ragﬁing order for the release-inducing

power of each aggregating ageﬂt.



Present study. Plasma from four subjects was induced to undergo S.A.

by adding ADP, thrombin, adrenaline and collagen. The release of
ADP-like activity at the S.A. point of each aggregating agent was

measured.

Results. ZTable 6.2.

There was a wide variation in the degree of release from the four
subjects and the four aggregating agents, but there was some order

in this. A correlation () =(0.05) existed between the degree of
release induced and the aggregating agent, with thrombin most effective,
ADP next, then adrenaline and least effective collagen. The correlation

between each subject and the degree of release achieved (on only four
subjects) was nearly significant ( [b= £0.10) 0.05).

In chain-reactive S,A. plasma the supernmatant from specimens induced
to undergo S.A. by these three substances initiated the aggregation
chain-reaction. In self-limiting S.A. plasma the chainereaction
nearly always ceased after the first cycle, presumably because of
dilution of the originally added thrombin, collagen and adrenaline,
which is, unlike the ADP, not self-generating.
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PATHWAYS WHICH CAN INITIATE S.A.

Thrombin Collagen

NS

Platelet

Release of ADP ~——-{ ;;Sni:geedméuﬂ:rs

; / \ Adrenalin
P.A. s.A.‘/

Fig. 6.. Pathways which can initiate S.A.




1. S.A. was looked for and detected during the aggregation induced
by edrensline, thronbin and cellagen,

2., Only those plasma showing S.A. to exogenous ADP showed this
response to the endogenous ADF release induced by thrombin and collagen.

3. Through the action of the S.A. process the aggregation response
was increased and more persistent aggregates were formed. This increased
eggregation occurred, as with the S.A. to ADP, to lower doses of these
aggregating agents (often very much lower) them were necessary for a
marked *primary' response. Also, the ghsolute degree of aggregation
was increased tm inverse proportion to the size of the 'primary' response,
i.es a little for thrombin, moderately for collsgen and markedly for
adrenaline,

4. There was a cross-correlation between the doses of ADP,
adrenaline, thrombin and collazen required for S.A. in an individual
plasme, ‘Thus any of the four may be used for messuring the S.A.
activity of a plasma,

5. In chain-reactive S.A. plasma, thrombin, collagen and adrenaline
initiated the aggregation chain-reaction. This indicates that the
pathways leading to this chain-reaction includea these substances.

Fig. 6.4 shows all the pathways.
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Platelet function is kmown to be affected markedly by

differences of experimental techniques, such as anticoagulant and
temperature (Hellem 72 and reviews 100, 61), but in this previous
work total aggregation has been studied, without the separation of
P.A, from S,A. It was therefore necessary to repeat, with reference
to S.A., much of the work previously performed on total aggregation.
Since these experiments were performed other workers have reported
results relating to some of them and these will be detailed with the
relevant experiments. In most of the experiments the results
obtained for P.A. are given, as well as those for S.A., to help in
comparisons with previous work. As well as enabling the construction
of a reliasble technique for estimating S.A., many of the experiments
give results of theoretical interest and importance.
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Table T.2.

The effect of storage at 3?00 on S.A. point to ADP

| Time after

Venepuncture | 1 2 3 i 5 6 7 8 Change
30 mins 0.75 1.5 3,0 3.0 3.0 3.0 7.5 Nl
60 mins 0.75 1.5 4.0 3.0 3.0 L. 7.5 Nil
90 mins 1.0 1.0 40 3.0 LO 3.0 75 Nil
120 mins 0 3.0 5.0 3.0 ‘7.5 5.0 10 Nil | Decreasex
150 mins 1.0 5.0 10 5.0 10 10 10 Nil Decreases
I_O.D. PRP 0.46 0.33 0.27 0.33 0.45 0.50 0.38 0.41

Decreases in activity below the baseline value are

underlined

Analysis by Wilcoxon Signed Ranks Test

¢




Provious work. O'Brien noted that the aggregation response (total) at
37°C decreased with time (137), and other workers agree.

Plasua from four subjects was stored

at 37°C, Three dose levels of ADP were added to each plasma
in a fixed sequence and the sequences were started at the
following times after venepuncture, 30 wins, 45, 60, 75 and 90 mins,
Results. (Patle’ 7.1.). A systematic variation occurred.
The P.A. response rose from the baseline level of 30 mins to
become significently higher (P = {0,002) at 45 and 60 mins.
At 75 mins it wes near to beoseline levels and at 90 mins had
fallen below the beseline levels (b ={0.05).

The degree of the increase was small (only 1 to T%).
Conments. P.A. should be measured at a fixed time after
venepuncture and between 30 and 75 mins., In survey work

%0 tc 4C wmins was vesed.

Plasma from 8 subjects was stored at

37°C. The S.A. point to ADP was determined 30, 60, 90, 120

and 150 ming after venepuncture,

Results. Table 7.2 shows the results. The baseline values
ranged from an S.A. point of 0.75u/L ADP to S.A. sbsent,

SeA. became less active in two plasma at 60 mins, four at

90 mins and six at 120 mins,

Comments. In survey work the S.i. point shovld be determined
within 90 mins of wenepuncture to prevent a storage deterioration
of more than one level in the S.A. point. This was done.
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Previous work. Using rabbit plasma, Comstantine (26) found total
aggregation at 37°C increased from 20 to 90 mins when plasma was stored

at R.T. Using the lower test temperature of R,T., Harrison et al (67)
reported a stable aggregation response from human plasma stored at R.T.
Present study. Experiment one has shown a very small increase in P.A.
when plasma was stored and tested at 37°C. In the present experiment
a plasma sample was divided into three parts; one was stored in ice
chips, one in water at R.T. (20-24°C), and onme in water at 37.5°C.
Testing was started after 20 mins storage. Specimens were incubated
at 3‘?.5°C for 2 mins before testing to bring them up to the test
temperature. |
Results Table 7.0.
1. P,A., Storage at R.T. produced an increased aggregation in
six of seven plasma () =(0.05). This increase showed a
marked variation of from O to + 86%. This variation could
not be correlated with the initial level of P,A., or with
the S.A. activity of the plasma. The FP.A. value in plasma
stored at 4°C was higher than that in plasma stored at 37°C
in five of seven subjects, but the extent of the increase was
less than after storage at R.T.
2¢ SsA. The S,A. point ADP concentration after R.T. storage
was equal to that after 37°C storage in two subjects, and
one dose level more active in four subjects (N.S.). The
S.A. points were equal after 37°C and 4°C storage in three
subjects and S.A. was one dose level less active after 4%

storage in the other three subjects (N.S.).
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Conclusion

1.

2.

3e

4.

Storage of plasma at R.T. increased the F.A. response
relative to storage at 37°C. The extent of this increase
varied widely and was unpredictable.

S.A. activity was increased by storage at R.T. by one dose
level in the majority of plasma.

4% storage tended to increase P,A, and decrease S.A.
activity.

Storage of plasma at 37°C is preferable to storage at

R.T. or 4000
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Effect on platelet shape of three anticoagulants, three plasma
storage temperatures ond stirring.

Plasma from the same blood was anticoagulated with 0.38% citrate (CIT),
3 mM EDTA, and 10 w/ml heparin (HEP). After storage at 37°C, 22-2,°C
(RT) and LOC the plasma was warmed to 37°C and stirred. Baseline
oscillations = many disk shaped platelets. No oscillations = mostly
spherical platelets. A fall of the tracing = aggregation.



Previous work. Platelets in vivo are disk shaped, It was shown by
Zucker et 2l (189) that in citrated plasma at Woc.mut platelets
preserve this disk shape. They found that cooling resulted in sphering
of platelets and also produced a few more grotesque shapes. The ghange
from disk to sphore was complete after 20 mins at 4°C., Platelets in
heparinised plasma showed the same sequence on cooling, with less
preservation of disk shape at all stages. In EDTA, sphering was
irmediate even at 37°C. The tracings produced, when PRP anticoagulated
in these three ways was stirred, have been described (Macmillen and
Oliver, 1965).

Plan of study. As has been shown earlier in this thesis (and 141, 144)
the stirring of disk shaped platelets produces an oscillating tracing,
and of sphered platelets a steady tracing. Citrated (0.387),
heparinised (10u/ml) and EDTA (3:M) PRP wore prepared from blood taken
at a single venepuncture. Each of these plasma was divided into three.
One aliquot was stored at 37°C, end one each at R.T. and 4°C, for 20 to
30 mins. After re-incubation to 37°C. (2 mins in waterbath) the
specimen wes stirred.

Results., Three experiments which gave similar results. A photograph
of one of these is shown in Fig. 7.1. Zucker's findings of shape changes
were confirmed and are diiomstrated graphically. The change in citrated
plasma from disk shape to sphere on cooling (confirmed by microscopy)
was shown by the loss of oscillations in the tracing. The density of



the pleasma rose. Heparinised plasma showed the same sequence.
Microseopy of 37°C heparinised plassa stirred for 60 sees showed
some sphering and small aggregate formation. Coinciding with
this was a slight rise in the tracing and a small loss of
oscillations. Ilany aggregates, again small, were found on
nicroscopy of the R.T. Heparin specimens. Stirring of 4°0 eiirate
plasma produced a fall in the tracing and aggregates of up to + HPP
size were present. In the 4°C heparinised plasma a much greater
fall occurred and sggregates of 2-5[PI' size were present.
In EDTA plasma the plateleis were spherical and remained single at
all temperatures. An wnexplained reduction in plasms density
occurred at R.T.
Comuents.
1. Citrated plasma gave a greater preservation of the in vivo
disk shape of platelets than the other anticoagulants and
this was optimal at 37%.
2+ The disk shaped platelets in citrated plasma were more
stable to stirring thaen those in heparinised plasmna,
3. 37°% citrated plasma wes optimal from these two vicwpoints.

2,

Previous work. Increasing the citrate concentration reduces platelet
aggregation and adding calcium increases the aggregation (121). Studies
of S.A. have not been reported.
Present study. PRP was prepared from blood diluted to 1/20 with 3.8%
citrate. Immediately before testing 0.9 mls of the PRP was mixed with
(1) 0.1 mls saline = 0,19% citrate;
or (2) 0,05 mle 3.8% citrate + .05 mls saline = 0,38% citrate;
or (3) 0.1 mls 3.8% citrate = 0.47% citrate
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Table 7.L4. Effect of varying citrate concentration on P.A.

ADPpM producing 20% P.A.
Change from

(Citrate) (1) (2) (3) L) (5) (6) | 0.15% citrate

0.19% 0.29 0.2L4 0.57 037 0.27 0.37
0.38% 0.68 0.57 1.2 1.5 0.80 1.1 | Increasex
0.L7% 1A 0.68 1.9 1.8 2.3 3.0 | Increases

Table 7.5. Effect of varying the citrate concentration on S.A.

S.A. point {ADPp/L)
Change from

{Citrate) (1) (2) (3) (L) (5) (6) | 0.19% citrate

0.19% 4 0.5 5 3 0.75 0.5
0.38% 3 1.5 10 Nil . 3 1.5 | Increase*
0.L7% 5 1.5 Nil Nil Nil 5 N.S.




Dose response curves were carried out on all these concentratioms,

rumning the tests of each concentration in parallel.

Because of the wide range of responses which occurred, there
was no ADP dose level which induced aggregation at all levels of citrate
concentration, without inducing S.A. in some of the 0,19% citrate plasma.
An alternative standard, of the ADP concentration producing 20/ P.A.,
was used. It was calculated from graphs of aggregation percent versus
ADP concentration., The results showed that P,A., like total aggregation,
was inhibited by eitrate.

2. Tabl-. 7.5.

The S.A. activity decreased in all six plasma when the citrate
concentration was increased from 0.19% to 0.38% (f =<0,05). The increase
in concentration to 0,47% produced a further decrease in S.A. in four of
the five plasma still showing S.A.

In three subjects (3), (4), (5), there was no S.A. activity
detectable at 0.47 citrate concentration. S.A, activity was detected
in two of these at 0,38/ and appeared in the third at 0.19% citrate
concentration, Thus S.A. was uncovered in these subjects by lowering
the citrate concentration.

Comments.
1« The inhibiting effect of citrate on aggregation was confirmed.
2. This inhibition affected both P,A. and S,A.
3« Lowering the citrate concentration uncovered a previously
undetected S.A. in one plasma,
4., It may be that S,A. would occur to some extent in all plasma

at a citrate concentration of 0,19%,

3. Heparinised Plasua.
Previous studies. All workers agree that ADP aggregates platelets in
68



Table 7.6. Comparison of citrate (0.38%) and heparin (10u/ml)
as anticoagulants in paired plasma

(1) (2)" (3) "*h) (B)(6) (1) (8) | Comnge

S.A. point of| 0.75 2.0 2.0 3.0 5.0 6.0 7.5 Nil
Cit. PRP
| (apPpv/1)
Test Dose 0.25 220 0 10 Lk 320 1.0 1.0 1.0
ADPpM

P.A. percent
(1) Cit. PRP | 12%¢ 174 2L4Z 19% 08% 0.5% 29% 18%

(2) Hep. PRP | 52% 68%Z 52%7 63% 704 57% 63% 60% | Increasesx

The highest values are underlined
Analysis by Wilcoxon Signed Ranks Test

Table 7.7. Correlation between disaggregation in heparinised plasma and the
S.A. point of a paired citrated specimen.

(1) (@) (3) W) &) () (M) (8) (9) (10) (11) (12) (13) (1L)

S.A. point [ 0.5 0.5 0.5 0.5 0.75 1.0 1.0| 2.0 3 5 7.5 7.5 Nil Nil

(1MADP/L]
cit. PRP

Disaggre- |10 5.3 3 5.5 2 1" 'k }10.5 8 8 Ik 27 1 33
tion - -
‘hep. PRPmm |’ P

Specimens (1) to (7) showed less disaggregation than specimens
(8) to (1) %4+ (Wilcoxon Sum of Ranks)




heparinised plasma, but there is disagreement about the comparative
effectiveness of the ADP. Some report an equal effect of ADP in
citrated and heparinised plasma (14), others that ADP has more effect
on platelets in heparinised plasma (118, 145, 174). S.A. has been
demonstrated on rare occasions (118) with Borm's technigue, but using
ADP removing enzymes Haslam (69) has uncovered a biphasic tracing more
frequently.

Present study, Citrated (0.38%) and heparinised (10 u/ml.) specimens
of blood were removed from the same venepuncture.

Plan of study. It was found that after centrifugation at 150g less
platelets remained in a heparinised than in a paired citrated plasma,
and so the heparinised plasma was centrifuged at 140 g+ FEven so the
platelet counts in nearly all heparinised plasma were less than in a
paired citrated plasma (O to 20%). Specimens from the citrated and
heparinised plasma pools were tested alternatively.

Table 7.6.

A markedly higher aggregation was present in the heparinised
plasma in all eight pairs (}w( 0,01). This increased P.A. activity
occurred inspite of the lower platelet counts in the heparinised plasuva.

No S.A. tracing was obtained in any of the eight paired
specimens, and was only found once in the thirty specimens examined
during the work, In an attempt to uncover any S.A. reaction not shown
by the aggregation side of the process, disageregation was studied
(Table 7.7).
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Table 7.8. ADP-like aggregating activity released from paired citrated
and heparinised plasma, by the S.A. point ADP concentration,
and during the second phase of adrenaline aggregation.

(1) S.A. to ADP

Subject no (1) (2) (3) (W)
S.A. point ADBFM/L 1.0 1.0 3.0 L.0
Release ADP-like activity

(/L]
(2) Cit. plasma 5.7 L.0 L.o 2.5
(b) Hep. plasma Nil Nil Nil Nil

(-0.55)(-0.5) (-2.25) (-2.5)

(2) Adrenaline
second phase

Subject no . (5) (6) (7)
Adrenaline addition 8.0 8.0 3.0
/L)
Release ADP-like activity
(L] i
(a) Cit. plasma 12.0 745 3.6

(b) Hep. plasma 0.22 0.65 0.45




The disaggregation occurring, after 10 mins stirring of the
sample of heparinised plasma which contained the S.A. point ADP
concentration of the paired citrate plasma, was measured i.e. if the
citrated plasma S.A. point was 0.5 i ADP then the disaggregation in
heparinised plasma after 0.5}34 ADP was nmeasured, and for an S.A.
point of 5}:!’1 the effect of S)JM ADP on disaggregation in the heparinised
pair (Table 7.7).

In spite of the higher ADP concentrations of 2 to 10)414 in the
specimen of heparinised plasma whose citrate pair showed weak S,A.,
these samples showed more disaggregation than that occurring after the
addition of 0,5 ~ 1.0p8 ADP to heparinised samples paired with chain-
reactive S.A. citrate plasma (p =<0.002).

Cozpents.
1. Aggregation induced by ADP was much greater in heparinised
compared to citrated plasma.
2. Although an S,A. tracing was not demonstrated there was a

marked correlation between chain-reactive S.A, in a citrated

plasma and reduced disaggregation in the paired heparinised
plasna,

Haslanm's work, and the preceding section, suggested that a
second process is affecting aggregation and disaggregation in heparinised
plasma, but to a lesser extent than in citrated plasma. It was possible
that a release-reaction was occurring but not showing on the tracing.
However no excess of ADP-like aggregating activity over added ADP was
found in four aggregated specimens of heparinised plasma (Table 7.8).
There was a definite release of aggregating activity in the paired
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citrated plasma. In the one of thirty heparinised plasma in which a
second aggregation was detected only 2 minimal releasse of ADP-like
activity was detected (o.ym).

In citrated plasma there is a strong correlation between S.A.
to ADP and the presence of the adrenaline second aggregation phase
(see Chapter Six). Only suggestive evidence to show that S.A. occurs
in heparinised plasma to ADP has been found so far, yet adrenaline is
Imown to induce a second aggregation phase in heparinised plasma
(0'Brien 139), although of a lesser extent than that occurring in
citrated plasma (0*Brien et al 145).

The release of ADP-like activity during the second adrenaline
aggregation phase was measured in paired citrated and heparinised
plesma (Table 7.8 bottom). There was a marked release of aggregating
activity into citrated plasma but only a very small one into the
heperinised paired plasma (fwom 2-12% of that in the citrated plasma),
through the range 10 to 400 wnits

(6 experiments), The extent of aggregation was comparable for the
same ADP concentrations at each of the heparin concentrations and the
small variations which occurred were not systematie.

1. A second sggregation process could only be detected in the
dose-response curve tracing of ome of thirty heparinised
plasma. Any release of ADP-like activity from platelets
in heparinised induced by ADP was too small to produce an
excess over the added ADP dose, with one exception.

2. Any secondery aggregation occurring in hepariniged plasma
can only be inducins the release of a very small proportion
of the ADP available for release reactions,



5« Disaggregation was significently depressed in heparinised
plasma when the citrated paired plasma showed chain-reactive
S.A. This suggests that the increased aggregation
responsiveness/impaired disaggregation part of the S.A. process
may be occurring.

4. The adrenaline induced second phase of asgregation which occurs
in heparinised plasma produced only a very small release of
ADP=-like activity, an order or more smasller thun that occurring
in a paired citrated plasma,

S5 Heparin has an inhibiting action on the S.A, process and so was

an unsuitable anticoagulant for S,A, studies

4. IDIA
Previoug stuGies. EDTA is a powerful chelating agent and vhen used to
chelate caleium is nuch more effective than citrate; so much so that

only when mere calcium has been added to the plasma can ADP produce
platelet aggregation (68). It is the only anticoagulant which, after
the separation of platelets from plasma, allows their re-suspension in
further plasma or in saline without large aggregates forming (68), and
80 it has an important place in platelel research. Incubation of
platelets in EDTA plasma at 37°C makes them incapable of aggregation (58).
No studies into the effect of EDTA on P,A. and S,A. have been reported.
Eresent study.
Nethods. The syringe containing EDTA was cooled before venepuncture
and the blood-EDTA (3uli/ml) mixture was immediately trensferred to glass
centrifuge tubes in ice chips (4°C). Centrifugetion wes at 4°C (10 minms).
The plasma was stored at 4°C and aliquots were warnmed to 37°C just before
festing.

The calcium addition was titrated in each plasma to find the
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Table 7.9. Comparison of P.A. in paired EDTA (3mM) and citrate (0.38%) paired plasma

|
| (1) (2) (3) () (5) (6) (7) (8) | Change

S.A. point citrated | 1.0 1.0 Ls5 1 &lin: 3 7.5 Nil Nil
(ADPpM)

P.A. percent p
Test Dose [ADPuM/T) | 0.5 gﬁt 3'25 g;t é'g 1.0 1.0 1.0 1.0 1.0

Citrated plasma W% 19% 12% 22% 08% 05% 13% L3%
EDTA plasma 30% u3% 30% 59% LOZ L9% 52% 80% Increasesk

Analysis by Wilcoxon Signed Ranks Test

Table 7.10. ADP-like activity in pairéd citrated and EDTA plasma
at the S.A. (citrated) point ADP concentration

(1) () )
ADP added (pM/L) 0.75 1.0 1.0

ADP-like activity (pM/L)
(1) citrated PRP L. 8.2 15.n
(2) EDTA PRP 0.5 0.25 0.1




ninimum addition which supported a maximal aggregation to 1oo)mmr.
and this addition was used in further specimens of that plasma. It
varied from 2.6 to 3.4 mi in different plasma.

Results.

1. The aggregation response decreased rapidly when the plasma
was incubated at 37°C.  After 15-30 mins incubation at 37°C no
aggregation response could be obtained, even with massive calciunm
and ADP additions. The aggregation response sometimes showed a
smell increase and sometimes a small decrease during storage at 4°C.

on, Table 7.9. [Eight subjects.

P.A. was markedly greater in EDTA plasma compared with a
paired citrated plasma. () =(0.01).
% 1 18 subjects (paired EDTA and
citrated specimens) were studied. 1In only one was an S.A, tracing

2.

obtained. Unfortunately an ADP-like activity assay could not be
performed on this occasion.

The eighteen pairs included eight in which citrated specimens
showed chain-reactive S.A. The degree of disaggregation in 10 mins in
the EDTA plasma paired with these eight, was compared with the
disaggregation in the EDTA plasma paired with citrated plasma showing
less active or absent S.A. There was a significant depression of
disaggregation (Wilcoxon sum of ranh’!n-( 0.002) in the EDTA plasma
paired with chain-reactive S.A. citrated plasma.

4.
measured in three pairs of EDTA and citrated plasma (Table 7.10).
Citrated plasma with chain-reactive (S.A. peimts 0,75, 1.0 and 1.0m¥/L
ADP) were chosen and these showed a marked release of ADP-like activity.

activity after aggregation by ADP was

The EDTA plasma of the pairs showed a fall in ADP-like activity from the
ADP addition level.
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1.

2

3.

4.

Se

Platelet aggregation could only be studied in EDTA plasma
which was stored at 4°C.

The P.A. response to ADP was much higher in EDTA plasma than
in citrated plasma.

Only one S.A. tracing occurred in eighteen plasma. No
ADP-like activity release was detected in EDTA plasma paired
with chainereactive S.A. citratelplasma.

However there was a correlation between a failure of platelets
to disaggregate in EDTA plasma and chain-reactive S.A. in the
paired citrated plasma.

In S.A. studies citrated plasma is preferable to EDTA plasma.
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Table 7.11. Effect of fast and steady withdrawl of

blood on P.A. and S.A.

M l2ds (3) () 5, .(5)
P.A. percent (1pM/LADP)
Fast removal 22 21 3L 20 25 28
Slow removal 23 . 26 L2 25, 28 28
S.A. point (ADPpM/L)
Fast removal 5 1.5 2 1.5 K
Sloﬁ removal 7.5 1.5 1.5 2 1.0 L

The more active response in each pair has

been underlined.




No previous work, The release of ADP from red blood cells is
sufficient for it to be the stimulus to platelet aggregation in

platelet stickiness tests. It is theoretically possible for such

a release to occur during a venepuncture and so affeet the aggregation
of platelets in the subsequently separated platelet rich plasma,
Present study, BHlood was withdrawn from a venepuncture into two
syringes; one as fast as vein collapse would allow (*fast'), and

the other at a steady unhurried rate ('stesdy®'). The order of fast
and steady withdrawal was randomised. Six subjects were studied,
Dose response curves to ADP were performed, testing aliquots fron

the 'fast' and 'steady' plasma samples alternately.

Resulgs. Table 7.11.

1. on. was higher in plasma separated from
blood withdrawn steadily compared with the paired '"fast' withdrawal
sample in five subjects, and equivalent in one subject.

2.

on was more active in two 'steady"

withdrawal plasma, less active in one, and equal in the other three
pairs, Vhen a difference was present it was only of one S.A., point
level.

Conclusion, P.A. was reduced by a fast withdrawal of blood.

No effect was detected on the S.A. point.



L

Table 7.12.

Comparison of P.A. and S.A. in the top and bottom

portions of the placsma column

(1 (2 ) W & &)
P.A. percent Change
(pM/LADP)
Top 12 2l 23 15 L -
Bot tom 05 26 2L 18 11 - N.S.
S.A. point
(ADPpY/L)
Top 10 15 L Nil 3 3
Bottom 10 1.5 3 Nil 3 0.75 | N.S.

The more active response in each pair has been underlined




Previous work. Ageregation percent has been found to be increased in
plasma taken from the top, over plasma from the bottom, of a plasma

column in a centrifuge tube, at a test temperature of R.T. (Harrison

et al 66). This change was ascribed to degradation of ADP by the

white blood cells in the bottom portion of the plasma. The experiment
has not been performed in plasme stored and tested at 37°C,

Pregsent atvdy., Two citrated blood samples of 20 mls were taken from

the same venepuncture. After centrifugation the top halves of the plasma
columns were withdrawn and pooled and the bottom halves were treated
similarly. Dose-response curves to ADP were performed, testing specimens
from the two pools alternmately.

Results. Six subjects. Tablet 7.12.

The plasma from the top of the columm

gave a higher aggregation percent in two subjects and a lower reading in
three subjects., The differences were small.

2. The S.A. point was equal in four plasma

pairs and one dose level more active in two of the 'bottom' plasma,
Conclusion. Fo significant difference was detected between the
aggregation of platelets in the top and bottom portions of a plasma
colunn. The aggregation process occurs at a faster rate at 37°c and so
may be complete before any white cell effect on ADP can affect the result.
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Effect of R.B.C.'s on the dose-response curve of plasma to ADP

Plasma A shows S.A. point (with biphasic tracing) of 0.75pM ADP.
Plasma B is plasma A plus 32th.R.B.C.'s and has a shorter range of
response. The S.A. point is also 0.75pM ADP.



Present study, Plasma from three suvbjecta were each divided into two
equal aliquotz. To one of thece a smell drep of centrifuged blood
was added., Thias produced a marked reddenning of the plasma and the
red cell count was 20 to 45th/em.mms The S.A. point of each specimen
was peasured.

Results. Fig. 7.2.

Samples from the aliquot containing red cells had an
alevated density. The red cella produced a visible swirling effecet
and this produced oscillations in the tracing which persisted after
the addition of ADP.

The form of the tracing was the same in both aliquois but
with much smaller changes in plasma density during aggregation in the
red cell specimen, Microscopy of ithe O.TS)OH tracing specimens showed
maximel aggregation in the platelet aggregates from both. The S.A.
points were equal in the three subjects (0.75):! and 0,753 2.5 yM and
2.5)#1; and 4):! and 4):!! ADP).

Summary. Intentional contamination with red cells did not affect the
SeA. point in three subjects.
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Previous work. Harrison ot a2l (67) who tested aggregation at room
temperature, have fovnd that the mean values of paired specimens
removed from the same venepuncture were equivalent.
Iresent study., Two blood samples were withdrawn from the saune
venepuncture in sixteen subjects. The dlood samples were processed
separately and samples from the resulting plasma were tested
alternately.
Results. Table 7.13.

1. Primery sggregation, The P.A. response was very similer
in eleven specimens and less equivalent in fowr (7), (2), (11), (13).
Higher aggregetion percent was present in five 'ﬁrst' speciuens and
'seven' second specinmcns,
The S.A. point was identical in nine

pairs of plesma, In the remaining seven pairs there was a variation of
one dose level or less.
Conglusion.

1. In duplicate specimens, P.A. was reproducible in most.

2+ SeA. was reproducible to within one dose level in all specimens.



Table 7.15. The degree of extraction of platelets from whole blood to the
supernatant plasma during centrifugation

i Plasma Extraction
Whole Blood Plasma Plasma platelets of platelets
plagelet-count platelet-count volume 18 to plasma
(10°/cu mm) (103/cu mm) (mls) (103/cu mm) | (percent)

1) 2l3 331 8.7 161 66
2) 181 332 10.3 196 108
3) 181 305 8.3 142 78
L) 130 180 7.9 79 61
5) 200 281 7.0 110 55
6) 18l 33L g.0 166 90
7) 121 22l 8.2 101 8L
8) 234 300 8.7 5 62
9) 135 30L 6.0 102 75
10) 199 255 9.8 139 70
11) 134 221 10.6 133 99

Range 55-108%
Mean T77%



Present study. The percentage extraction irom whole blood to platelet
rich plasma depends on the centrifugation procedurs. The platelet
extraciion porcent of the centrifuggtion procedure used in thies {hesis
was neasured, vsing citrated blood.

Results. Table 7.15. Eleven subjects.

The mean extraction of platelets from whole blood into the
suporaatant plaspa showed wide variation. There was a mean extraction
of 77+ and a range of 55-108%,

Summary. The degree of extraction of platelets from whole blcod into
PRP varied widely.

79



suseTd 00T JO *V'd TeTITUT Jo a8ejuedisd °T

l(gemT-ot
(gns)L-€T
(%2L)0%LT
(%o6)M° 12

(s8)oz
(sg)oz
(901)S52
(86 )€z

(89)9tT
(58 )oz
(0T1)92
(qtT1) .2

(TN6

(89)sT
CALIET
(06)02

(09)TT
(09)TT
(Tg)st
(zoT)6T

(omsg

(s9)1t
(0g)9t
(s6)6T

(26

(29)1T
(ol)st
(69)6T

(s€). -

(89Tt ()L
(o)t (ooT)TT
(s8).T (00T)TT

(L1)s (12)9
(9€)0T  (6MTT
(29)8T  (09)LT

(98)se  L(M8)1e

goz (1
gom (€~
%09 (2
%08 (T

J4d 3o
SUOTINTTP JO *V°d

L/ 5

(oot)l €2

yAICS
2

(ooT)€2

Al
€2

(ooT) 12

%0c+

e

(ooT)02

PAT+
0z

(00T).LT

0 T~

0z 0z

(ooT)oz (00T)E2

29T+ $ho+

44 8T

(ooT)8T AQOHVHH

0 B+
62 62

(oot)éz (00T)Q2

(TeTATUT quedaed)
TeULF 03
TBT3TUl 93uBy)

suseTd %00T
TeUutd Jo °"v°d

suseTd %00T
TBT3TUI JO *V*'d

85°0

€ 53D

0°¢
85°0

61°0

0°T

o1
61°0

0T

0°2
o "o

0'T

0°T

St

o "o

(1/md)
ddy esop *¥V°d

(wdaav)
qutod *y°g

euseTd *q°0

uBg)

(5)

()

(€)

(1)

suseTd Jood 3eTe1reTd UzTM Bws®Td SUTINTIP JO °*¥°d uO

109334 “ML°L °TqElL




2. The sffact of platelet comt on P.a, and S.A.

As __Prinoyy Azcregation.
Previous work. There 1s gencral agreement that aggregation decreases

with the platelet count. O'Brien has attempted to quantify this lecrease
for tetzl =sggregation, to emable inter-plasma and intra-plasma comparison,
No work has been reported on S.A.

Present stvdy. Plesms was diluted with it's own platelet poor plasma
(PPP) to concentrations of €0, 60, 40 and 20§, immediately before tecting.
The T,A. vesponse of the plasma and it's dilutions, to 1;1!4 ADP, was
measured. The rosponse of the parent (100%) plasma wes thon rechecked,
There were two series of measurements on each plasma.

Rosults. (Table 7.14) 5 plasma giving 10 resulte.

The results were comparable in four pairs. They were
dissimilar in pair (2) where the control value increased Ly 647 during
experiment (a), and this resvlt was not analysed. In the remainder,

a gradual reduvction in response occurred with dilution, exeept for pair
(5) where there was & rise im P.A. at 80% epd 607 dilutions above the
P.A, in 1007 plasma., [However the degree of reduction was far from
uniform. The inter-plasme pair differcnces were larger than the
intra-plasme pair differencez, suggesting that the variationz were
biological rather than technical.

Comment. P.A. decreased with the platelet count, but not sufficiently
uniformly for an sccurate prediction of the change to be made,

Present study. Plasma was diluted with it's own PPP %o 75F% and 50%, or
to 607 and 30%. The S.A. points of whole plasma and the two dilutions

were measured, Samples from the three plasma were tested alternately.



EFFECT of DILUTION of PLASMA on S.A. POINT
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Effect of dilution of PRP with PPP on the S.A. point (ADPpM)

Plasma was diluted to either 60 and 30 percent or 50 and 25 percent
with its own PPP. The S.A. points of the three resulting specimens
have been joined by a line. Nine subjects. _



Results. Fig. 7.3. NFine subjects.

The three points for esch subject have been joined. Plasma
specimenrs covered the S.A, range. Using a logarithmic scale for the
ADP conceniration of the S.A. point, a linear relationship to O.D. and
comparable slopes between the plaswe are suggested. Analysis of the
firet and second slopes showed po significant divergence {rom a siraight
1ine, and the slopes of the S.i., points of the 10 subjects did not

w Seciel Medicine
differ significantly from each other (kr. Lutz, Public-Heslth Department,
Bdinburzh), The mean slope was 62,1°.
Sumnary. The changes in S,A. point produced by dilution of a plasma

with it'a own PPP were linearly related, In mine experiments the slope

of this change was similar, The mean slope was 62.1°,

Introduction. A theoretical eriticism which has been levelled ageinst
methods using platelet rich plasma, is that the population of platelets
in PRP may not be & true sample of those in whole blood. The relationship
between platelet size and platelet aggregation potential is uncertain.
Some workers have shown a relationship between large size and youth

(105) and others between large sige and metabolic activity (95) and
platelet release reactions (95a). Both these groups of workers altered
the in vivo disk shape of the platelet to that of a sphore by using EDTA
in their experiments. These workers may therefore be showing that
resistance to the sphering effect of EDTA, youth, and high activity are
inter-related. There is no work relating the sigze of the disk shaped
platelets of citrated plasma (which predomimate ip vive amd in this work)
to their aggregating ability.



EFFECT of CENTRIFUGATION of PLASMA on S.A. POINT
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a
o
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S.A., point ADP uM (Log,scale)
Fig. 7.4.

Effect of centrifugation of PRP on the S.A. point (ADPuM)

Plasma was recentrifuged twice at 210g for 5 mins. The S.A. point

of the three resulting specimens have been joined by a line.
subjects.

Seven



Present study. In order to allow the larger platelets to sediment
placma was recentrifuged in the fellowing way:~ 15 mls of plasma from
the sane sublect were nized 217 4 mls removed. The remainder was
recentrifuged for 5 mins at 210g. The supernatant plasma was »emoved,
leaving the botiom cme em and the sedimented platelets. 4 mls were
removed {rom the plasma and the remainder was similarly vecentrifuged
and a2 4 ml aliquot was again set aside. The S,4i. pointe of the three
gamples (original plasme and first smd seeond recentrifugations) were
measured, Specimens from the three samples were tested altermately.
Results. PFig. 7.4. Soven subjecta,

The initial 0.D. was comparable to those in the dilutiom
experinent (Fig. 7.3) in three plasma and the same angle of slope
was present in both edperiments. The initial 0.0, was lower than that
in the dilution experiment plasma in the other four snd ths slope angle
was 2190 lower in these four plasma, A mean slope of 54.1° was present;
it may however be in part lower hecause of the lower initisl 0.D.'s.

The difference between the slopes obltained by dilution
(62.1° nesn) and by vecentrifugation (54.1°mesn) wes significent
(‘b ={0,05). To find out the practical effect of this difference in
slope, the S.A, point which would occur whea a plasma of 0,D, 0.4 and
S.A. point 1pM ADP was diluted or recenirifuged to halve the platelet
nunber (about 400,000 to 200,000 platelets per cu.mm.), was caleulated,
The S.A. point by dilution would be 2.5}# ADP and by rocentrifugation
3.?&!, a small difference only. This suggests that changes of platelet
populatioh produced by centrifugation ere of minor importance only, and
that citrated PIP gives a good measure of the S.,i, activity of the total
rlatelet population,



Sumary.

1. In seven subjects the effect on S.A. point of reducing the
number of platelets by centrifugation (thus allowing differential loss
of the more sedimentable platelets), was messured.

2. The effect of this manoeuvre on S.A. was to reduce S.A.
activity a little more quickly than dilution by PPP did. The difference
was small in practical terms.

3« It is likely that the method of plasma preparation used in
this work, produces a PRP population whose S.A., activity gives a good
measure of S,A., activity of the whole blood platelet population.

1. The degree of extraction of platelets from centrifuged whole
blood into the plasma supernatant was a mean of 77 with a range of
55=108%.

2. Reducing the platelet count by dilution reduced P.A. percent
and S.A, activity.

3« The degree of reduction in P.A, was too variable for accurate
corrections to be made for differences in platelet coumt.

4, The reduction in S.A, was uniform. Thus accurate corrections
can be made for differences in platelet count.

5. S.A. activity was reduced slightly more quickly by
recentrifugation than by dilution., The difference was small and may be
in part due to differences in plasma density, suggesting that the 5.A,
response of citrated FRP is a good measure of that of the platelets in
vhole blood.
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Previous work. There is general agreement that the degree of aggregation
is increased by testing a PRP at R.T. as against S‘TOC and that subsequent
disaggregation is decrecased (for review see Ref,111).
Present study. Flasma was stored at R.T. for 20 mins and then tested at
R.T, and 37°C. The same apparatus was used for both test temperatures,
end so the complete dose-respomse curve at a test temperature had to be
performed before the alternative temperature was used. The order of
testing was randomised. A temperature equilibration period for the
apparatus of 20 mins was used between the two dose-response curves.
Results. Table 7.16, Ten plaama.

1. Primary Agzrezation It was confirmed that P,A. is greater
at R.T. compared with 37°C (Fa(o.ooa). The degree of the increase
at R.T. varied widely and was in no way predictable from the result
at 37°C.
Non-phasic S,A. tracings were present
8t R.T. but a biphasic tracing was not detected. The S.A., point ADP

was lower at R.T. (P =¢0.,05) with the degree of the inerease in S.A.
activity varying. It was zero (3 plasma), one level (1 plasma),
two (5 plasma) and three (1 plasma). The degree of variability was
not related to the level of the S.A. peoint.

Plan of study. The increased aggregation and decreased disaggregation
occurring at R.T. may have produced an S,A. tracing appearance in the

absence of ADP release or the presence of only & small release, and so
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the tracings were correlated with the ADP-like activity in the
supernatant, in three plesma. The tracings at 37°C testing have
besn found $o correlate with the release of ADP-like activity
(see Chapter Five).
Results. Table T.17.

In eontrast to S.A. at 37°C, the correlation between the
tracing and the release of ADP-like activity wes variable at R,T.
(Table 7.17). 1In specimen (1) an S.A. tracing occurred before a
release and in specimen (2) an S,A. tracing occurred in association
with a small release which subsequently increased when the dose of
ADP was raised. Specimen (3) showed complete correlation between
tracing and release.
Summary.

1. R.7. testing increased P.A. The degree of the increase
varied widely and was not predictable.

2. A non-phasic S.A., tracing can be detected at R.T. and occurs
at a lower ADP dose. But it does not have always the same meaning as
the S.A. tracings ocourring at 37°C, as it can ocour without an ADP
release or only a small release.
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Tabie 7.18. Variation in P.A. and S.A. through a day

Primary Aggregation (%)

| Time (1) (2) (3) (L) (5)
9 AM 26(1) 28(1) 29(1) .37(1) 08(L)
12 MD 16(L) 18(L) 18(L) 36(2) 09(3)
3 PM 18(3) 26(2) 26(2) 35(3) 20(1)
6 PM | 23(2) 20(3) 21(3) 3u(h) 13(2)

The ranking of

each level is

shown in brackets

Secondary Aggregation (S.A. point ADPpM/L)

Time @) (2) 43) W) (83 (B) (1) B)-(9) (10) (11). (12)
9 AM 2 " B 3 1 2 2 1 1.5 2 3 L Nil
12 MD 2 75 h 1 2 - g A5 3 L Nil
3 PM 3 Ly h: " 3.6 35 2 D5 A2 2 L 3 Nil
6 PM | 2 L 3 L. 1.5 S 075 B pdd, 3 i Nil

Range 1 2 I 15 2 1 1 1 i s 0

of

varia-

tion




Provious work. Variations with time in S,A. to ADP have not been
reported but the changes in the related second phase of adremaline
aggregation were studied in ten subjects over a month by 0'Brien
(140). O0'Brien used a single dose of adrenaline (5}1/1&) and
detected the second phase on all occasions in four subjeets, on
two-thirds or more occasions in four, and on less than half the
occasions in two subjects. He suggested that considerable
variations oceur in S.A. activity from day to day

Eresent study. This differed in two respects from O'Brien's study.
First ADP was used to stimulate S.A, Second the dose of ADP was
varied to detect the S.A. point exactly, thus obtaining a more
accurate measure of S,A., activity.

1.

Plan of study. The blood was taken from volunteers at 9 am., 12md.,
3 pms and 6 pm. They were fasting for the first specimen, had a light
breakfast at 9,30 am,, a fatty meal at 1 pm., and a light tea at 3,30 pu.

Results. Table 7.18.

1. on was followed in five subjects. In four

subjects the peak of aggregation was 9 am,, with a mid-morning fall and
a rise to near fasting (9 am.) levels in the afternocon. In the fifth

subject low morning values were followed by a pesk at 3 pm. Vith the

exception of this latter person the values varied up to + 25% of the

ion was followed in twelve subjects.

Eleven subjects showed S,A., in the other (No. 12) there was no S.A.
throughout the day. Of the eleven, nine showed a wvariation of only



Table 7.19. Variation in S.A. Day to Day and Week to Week

S.A. point ADP ()JM/L)
Group one Group two

Subject (1) (2) (3) (L) (5) (6) (7)

Day 1 1.5 - - - 5 - L

2 15 - - - Tsh - L

3 1 - = . 5 - 5

I A e 5 2 Tl = 3

5 1.5 - - - 10 = N

1.5 2 3 N Th T+5 L

1.5 1.5 N b - - 3

10 2 2 3 2 i 3

11 3 1.5 3 L N 745 3

12 - 2 L T - - L

Week 3 2 % 2 7.5 Ly 5 2

L L5 3 L 5 5 3

5 = 2 (nil) L - - b

6 | - 15 @i @8 |- - b

7 - 1+8 2 (nil) | - - -

8- - 1.5 2 5 - - -

Mean Yo HeB 2.6 L.6 6.4 6.0 3.6

Variation in

S.A. point level

1) day to day 3 1 1 L 3 1 [ 3

2) Total time 3 1 2(6) L(6)| 3 1 3




one S.A, point level and in the other two it was 2 levels. A
systematic pattern could not be detected in the through a day

variation in S.A. point,
Comment,
i« The S5.A. point was steady through the day.
2+ P.A. showed, as in other experiments, more wvariation.
The results also suggest the possibility of a mid-morning
fall in P.A.

Plan of study. Fasting volunteers (males aged 18 te 42) were bled
at 9 an, on various days over two eighi-week pericds. The subjects
were tested in groups, one of four followed by one of three. This
allowed a checlk to be made for any systematic change across a group.
Results, Table 7.12. Seven sudbjects.

The top section of the table shows the day to day variation
in five-day periods (10 periods in all). The variation was one S.A.
point dose level (three sudjects) three (three subjects) and four
{one subject). S.A. was present on all occasions.

The variation during the three to eight weeks period
(botton section Table 7.19) was only slightly greater, and was
remarkably similar to the individual subjects day to day variation.
In group one, two volunteers, who worked together, showed a marked
fall in S.A. activity (subjeet (3) weeks 5,6 and subject (4) weeks
647) when they had an upper reespirstory tract infeetion, The effect
of aspirin-like drugs was not known at the time of this survey and so
were not inquired into at the time. These two pairs of vesults are
in brackets and were not included in the analysis, The other
volunteer in group one maintained a steady response over this period.



The mean S.A. point value varied widely, from 1.7 to
6.4)11'4 ADP/L. The variation in S.A. point level (bottom table 7.19)
was low (1-2 levels) in three subjects and moderate (3-4 levels) in
the other four. The variation in the day to day and in the total
period were markedly similar in a particular subject. The presence
of low or moderate variation did not correlate with either low or
high S.A. activity.
Summory .

1. The variation in S.A, activity, tested at four times during
a day of normal eating and activity, varied by one dose level or less
in ten of twelve subjects. This is little different from the
variation found in duplicate estimations (Exp. Seven this Chapter).
In the other two the variation was one dose level higher.

2, The variation in S.A. activity day to day, and week to week
was low (1=2 levels) in three of seven volunteers and was moderate
(3-4 dose levels) in the other three. Two pairs of aberrant
results were present.

3« The mean S.A. point ADP concentration varied widely
(1.7 - 6.4):!!).

4. The degree of variation was similar in the day to day period
and the week to week period in any one individual,

5. These results suggest that S.A. activity may remain constant
in an individual althoush varying widely in it's level between
individuals. The degree of variation about the mean level may also
be constant in any individual.



1. Citrated PRP stored at 37°C showed a relatively stable P.A.
percent response between 30 and 75 minutes of venepuncture; and an
S.A. response which was stable for 30 to nearly 90 minutes from
venepuncture.

2. Any variation in storage or test temperature produced
unsystematic and sometimes large changes in the aggregation response,
Because these changes were unsystematic corrections could not be made
for them,

3« Heparin and EDTA inhibited S.A., though evidence of slight
S.A. activity could be detected when the S.A. process was very active.
Heparin and EDTA are not considered to be suitable for studies of S.A,

4. The withdrawal of blood at a fast rate slightly affected r,A.
but did not affeet S.A. Contamination of plasma with RBC's and WBC's
(bottom of plasma colum) did not affect the S.A. point level.

5. Reduction of platelet count by dilution with PPP produced a
fall of widely varying extent in P.A., and a remarkably constant degree
of fall in S,A. point level. The changes in S.A. point level were
sufficiently constant for valid corrections to be possible for changes
in platelet count.

6. 'There was only a small difference between the effects on S.A.
point level of diluting a plasma (i.e. same plasma population) and
recentrifuging (i.e. loss of larger platelets). It is therefore likely
that S.A. activity measurements in citrated plasma are a good estimate
of S.A. activity in the citrated whole blood platelet population.

7. Through a day and over an eight-week period the level of 5,A.
activity in a given healthy volunteer remained constant within a
variation of four dose levels (in most it was less than four levels).
The mean level of S.A. activity varied widely.
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Previous work. In the course of basic studies on small groups of
volunteers and patients plus volunteers S.A. has been found in about
807 of plasma by several workers (Macmillan 106, Mills and Roberts 116,
Zucker and Peterson 197). There has been some variation in the
interpretation of the tracings in these reports which will be
discussed at the end of the thesis. Recently Hardisty et al (1970
ref 65) reported an incidence of S,A, of 1007 in 60 laboratory workers.
He used the Born principle, but had included a major modification in
technique.

The study reported in this chapter was on healthy blood
donors, and the intention was to survey both sexes and each decade
from 21 to 60 yrs. as evenly as possible.

Present study. This was made possible by the co-operation of

Dr. R. A. Cummingg, Director of the Scottish South Eastern Regional
Board Transfusion Centre. The blood donation centre was situated
very close to the laboratory and so quick transport of blood specimens
was possible.

The blood donors. Blood donors were asked to give a further specimen
of blood for research during a routine blood donation. The donors
asked were Caucasian. Initially all donors were asked who were aged
21 years to 60 years, both male gnd female. When 10 donors of the
one sex in one of the four decades had been surveyed no more in this
age/sex group were approached. In this way an almost even spread of
sex and age was achieved.

Al)l volunteers were asked the following questions and if a
positive answer was given they were excluded:-

1. Have you had any illness, however minor, in the past ten days?
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2. Are you taking any tablets, or medicines, or the birth

(contraceptive) pill?

3. Have you taken any of the following tablets in the past week:-

(a) Aspirin, aspro, codis, phemacetin, or other pain killing

tablets.

(b) Butazolidin, Tanderil, or other anti-rheumatic tablets.
Seven donors were rejected for minor illness, or aspirin ingestion,
or contraception with hormone tablets,

All the domors who were approached volunteered to take part.
The following estimations were made:-

1. P.A, percent to 1uM ADP.

2, S.A, point dose ADP):I(/L.

3. Plasma platelet count,

4 Ebiy W.0.0.4 E.S.R, (1"‘t hour Westergren).

Those with Hb ( 75% and/or E.S.R.} 20 mms, were excluded.

On this basis two donors were excluded, one with an ¥Hb. of

64% and one with an E.S.R. of 35 mas 1°° hour.

The results of the survey of the remsining 74 donors are given below.
Results.

The full results for the 74 donors, arrenged by sex and age
by decade, are given in Table 8.1. For analysis the results were
sub-grouped into young adults (21-40) and middle aged adults (41-60)
and further sub-divided by sex. Each of these groupings contained
approximately twenty donors.

1. The average value for P,A. was highest

in the sub-group of middle aged females (33.9%), next were young
females (31.3%), then middle aged males (29,.7%) and, distinctly lower,
were young males (19.1%). The young males showed a significantly lower
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COMPARISON of P.A. with the S.A. POINT (ADPuM)
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A comparison of P.A. (to 1pM ADP/L) with S.A. point
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SECONDARY AGGREGATION in BLOOD DONORS
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Histogram of the-S.A. point ADP concentration of 7l Blood donors



P.A., response than each of the other three groupings (middle aged
males, both age groupings of females b =<0,05). There was no
significant difference between the other three groups.

2. The pattern of the P.A./S.A,

relationship in males and females was the same and sc¢ the results have
been combined, Fig. 8.1. P,A. decreased as S.A. became less active,
from 41% at 1.?! ADP to 16% for P,A.-only. The pattern of this
decrease was a rapid fall from 1,51 to 3y followed by a plateau
which had an aberrant peak at ?IH. The differences in P,A, between
pairs of S.A. points were analysed, The fall of P,A., percent from the
S.A. pointa1.5anl!9jlm}’tothos.&. pdntsBandti»)ﬂum
significant (’b =¢ 0,002), The differences in P,A. percent between
the 31! + 4}1! S.A. points and the other pairs of S.A. points were not
significant,

This relationship between S.A, and P,A., which occurred when
the S.A. point was near to the P,A. test dose, could be due to either
process influencing the other. However, as the S.A. process is acting
before the fully developed form used in the definition of the S.A,
point (see Chapters Four, Five), it is more likely that S.A., is
inecreasing the P,A. response than the reverse.

Se

(1) Zotal results. (fig. 8.2)
The S.A., points in the blood donors ranged from 0.75)1H ADP

(one) to Wil S,A. i.e. P.A-only (three). The mode value
mmmmamms.e)m. The histogram shows a
regular rise and prolonged tail indicating a slight skew
to the left. The percentage of donors showing the
different degrees of S.A. activity were:-
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BLOOD DONORS ’
Sex and Age comparison of S.A. point
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Histogram of the S.A. points (ADPpM) of 7L blood donors divided into
age groups (21 to LO yrs, and L1 to 60 yrs) and subdivided by sex.



(1) chain-reactive S.A. - 12 (165).

(2) self-liniting S.A. - 59 (80%)
non-phasie (737)
level (79)

(3) P.As=only - 3 (4%).

The mean values for S.A. point (ADPuM/L) in these groups (Table £.1)
show that the most active S.A. response occurred in young adult
females (2.2), next in middle aged females (3.4), then in middle
aged men (4.2) and least active were young adult men (4.7).

A histogram of these sub-groups (Fig. 8.3) showed that three of the
groups had a mode value of JuM ADP and middle aged males had the
slightly more active mode value of 2pM ADP.  The high average S,A.
activity in the youn: females is seen to be due to 'front loading'
of the values with the absence of a '"tail', rather than to higher
absolute values, In the remaining three groups a 'tail' was
present, and in F 41-60 and ¥ 21-40 there was the suggestion of

a second 'hump' at 7.5 pM, i.e. of two populations,

inalysis of these results showed a significant difference (p =/0,05)
between the young adult females and the young sdult males groups and
a nearly significant (hb= 0,06) difference between the young females
and the middle aged males. Other differences were not significant.

(3)
To see if the menstrual cycle was affecting the S.A. point, the

twenty-four menstruating women were analysed further, for differences
between the first half (haemorrhage effect? hormonal effect?), and the
second half (hormonal effect?) of the cycle. Only seven out of the
twenty-four were in the first half of their cycle, indicating self-
selection. The average S.A. points were, first half 3,.3pM and



second half 2,8 (N.S.). So amy imtra-cycle differences was not
detectable in these small groups, lNext the twenty-four

pre-menopausal women were coupared with the thirteen post-menopausal
women. The average S.A. points were 2.9 and 3,1yl respectively (w.s.).
(4)
The higher citrate concentration in plasma derived from whole blood

b, (and citrate concentration).

with 2 high Hb, could have influenced the calcium dependent platelet
aggregation in the male plasma. The mean Hb (%) and mean S.A.

point (ADP) for the groups were; young adult men, 98,8/ and 4.7y,
and women 88,8% and 2.2pM; middle aged men, 96.1% and 4.2)if, end
women 84,.4% and 3.7:!. The highest values of Hb and S.A, point

were associated, but the lowest values were not.

Spearmans correlation test was applied to the values for Hb and S.A.
point ADP concentration. For the total female group z = 1,81, and
for males plus females z = 1,86 (}> =<0,10>0,05), This suggests
that some association is present but that it is a weak one.

The histogram (Pig. 8.3.) does not suggest that the values for S.A.
point are moving because of a change in citrate concentration. The
shape of the histogram varies in the different groups of age and sex
as opposed to being similar in shape but in different positions;

also the most active S,A, point and S.,A, mode value are not in the
group with the most active mean S.A. point value (F21-40). The main
difference between F21=40 and the other groups is absence of a '"tail' -
and a "tail' is present in the group with the lowest mean Hb
concentration (F41-60).



1.

2.

3.

4.

A survey was conducted of P,A, and S.A. in specimens from 74
healthy donors. The age group 21 to 60 years was studied and
both sexes included. The donors were questioned about minor
illnesses and drugs before being admitted to the survey.

P.A. appeared to be influenced by an active S.A, process (1.5,
2 pit ADP S.A. point), probably due to the early stages of the
S.A, process, P,A. percent was lower in males aged 21-40 than
in the other groups of blood donors.

The range of S.A. point was O0.75pM ADP to absent; the mode
value was 3)1" and the values were skewed slightly to the left.
S.A., was chain-reactive in 16%, was self-limiting in 807, and
was absent in 4% of the donors.

Analysis of the results by age and sex showed S.,A. to be most
active in young females and least active in young males. The
difference between these groups was significant (P ={0.05).
Menstruating women did not show a higher S.A. activity than
post-menopausal women, and there was no difference between women
who were examined in the first 14 days of the menstrual cycle
compared with those examined at a later stage of the cyecle.
Differences in Hb level did not account for more than a small

part of the difference.



Following acute illness humans become highly susceptible to
venous thrombosis. The three components of this hyperthrombotic
state are the vein wall, changes in blood flow, and changes in the
blood. There is firm pathological evidence that the initial event
in a venous thrombosis is a white (i.e. platelet rich) thrombus
developing in the turbulent blood flowing around venous valves (see
review Chapter Ome). Subseguent red (cosgulation) thrombus develops
downstream to the block caused by the white thrombus.

While white thrombus formation is the initiating event, it
is the red thrombus which produces disease, either by blocking the
vein and so preventing the return of venous blood to the heart (a deep
vein thrombosis), or by becoming detached and passing to the lungs
(a pulmonery embolus).

Deep vein thrombosis and it's sequelae sre important in
both medical (169) and surgical patients (106). Clinical signs are
notoriously unrelisble for detecting deep vein thrombosis, because
many thrombi do not cause local symptoms, and also because the
clinical features which suggest thrombosis are not always due to
thrombosis (161). So venography and radio-active fibrinogen are used
to detect subclinical venous thrombi, (venography correlates well with
neoropsy findings (103) and such a study is mot yet available for
radio-active fibrinogen). Reliable estimates of the incidence of
venous thrombosis depend on results from these special investigations

and on post-mortem studies
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In post-nortem studies the incidence of deep vein thrombosis
varies from about 20 to 60 percent depending on the patients age and the
severity, site, and duration of the preceding illmess (162, 103). In
prospective studies on surgical patients an incidence of 40 percent
was present in clderly trauma patients (venmography, 47) and of
21 percent in routine surgical cases (radio-active fibrimogen, 22).

It can therefore be stated that deep venous thrombosis is
a common occurence afier acute illness, The incidence of small
platelet-fibrin thrombi on venous valves is not knowm,

Previous work. Table 0.1.
The first study of platelet behaviour in yitro in acute

illness was undertaken in 1942 by Payling Wright (186), using her
rotating bulb method of measuring "platelet stickiness®. She found
a slow increase in platelet count after operations and also an
incroase in platelet stickimess., Since 1942 several investigations
of post~operative and post-partum patients have been carried out veing
platelet stickiness tests and one investigation using platelet
aggregation.

A1l investigations have found a post-operative rise in
platelet count occurring after several days, and in one investigation
a fall was detected during the firet 48 hours (59). Platelet stickiness
has been found unchanged by some workers and increased by others
(see Table 9.1).

In the one investigation of platelet aggregation Emmons et
al (42) studied, in eighteen posteoperative pationts, the $otal
aggregation response (i.e. F.A. and S.A, mot separated) at room
tenperature, to fixed doses of ADP and asdremaline. Samples were taken
post=operatively, and at nine to ten days, and thirty plus days post-
operatively. A significant increase in the mean aggregation percent
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was present at the nine to ten days observation point, with a return
towards pre-operative levels at thirty plus days. The authors
noted that there was wide variation in the changes in individual
patients and, also, in one woman examined from day to day. They
were unable to correlate the aggregation increase with age, sex, and
the magnitude of the change in platelet count, nor was aggregation
greater after 'major' compared with 'minor' operations. The purpose
of the present study was to separate P.A. and S.A. changes. The gaps
in the Table 9,1. indicate the desirability of also studying a control
group and acute medical illness, as well as the post-operative state,
and this was done,
Plan of study.
1. Pilot study., Experiment Ten Chapter Seven investigated
the changes in S.A. point through time in healthy subjects, but
in illness this wmight differ so four patients were studied day
to day for about two and a half weeks and less frequently for a
further two weeks.
2. JMain study. On the basis of the results of the pilot study
the remainder of the patients were studied at admission (or pre-
operatively) and at three further times of 3-4 days, 7-8 days and

10-12 days after admission or operation.

patients illness and it's severity. [Especially useful was the
E.S.R.

Hany drugs are now lnown to affect S.A.

(142, 143, 62), particularly aspirin. Fo patient under study
received aspirin or related anti-inflammatory drugs in hospital.
Other drugs given are noted in the results. Some acute admissions
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may have received aspirin before admission, as only the later
patients were questioned about aspirin ingestion because
during the earlier stages of the survey the anti-S.A. action
of this drug was not kmown.

(e)
Platelet count (blood and plasma).

Hbsy WeCoCoy BeSeRe,
P.A. percent (1uM ADP).
SeAs point ADPy.
The specimens of blood were removed on admission, and thereafter
at 8-30 to 9=30 a.n. after breakfast.

The Patients.
(1) Pilot study. PFour patients who were in bed for at least
two weeks, one without an acute illneas, one with a minor illness,
and two with a major illness,
(2) Control group. Seven patients with chronic, but not acute,
illness (hypertension and ischaemic heart disease) who were in
hospital for investigations were kept in bed for seven days, only
being allowed up for toilet purposes. Six ambulant volunteers
were also studied because some patients in the study were mobilised

pess. Only patients who became scutely ill
in the 48 hours before admission were studied, Withia this
restriction, as wide a group of conditions as was possible were
included, There were twenty patients with conditiomns ranging

from acute myocardial infarction and cerebrovascular aceident to
haenatemesis and urinary infection, and both mild and severe illness.



(4) Acute supgical illness. Both patients undergoing cold

surgery and emergency admissions (within 48 hours of omset of
illness) were studied. Again several conditions end differing
degrees of illness were included. There were twenty patients

in this group also.
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THE PILOT STUDY
Four patients were studied in detail and the results are shown in

Fig. 9.1.
(1) This patient had 5 mins of severe cardiac pain at rest,
and special investigations failed to detect evidence of myocardial
infaretion.
Nonspeoific tests of tissue damage such as temperature, white cell
count and E.S.R. were mormsl,
S.A, remsined steady throughout the observation period. P.A.
tended to mirror the S.A. changes but with a wider variation than
for S.A.
(2) patient two had a mild hemiplegia on the day of admission from
which he made a complete clinical recovery. S.A. was abnormally
agtive on admission and remained so for 10 days before falling
slightly. S.A. was too active for P.A. measurementsa to be made.
(3) Patient three had a two pint haematemesis from a duodenal
ulcer on the day of admission, and continued to bleed intermittently
for the next three days. S.A. was absent on admission and rose
to abnormally active levels in four days. It remained elevated
for four days and then slowly returned to the pre-admission level
over three weeks.
P.A. mirrored the S.,A., changes.
(4) This pationt had a partial gestrectomy for chromic duodenal
uleceration, After operation S.A, activity increased quickly by
a small amount, then remained on a plateau for 10 days, finally
reaching a peak at fifteen days. Over the mext two weeks S.A,
activity returned to the patient's normal. P.A. showed more
variation than S,A. It tended to be higher when S.,A, was active.
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Comments on the pilot study.
(1) In the absence of acute illness (patient 1) S.A. activity

showed a variation of three S.A. point dose levels. This

degree of steadiness of response is within the limits found in
normals (Chapter Seven, Experiment 10).

(2) In the two patients (Nos. 3 and 4) showing a rise in S.A,
activity the day to day readings showed remarkably little
variation about the mean trend.

(3) The peak S.A. activity was 4 to 7 days after the haematemesis,
with a later peak after the partial gastrectomy. The high level
of S.A, activity after the C.V.A. (patient 2) was maintained for
14 days.

(4) P.A. tended to follow S.A. In the patient with the greatest
number of S,A. points of 1.5 and 2 pM (No.3) there was a positive
correlation between the levels of S.A. and P.A. (P =(0.01); in
the others the correlation was not significant,

(5) It was concluded that wariations in S.A. about a trend line
day to day were small enough to allow less frequent readings to
characterise a trend. This allowed a larger number of patients
to be examined. In order to detect both the timing and height of
any increase in S.A. activity, measurements were taken at 3-4 days,
7-8 days, and 10-12 days. This schedule seems likely to detect
most of the changes in S.A. activity.
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Table 9.2. Mean values of platelet counts (103/cu mm)

P

n Day 0-1 Day 3-L Day 7-8 Day 10-12
Control Blood 7 180 200 193 21,0
(Bed rest only) PRP Lo1 396 50 L60
Medical Blood | 20 180 185 231x 210%
PRP 375 372 398 U583
Surgical Blood | 20 219 239x% 21)3¢ 278300¢
PRP 377 371 1,02 1,82+

Analysis by Wilcoxon Signed Ranks Test

Table 9.3. Mean values for P.A. in acute illness

PA percent 1pMADP

Day | 0,1 3,4 7,8  10-12
Acute Medical 22.8 23.1 22.2 2.2

Acute Surgical | 23.5 23.6 2.7 21.1




RESULTS OF MAIN STUDY
Elatelet count.

The individual results are given in Table 9.10 (at end
of chapter). There was wide variation from the initial value in
both directions, The individual results were analysed by intra-
individual comparison and table 9.2 gives the mean values and the
results of the analysis.

The blood platelet count rose in all groups to become
significantly elevated by 3-4 days in the surgical group, by 7-8 days
in the medical group and by 10«12 days in the control group. The
PRP count remained steady in all groups at 3-4 days. It then rose
and this change was significant by 10-12 days in the acute illness

The full results are gim in detail in Table 9.11 at the
end of the chapter. As the S.A., activity (see next section) rose
toijmmmmwpatmu, there were several occasions on
which P.A, could not be measured. On the available results no
significant changes occurred (Table 9.3).

2O DIIG LY it Ll LLULL e

(1) Control group. Table 9.4.
During the period of observation the seven patients in bed

and six ambulant normals showed no change or only a small one (rise
of two dose levels patients (3) and (4). These changes were not
significant.
(2) Acute medical illness. Table 9.5.

The group contained eight patients with myocardial infarctions,
four with a haematemesis, two with cerebrovascular acecidents (C.V.A.)
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and one each with six other conditions ranging from urinary infection
and pericarditis to allergic purpura. The drugs administered during
hospitalisation are noted in the table.

The initial level of S.A. activity was low, as eight out of
twenty patients had no S.A, activity. This low level was near to
significantly lower ($(0.01>0.05) than the level in age and sex
matched blood donors taken from the normal population described in
Chapter Eight. In one patient (No.11) the initial S.A. point dose
was sbove the nomal range at 0.5 pi ADP, and another (Fo.10) was
at the highest normal level (of 0,75 }il ADP),

A rise in S.A, activity occurred in all the other eighteen
patients. The S,A. activity rose above the initial level in fifteen
of the eighteen by 3 to 4 days and in all eighteen by 7-8 days. The
peak value for S.A, activity was reached by four patients in 3-4 days,
by seven in 7-8 days and in the remaining seven at 10-12 days, At
the peak values 80 percent of the patients were showing chain-reactive
S.A, (compared with 16 percent of the blood donor population).
Analysis of these results will be given with those of the surgical
group.

(3) Table 9.6.

Bight patients in this group were undergoing cold surgery
(three a cholecystectomy, two a partial gastrectomy, two a hernia
repair, and one a prostatectomy). The acute surgery group consisted
of one patient with perforation of a dvodenal ulcer, sevem with acute
appendicitis, and four with Colles fracture.

Post-operatively the S.A, activity rose in seventeen of the
twenty patients; in ten by 3-4 days, thirteen by 7-8 days and the full
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Table 9.6 Changes in S.A. point after Acute Surgical Illness °

S.A. point ADPpM/L
Patient Age Sex | Day 0,1 3,4 7,8 10-12 |[ESR range
1 Cholecystectomy 70 M 2 1.5 1.5 05 =
2 Gastrectomy 52 M g 1.5 2 1. |do-81*
3 Cholecystectomy | 57 F 15 B 045 6.8 ) 381
i Hernia 59 M Nil 3 3 3 5-30
5 Cholecystectomy | 67 F 1.8 35 I 0.75 | 30-62"
6 Hernia Lh F 3 1 I 0.5 3-46
7 Prostatectomy 6l M 1.5 1.5 0.75 0.5 |15-60"
8 Gastrectomy Ll M 10 2 3 2 12-22
9 Perfor ated D.U. [ LO M 1.5 2 0.75 | =50
10 Appendicectomy 31 F 3 1.5 0.75 1.5 -
11 " 53 M 2 2 2 35
12 n 26 F Nil Nil 3 2 =21
13 " 56 M Nl 1.5 2 Dvr | -99%
il " Ll F L 7.5 2 2 53"
15 g L3 F Nil 1 1 10-30
16 m 53 | | 3 1.5 3 _22
17 Coll&s fracture 69 F 5 - _QLS 0.75 7-1l
18 L 56 F 3 - 10 3 6-10
19 N 52 F 3 - 3 3 19-32
20 " 62 F 3 - 0.5 0.25]15-10
Mean (at Nil = 10) L.8 - - 22 1.5
The peak value is underlined ¥="major' illness

Analysis by Wilcoxon Signed Ranks Test



seventeen by 10-12 days. In three patients, one after an
appendicectomy and two after Collés fracture, no rise
occurred. The pesk values were reached by four in 3-4 days,
by five at 7-8€ days and the remaining eight at 10-12 days.

The increase affected some patients with all the
conditions examined and this included two of the patiemts with
the relatively minor incident of a Colles fracture.
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Table 9.7. Analysis of the increass in S.A. following acute

medical and surgical illness

Day 0,1 34 7,8 10«12
Acute Medical incident:-
(1) Initial result (Day 0,1) - s e 4
(2) Day 3,h = i 3 #*
(3) Day 7,8 - - - N.S.
(L,) Matched blood donors N.S. PRV ST T e

Acute Surgical incident:-
(1) Initial result (Day 0,1) - N.S. % e

(3) Day 7,8 2 = = *
(4) Matched blood donors N.S. N.S. #* 306

Intragroup analysis by Wilcoxon Signed Ranks Test
Intergroup analysis by Wilcoxon Sum of Ranks Test

* =F>< 0.05
LS =P< 0.01
386 =l:>( 0.002

wex =pd 0.001



The changes in S.A. were analysed by intra-individual

analysis, and were also compared by group with an age and sex matched
sample of the blood domors,

In both the medical and surgical groups there was a highly
or very highly significant rise in S.A. activity. This significance
was achieved by 3«4 days (/= (0,002) in the medical group which also
showed a significant () ={0,05) further rise between 3 to 4 days and
the later times. In the surgical group the rise occurred more slowly
and only became significant at 7 to & days, It reached a peak of
significance at 10-12 days. The 10=12 day values were significantly
(/ =(0s05) higher than the 7-8 days values.

The comparisons with age and sex matched donors produced
the same pattern of significance, although because the donors had
higher baseline S.A. point values, some of the levels of significance
were lower (Table 8,7). This comparison with normals showsthat the
rise in S.A, activity after acute illness was an agbsolute one.

The peak S,A., point values occurring during acute illneass
and those of the blood domor control group are shown in Table 9.8.

They are arranged into No-S.A. plus self-limiting S.A., and chaine
reactive S.A. (Table 9.8 (1) ). The chain-reactive S.A. was then
sub-dividéd into two levels of chainereaction potential (Table 9.8, (2) ).

The acute illness patients had 29 (72%) of peak values showing
chain- reactive S.A., as against 6 (15%) for blood donors, a very highly
significant increase ( ,b=<o.om). Within the chain-reactive group
itself, the values reached by the patients were significantly higher
than the levels of chain-reactive S.A. shown by the domors (/9=<0.05).
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Table 9.8.

(1) Comparison of Chain-reactive S.A. in donors and peak level during
acute illness

No S.A. and

Self-limiting S.A. Chain-reactive S.A.
Donors 3L 6
Acute illness IE 29386¢
peak level

50% probability test (1713)

(2) Comparison of degree of chain-reactive S.A.

Chain reactive S.A.

1.5 and 1.0pMADP 0.75 and O.5pMADP

Donors 6 0

Acute illness 11 . 12+

peak level

Binomial Test (1713)



This absolute increase in S.A. will be associated with a very marked
increase in the aggregation chain-reaction potentiel (the very large
inoreass in potential, inherent in it's seometric progression, for
small changes in the chain-reactive S.A. point ADPF concentration,
were described in Chapter Five).

(2)

The mean rise in plasma platelet count of about 85th in the
medical group and about 100th in the surgical group would only elevate
the S.A. point by ome to two levels (see Chapter Seven, Experiment 8).
Also the peak values of S.A, point in the medical group occurred
earlier than the peak values of platelet count (coincident in three,
divergent in fourteen). The peak values for S.A. occurred later in
the surgical than in the medical group, but even so only coincided
with the highest platelet count in seven patients, being divergent in
eight patients. Thus the increase in S.A, activity was not directly
relatable to the rise in platelet count, When the S.A. activity
results were adjusted to a constant platelet count the pattern of change
was not altered and the significance levels were little affected.

(3)

Botimates of the severity of the illness, based on the
clinical course and invecstigations, correlated well with the pealk ESR
value, The illnesses in which the peak ESR was¢ 50 (twenty-three)
were compared with those with a peak ESR of 50 plus (thirteemn). The
patients comstituting the severer illness group were two with
haematemeses, the viral pericarditis and allergic purpura patients,
two patients with C.V.A'Ss., two who had cholecystectomies, two post-
appendicectony patients, one after gastrectomy and the man who had a
prostatectomy.

The peak S.A., activity in the thirteen patients who had the

severer illness was higher than that in the twenty-three patients with
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a less severe illness (#-&0.02).

The rises in S.A. activity in the twenty-three patients
with the less severe illness were analysed alone., The rise in S.A.
activity in this less severely ill group was still significant ( p =¢0.01).
(4) Age and Sex.

The peak values for the ages by decades are shown in Table 9.9.
The over 60 age group (sixteen) had peak values which were highly
significantly (F = (0,002) greater than those in the 51-60 age group
(fifteen). The number of severe illnesses were comparable in the two
groups (six for age 61+ and five for ages 51-60).

(5) Drugs.

Many anti-inflammatory agents markedly depress S.A. and none of
these were given to the patients in this survey. Self-medication before
admission cannot be excluded and was suspected in the medical group.

Some other drugs have a smaller effect on platelets, but usually only

in high concentration. These include drugs used for heart disease (62).
No suppressive effect was apparent from digoxin (Medical patients No.6
and 12). Nor did any other of the drugs show a consistent inhibitory or
enhancing action on the S,A. point.

Interestingly the two patients on oral anticoagulants (medical
patients Nos.15 and 17) showed an increase in S.A. activity comparable to
that in other patients with a similar severity of illness.

(6) Hature of iliness.

Only myocardial infarction patients (eight) and appendicectomy
patients (seven) were sufficiently numerous for comparisoms. Within
each of these two groups there was a wide variation in the initial level,
the degree of increase, and the peak value of the S,A. point. Severity
of illness appeared to be most important determining factor of this

variation.
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SUMMARY OF CHAPTRR NINE

1.

2.

Je

4.

5.

6o

T

The changes in S.A. activity occurring in the two weeks following
the onset of the acute medical (20 patients) and surgical illness
(20 patients) have been studied.

In a control group of seven non-acutely ill patients in bed, and
of six ambulant normals, there was no significant change in S.A.
activity or P.A. percent.

After acute medical and surgiocal illness the S.A. activity rose
to a highly significant degree. This rise occurred earlier in
the medical group. P.A. did not change significantly.
Chain-reactive S.A. was very highly significantly more prevalent
in the acute illness group than in a normal group (blood donors).
Also the level of chain-reactive S.A. was higher in the acute
illness group than in the normals, which means an even greater
elevation of the aggregation chain-reaction potential (see
Chapter Five).

The increase in S.A. activity was only slightly due to the rise
in platelet count. Thus the major part of the change in S.A.
was due to changes in the platelets or the plasma.

The rise in S.A. activity was significantly greater in those
patients with severer illnesses, and in those patients aged over
sixty years. The rise did not correlate with the patient's type
of illness or with their sex, and no drug effects were detected
after admission,

Thus the "hyperthrombotic' state which follows acute illness was
asgsociated with a marked increase in S.A., activity, and in the

majority of patients (73%) chain-reactive S.A. was present.
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Table 9.10 Platelet counts ﬁHou\os mm) in Blood and Plasma of patients in the Acute Illness study

BLOOD . PLASMA
Day 0,1 = 3 L= ;8 = 10+tc 12} Day 0,1 = 3,4 = 7,8 = 10 3012
Control Patients .1) 174 18L 181 AN 3L5 1420 L20 L36
¢ 2) 162 18l 150 170 302 1,18 218 210
( 3) | 188 172 179 191 286 296 361 392
(L) 136 143 186 28l 285 302 375 568
(5) 165 170 2ll 262 5L2 L72 Ll L2k
( 6) |.29 300 270 340 615 Lhs 520 660
(7) | 160 25 110 225 415 1,90 1,80 525
Mean 180 . 200 193 2L0 Lo1 396 LL60 L60
Acute Meddcal ¢ 1) 3l 230 325 325 L21 286 610 610
T1lness ( 2) 2L0 303 377 301 371 502 570 719
( 3) | 152 195 260 235 3Ll 293 235 320
(L) 12l 103 s 5 130 - - - "
(5) | 175 10k 133 86 - ad - -
( 6) 166 162 172 137 380 L2l 330 128
D) 275 200 216 212 = = = =
( 8) | 165 22 235 26l 121 L 1,80 135
(9) i 116 38L 256 1120 335 617 566
(10) 164 185 193 219 312 295 L15 32
(11) 152 157 251 22 385 330 S0l 61l
(12) 210 220 165 279 620 580 169 1190
(13) 110 88 ol 120 179 161 121 163
(1) 22l 2L 7 200 222 2L9 413 L60 510
(15) 260 143 33L 324 L67 367 L29 L67
(16) 140 220 100 32l L67 367 h29 - L67
(17) | 215 230 220 340 5L0 1,90 390 680
(18) 225 175 110 230 L16 396 - 1420
(19) 295 168 195 187 361 318 318 337
(20) 140 210 180 165 310 395 L65 1160
Mean 180 185 231 210 375 372 398 L58




Table 9.10 (contd)

BLOOD PLASMA

B 1 0.1 = 3l =t T8 o 00 B0 T2 DaY 0L = 3N =78 10 b6 12

Acute Surgical (1) 130 137 123 8l 286 282 300 -
Tllness : ( 2) 222 153 151 320 173 325 219 711
( 3) 92 85 207 20L 160 187 280 L52
() ] 485 23l 275 19k L58 531 539 136
(5) 145 1.0 250 220 375 300 L50 315
( 6) 150 199 3L0 280 410 255 L60 360
(7)1 . 1ho 134 220 335 365 221 L35 L50
( 8) 148 154 206 418 301 233 631 611
(9) 207 = & 282 267 - - 349
(10) 201 250 230 252 595 L72 450 552
(11) 188 235 212 179 692 L17 L26 367
(12) 267 235 182 DY T 396 L67 LO5 DY .1
(13) | 186 300 193 31, 359 728 L0o3 56l
(1) | 206 220 2li7 22 337 L35 585 539
(15) | 126 193 L7 312 327 391 571 187
(16) oL L7 1508 257 345 322 280 568
(17) 227 - 227 241 326 - 395 418

(18) 200 e 231 - 327 - 360 i
(19) 136 - 162 190 217 = 238 2Ll
(20) | kb9 - 178 165 328 % 23 313
Mean 219 239 21, 278 377 371 1,02 L82




Table 9.11. The degree of P.A. percen’ during Acute Illness

) MEDICAL SURGICAL
> P.A. percent 1pMADP P.A. percent 1pMADP
Patient Number Day 0,1 3,k 7,8 10-12 Day 0,1 3,4 7.8 10-12

( 1) = 22 = 18 31 26 9 =
(2) . 18 = - 23 - 36 10 18
('3} 26 12 32 = 22 i} = =

( L) 0 1, 26 15 9 23 2l 26

( 5) 8 25 25 16 L5 35 = -

( 6) 33 2l = = 3L = 52 =
¢(7) Ll = = = 37 53 = -
(&) 17 25 13 20 16 30 5 31
(9) 38 38 36 . 18 17 22 - 16
(10) = = 16 25 35 29 L 1
(11) = = = = 22 21 1 11
(12) 28 38 17 30 28 17 18 D.V.T.
(13) 27 17 = = 0 3 19 Vi
(1L) 10 0 L 16 23 8 = =
(15) 17 12 15 20 21 15 30 25
(16) 8 28 = 35 32 32 L2 -
(17) <l 35 = = I8 = - =
(18) 39 19 38 5L 18 S 29 20
(19) 10 37 22 = 58 - 50 L1
(20) 57 = = 2l 60 = = =
Mean 22.8 231 22.2 2l .2 23.5  83.6. P22.7 21,3

The patient numbers correspond to those in other tables. The mean values of surgical

cases exclude the cases of Collés fracture (17-20)

= indicates S.A. too active for a P.A. measurement

- indicates no measurement made



The detection of a powerful aggregation chain-reaction process
in man makes one wonder if this could be playing a part atherosclerotic
disease in man, especially as pathologists are continually reminding us
that this is a thrombo-atherosclerosis (29, 30, 51, 122). Since the
main initial component of the thrombus on an atheroscleretic plague is
a platelet mass (51, 122, 151), could it be that S.A., particularly
chain-reactive S.A., allows thrombi to form more easily in man than in
animals? It has proved difficult to induce marked fibrotie (as opposed
to fat laden) lesions in animals (Constantinides 28, Hartroft et al 70)
and even more difficult to induce the thrombotic element. Constantinides
(28) was only able to produce thrombosis in rabbits when, in addition to
hyperlipidaemia, he induced both hypertension and hypercoagulability
(Russells Viper Vemom). Even then only a limited thrombosis occurred.

Therefore it wes considered worthwhile to investigate
different species of animals for S,A, activity. Vithin the limite of
availability species were selected for two reasons - first, similarity
to man i.e, other primates - and second, that they were commonly used
in the laboratory in investigations of athercsclerotic disease. Previous
work had already shown that platelet aggregation differs in different
species. Cat platelets aggregate more vigorously than those of man (15)
and it has recently been shown that the tracing is biphasic (Macmillan and
Sim 110, Tschopp 179); some guinea-pig platelets give a biphasiec tracing
to ADP (27); and rat platelets possess a very strong ability to
disaggregate (32, 170). Comparative studies of total aggregation to
one ADP dose have been reported on a group of mammals (Sinakes and Caen
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Table 10.1 Details of animals and bleeding procedure

No. animals used
for 20ml blood

Animal Variety Anasethetic Withdrawal site sample
Human Caucasian None Ante-cubital 1
fossa
Baboon (1) Papio Phencyclidine Femoral vein 1
cynecephalus Hydrochloride or artery
(2) Papio :
anubis
Cats Random bred None Cardiac 1
puncture
Squirrel . - Phencyclidine Cardiac 1
monkey Hydrochloride puncture
Rabbits New Zealand None L 1
white
Guinea (1) Albino None " 2
pigs (2) Rosette
(3) Piebald
Pigs - Slaughtered Carotid Artery 1
Rats Albino 100% N2 Cardiac L
puncture
Dog Beagle None Ante-brachial 1

cephalic vein




171) and on different sub-varieties of baboon (Hawkey and Symons 71).
Fo one has yet surveyed a group of mammals for S.A. and in

particular chain-reactive S.4A,

Table 10,1 shows the species studied, and details of specimen
collection (anaesthetic, if any; puncture site; and number of animals
per plasma specimen, which was usually one).

The sensitivity of S.A. detection was increased by reducing
the citrate comcemtration to 0.19%, except in rabbit blood where 0,387
was required to prevent coagulation. Specimens were maintained at
about 37°C during transfer to the lsboratory. The centrifugation was
at 140 to 310g and was continued for 4~10 mins, depending on the species,
so as to produce the best combination of plasma yield and platelet count.
The platelet count varied from 300-11.01'.10:!":13 per cu.mm,

Storage and testing were performed at 37°C as for human plasma.
Rlan of study.

Bach plasma was tested with ADP, and a dose respomse curve
veing concentrations up to 100}! ADP was performed. The S.A. point
concentration of any S.A. activity present was determined and some of
the plasma showing S.A, were tested for a release of ADP-like activity.
Each plasme was also toetadwithiogm adrenaline, and if a second
phase of aggregation (i.e. S.A.) occurred the S.A. point concentration
for adrenaline was determined.

111



°fo TRANSMISSION

Fig. 10.1.

Rat plasma. Dose response curve to ADP. Only P.A.

Aggregation increased as the ADP was increased, up to 100yM,
and was followed by a very marked disaggregation. A P.A.-
only tracing.
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Fig. 10:2.

Rabbit plasma. Dose response curve to ADP. Only P.A.

Aggregation increased as the ADP concentration increased up to
106pM. Disaggregation was marked but less than in the rat
plasma. A P.A.~only tracing.



rves showing S.A, and P.A.-only tracings are

shown in Figs.10.1 tol0.8.

The findings are explained in the legends.

ne was detected :ln the following:-

2.

(1) Papio anubis (baboon) 15 experiments (n = 15)
(2) squirrel monkey 3 experinents (n = 3)
(3) Rabbit € experiments (n = 8)
(4) BRat 6 experiments (n = 24)
(5) Prig 6 experiments (n = 6)

In plassa showing only P.A., doses of 10uM ADP (and above)
were followed by disaggregation. The extent of the P.A. response
was highest in baboons and rabbits, with humans z little less
(a1l with 0,38% citrate, five experinments),

3« SsA, was detected in some or all of the animals studied in the
following species:-
(1) Humens (see previous chapters),
(2) Papio cynecephalus (baboons).
(3) Ccats.
(4) Guinea pigs = rosette, piebald and aldimo,
(5) Dogs.

The form of the S.A. tracings in the species showing that
response was biphasic in the cats, rosette and piebald guinea~pigs,
and the dog (in which it developed very slowly), and was non-phasic
in baboons and albino guinea-pigs.
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Fig. 10. 3.

Albino guinea~-pig. Dose response curve to ADP. Non-phasic S.A.

0.3uM ADP produced a P.A. response with marked disaggregation.
1.0pM ADP was followed by marked aggregation with impaired
disaggregation and 2.0pM ADP by a marked and continuing
aggregation, which was only a little increased by 10pM ADP.

A non-phasic S.A. tracing

(¢e+. = response expected from only P.A.)
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Fig. 10.L.

Rosette guinea-pig. Dose résponse curve to ADP. Biphasic S.A.

0.5pM ADP produced only a small aggregation and there was a
rapid return of the disk shape. The 1.0pM dose produced a
moderate aggregation followed by impaired disaggregation, and
after 1.5uM ADP a biphaisic aggregation response occurred which
was finally nearly as extensive as that produced by 100pM ADP.
A Dbiphasic S.A. tracing

(eess = expected P.A. response)
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Fig. 10.5.

Baboon (Papio cynecaphalus) plasma. Dose response curve to ADP.

Only P.A.

This plasma showed a P.A. response, with disaggregation still occurring
after 30pM ADP addition. A P.A.-only tracing.

BABOON
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Fig. 10.6.

Baboon (Papio cynecephalus) plasma. Dose response curve to ADP
Non-phasic S.A.

The P.A. response occurred until the impaired disaggregation
following the 5plM addition. The T-SPM dose was followed by a
fusion of P.A. into S.A. and produced aggregation almost as marked
as that occurring to the 10pM dose. A Non-phasic S.A. tracing
(¢e.. = response expected from only P.A.)
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Fig. 10.7.
Dog plasma. Dose-response curve to ADP. Biphasic S.A.

A P.A. response occurred to 1.0pM ADP. After the 3.0uM dose a small
secondary aggregation occurred which was followed by partial disaggregation.
The S.A. became more marked as the ADP dose was increased to 5.0pM, when
it was almost as extensive as that ocurring with 10pM ADP. Biphasic S.A.
present. (....= response expected from only P.A.)
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Fig. 10.8.

Cat plasma. Dose-response curve to ADP. Biphasic S.A.

0.25uM ADP produced a small aggregation and there was slight disaggregation.
The 0.35pM dose produced an initial small aggregation which was followed
by a very marked S.A. response, and after O.75uM ADP the onset of S.A. was
more rapid. Biphasic S.A. present.
( «... = response expected from only P.A.)
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3.4, are given in

Table 10.2.

The results for man are from the preceding chapters, and it
will be remembered that the citrate comcentration in these was 0,387
rather than the 0.19% present in the animal plasma. (Experiment 3
Chapter Seven showed that the S.A. point ADP comcemtration in plasma
from man decreased by about three S.A. point dose levels when the
citrate concentration was reduced from 0,387 to 0.19%).

The babooms were a selected group. Experimonts soon showed
that S.A. was more frequent and mors vigorous in adult females (as in
man, Chapter Eight) and there wes a preponderance of these in the
group. Other animal groups were not pre-selected for their S.A,
response but numbers are too small for percentage frequemcies to
act az more than a rough guide.

The percentage showing S.i. was high in men, babooms, cats (all)
and albino guinea-pigs; and 50 to 707 of rosette and picbald guinea~
pigs and doge showed S.A. The S.A. point ADP dose possess two
characteristics, level and range. lLow S.A. point dose levels
combined with a small range (i.e. all were low), were present in cats
end the rosette and albino guinea=pigs. Thile the S.A. dose level
wae lov in some baboons and humans the range of dose level was wide.
Dogs had a high S.A. point ADP dose. The S.A. response of adrenaline
aggrogation (0'Briens' second phase) occurred only in those animsl
plasma which had shown S.A., to added ADP, but several ADF=S.A.-
responsive plasme did not show S.A. to adrenaline 100ut (Tadle 10.2),
and that of glbino guineca~pigs never did so. These recults differ
from those in man vhere there was a compleote correlation between S.A.
to ADP and to adrensline. The only animal plasma which showed a
complete correlation was the cat plasma, in which very low adrenaline
concentrations initianted the S.A. reaction.
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Table 10.3.

L]

The aggregation chain reaction potential of S.A. to ADP

. 1n animals.

Guinea-

Man® Cat® Pigl Baboon®
3 19 L 7 9
(ADPpM/L)
ADP-1ike release 12-0.4 2.25-1.2 0.2-2 0.y to O
(/L)
Aggregation chain 37 to 0.4L 9 to 3.4 0.8 to O 0.25 to O
reaction potential
nd
2" Cycle 1370 to 80-10 0.6 0.06

0.2
3% gycle 1,000,000 6,400-100 0.k 4

to 0.0L

1.= 0.38% citrate

" 2.= 0.19% citrate




6.

group of the S,A. responsive animals (Table 10.3). A definite

ADP=like aggregating activity release was detected in only the cat.
In the baboon and guinea-pig there was little or no excess activity
over the ADP addition. The total aggregating activity present after
S.A. was measured in four baboon plasma to see if some aggregating
agent other than ADP was being relessed. HNome was detected.

The low or absent release of ADP in baboon and guinea pig
plasma was not sufficient to initiate an aggregation chain-reaction
(Table 10.3), and so the S.A. in these animals was self-limiting.
In contrast, a marked chain-reaction potential was present in all
the cats tested, i.e. S.A., was chain-reactive. Chain-reactive S.A.
was more prevalent in the cat tham in the human plasma but it must
be remembered that the citrate concentration was lower in cat plasma
(0.19%) than in human plasma (0.38%), and that the concentration of
ADP=like activity released by platelets from man was higher than
that for the cat (see Chapter Five).

8 in the presence of S.A. were detected.
In the baboons, S.A. was present in some cynecephalus animals but
not in any anubis ones. The rosette and piebald guinea-pigs
sometimes showed biphasic S,A, to ADP and adrenaline, whereas the
albino guinea-pigs all showed non-phasic S.A, to ADP but none showed
Se.A. to adrenaline.
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2.
3.

4.

5

6.

Nine varieties of animal species were surveyed for S,A. One
sub-variety was examined in six of the animsls, two of baboon,

and three sub-varieties of guinea pig.

S.A. was not detected in rabbits, rats, pigs, and squirrel monkeys.
S.A. to ADP was detected in baboons, guinea pigs and dogs. The
S.A. was self-limiting with little or no ADP release. The low

or absent release suggests that an increased aggregation-
responsiveness of the platelets to ADP was the major faetor in S,A.
in these species (as it probably was in 'level' non-phasic S.A, in
man, Chapter Five).

Differences were detected between sub-varieties of baboons and
guinea-pigs.

Chain-reactive S.A. was detected in all of six cat plasma and low
adrensline concentrations initiated S.A. in these plasma,

Of the animals tested only the cat showed an S.A, activity
comparable to that occurring in S.A. in humans,

COIMENT.

The cat is the only animal so far known to develop disease in

it's natural environment from a platelet-fibrin thrombus. Occasional

instances of aorta-femoral block (the Leriche syndrome) have been

detected in cats, and post-mortem has shown thrembus as the cause of

the occlusion (Freak 46, Hitchell 120a). It has been postulated that

this thrombus may be the result of embolism from the left auricle

(Freak 46).
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Chapter by Chaptor
In Chapter ome the discovery of ADP as the stimulator of

the aggregation of blood platelets was described. ADP is the final
common pathway for the aggregation-inducing action of all known
stimulators of this process, baring the first phase of catecholamine
aggregation. The morphological evidence showing that aggregates of
_platelets form the major and initial mass of haemestatic plugs and
white thrombi was also reviewed, as was the increasing evidence that
white thrombi are the major factor in the pathogenesis of
atherosclerotic plaques, are the main cavse of coronary and corebral
artery occlusion, and sre the initiating event of deep vein thrombosis.
Platelet aggregation was studied in this thesis by the
turbidimetric method of Sorn (Chapter two) using equipment made in
Professor Born's department. This method gives a continuous
reconding of the aggregation and disaggregation of blood platelets.
Chapter two alsc describes the methodology of the further investigations
which the method of Born permits, namely removal of samples which can
then be used for microscopical studies or for investigations of changes
in the aggregating activity of the plasma. The aggregating activity
present in a plasma was measured biologically by recording it's effeot
on further specimens of platelet rich plasma, Such readings measure
the sum of the interaction of the stimulators and inhibitors present
in a plasma, and @0 may be more relevant than chemical estimates to the
biological calculations for which they were used in this thesis. The
total aggregating activity in a plasma could be measured, or by the use
of substances which specifically inhibited other aggregating agents,
only the ADP-like aggregating activity. The values obtained in this
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biolozical system are comparable to those obtained by chemical methods
(firefly method and PK-PEP system, Mills et al 116, 120, Hardisty et
al 65).

Chapter three outlines the development of the different methods
for measuring the adhesion and aggregating behaviour of blood platelets and
then the advantages and disadvantages of these methods were described.

In essence, one can either measure both adhesion and aggregation processes
using whole blood, thus obtaining a composite result (platelet 'stickiness')
which is good as a screening test, Or one can separate the platelets from
the red blood cells and examine a single process in detail, either adhesion
or aggregation, BSuch a separation nearly always necessitates using
anticoagulants, Their use inserts a barrier to the relating of in witro
investigations to the behaviour of blood platelets in the intact animal
which can only really be overcome by doing in vivo confirmatory studies,

In Chapter four, the appearance of platelet aggregation -
disaggregation dose-~response curves to exogenous ADP (0.25-19!) was
described. All plasma from man showed a response of increasing aggresation
as the (ADP) was raised, and this was followed by a decreasing degree of
disageregation (the 'primary' aggregation or P.A. response). A study
combining tracings with microscopy, demonstrated that the change of
platelet shape, from a disk to a sphere, produced by ADP (Zucker and
Borelli 195), can be followed in the tracings. A further microscopical
study, this time of the aggregation « disaggregation process, showed a
rapid aggregation of most platelets and that increasing inter-platelet
adhesion occurred in the aggregates as the extent of the aggregation
increased. This finding confirms the work of Borm and Hume (19). In
addition, it was found that large aggregates are already present before
the tracing starts to fall, showing that aggregation is faster than the

tracing suggests. Also, the degree of disaggregation which followed the
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aggregation was less microscopically than that suggested by the tracing.

In addition to *primary' aggregation, most plasma from man
showed a further ('secondary') aggregation process (S,A.). This process
resulted in a very marked and persistent aggregation response (microscopy
showed that nearly all platelets in the plasma were in aggregates showing
marked inter-platelet adhesion). When this process was initiated by
emall doses of ADP (0,25 to about 1.5pM) & markedly biphesic tracing
occurred, for the S.A. process was powerful enough to reverse the
disaggregation which followed the P.A. response ('biphasic' S.A.). When
larger doses of ADP were required to induce S.A. (2):! ADP/or more), the
tracing wes continuous or showed a slight 'bump' ('non-phasie' S.4.).
These results showed that S.A. is a procéss which converts a small
(*biphasic® S.A.) or moderate (non-phasic S.A.) and temporary P.A.
aggregation into a very merked persistent aggregation.

Investigation of the mechaniem of S.A. (Chapter five) showed
that it was accompanied by the release of an aggregatins substance by the
pla.tde_t'a, and that P,A. was not., The released activity behaved like
ADP, and no additional sggregating activity could be detected from the
5H-T which is elso known to be released during S.A. (Zucker and
Peterson 196). The size of the release of ADP-like aggregating activity
was insufficient (especially so in some plasma) to explain either the very
marked agzregation of S.A. or it's property of persistence. Presumably
during S.A. the platelets, in addition to releasing ADP, became both
more aggregation-responsive to the ADP and less able to disaggregate.
Purther support for this hypothesis was given by the suvbsequent demonstration
that platelets could release an equivalent amount of ADP-like activity to
that released during S.A. when they were stimulated to aggregate by thrombin
(Chapter six), end yet retain the ability to undergo quite marked
disaggregation; and by the finding, still later (Chapter temn), that the
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properties of increased aggrsgation—mpmaimeu and aggregate-
persistence occurred in platelets from baboons, to produce an S.A. tracing,
even although there was no increase in aggregating activity in the plasma.
Thus, in the baboon, the only factor which was found to explain S,A. was
the increased ADP-responsiveness of the platelets.

The observation that S.A. was associated with a release of ADP is
probably the most important finding in this work., Hitherto aggregating
agents have been shown to act through a two tier system (Fig. 1.2 review),
which is an inherently self-limiting process. Any given dose of
aggregating sgent (e.g. thrombin and collagen) produces a dose-dependent
ADP release from the platelets and will then cease to have any further
ADP-release inducing action. But when ADP itself induces a release
reaction the process becomes a single tier one, for the released ADP, in
addition to causing aggregation, is at the same time increasing the
stimulus for a release of more ADP from more platelets. A self-
propagating platelet aggregation/ADP release reaction is thus produced,
which has as it's aggregation expression the S.A. process. The self=-
propagation is aided by the increased aggregation responsiveness to ADP
described above.

The discovery that S.A. was due to a self-propagating
aggregation-ADP release reaction suggested that the released ADP may
hmhtho power to induce further specimens of the same plasma to undergo
S.A., and so initiate an aggregation chain reaction. Experiments
(Chapter five) showed that this occurred, however, this effect was only
marked in plasma showing the active biphasic S,A. response., The
aggregation chain-reaction potantial/of a plasma depended on two factors,
the concentration of ADP-like activity released, and the ADP required to
induce S.A. in the plasma , i.e. the S.A. point (ADP). Calculations of
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the chain reaction potential for different levels of the S.A. point showed
(Chapter five) that the potential was very high for an S.A. point of 0.25uM,
It then fell precipitously to reach small levels for S.A. points of ?JH ADP
or more. The S.A. in those plasma with a high potential (S.A. points
0.25-1.5)111) was called 'chain-reactive' S.A., and that in the remainder
'self-limiting' S.A.

The calculations of the aggregation chain-reaction potential of
S.A. at different S.A. point levels demonstrated a basic fact of chain-
reactions, namely that when they are initiated by a wide range of
concentrations of a substance, the variations in the power of the chain-
reaction are related not to the linear scale of the initiating range of
concentration, but to the geometrig one of chain-reactions, The corollary
of this relationship is that small falls in the initiating concentration
produce very large increases in the size of the chain-reaction.

The values used to calculate the chain-reaction potential are the
ADP-like activity release and the S.A, point (ADP). The levels of ADP-
like activity release found in Chapter five are comparable to those of
ADP found by Mills et al (116)., The levels of S.A. point (ADP) recorded
in this work are close to those of Mills (115) (who used the same technique)
and, when differences in the interpretation of tracings are allowed for,
to those of Zucker and Peterson (197). Using a very vigorous stirring
technique and a storage procedure for the plasma that increases S.A.
activity, Hardisty et al (65) found an S.A. point range of 0.2-1.2pi ADP
in a normal population. Presumably fardisty's technique would give a range
for pathological states starting at 0,05-0.1 )1! ADP. When the S,A. point
(ADP) range found by Hardisty et al is used in calculations of the
aggregation chain-reaction potential of S.A. a higher potential is obtained.
However, since the width of the range found in Chapter four and in the work
of Hardisty et al is the same, ghanges in S.A. point on either secale p:mduao
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comparable changes in the chain-reaction potential i.e. the potentials
for the two ranges are at different absolute levels but run parallel to
each other.

The question of how relevant the S.A. process is to platelet-
fibrin mass formation in vive will only be answered with certainty by
in vivo investigations. The reader will realise that the platelet
concentration is higher in plasma than in whole blood, and that the
turbulent maximal stirring in the titrator will produce a higher number
of platelet to platelet 'hits' than occurs during laminar flow in a blood
vessel. This enhancement of aggregation in the titrator is in part
counter-balanced by the marked depression of aggregation produced by the
complexing calcium ions by the citrate anticoagulant (Mitchell and
Sharp 121, Chapter Seven, Experiment 3). In laminar flow situations in
blood vessels, any ADP released by platelets would probably be rapidly
dispersed and so soon reach an inactive concentration. On the other
hand in the turbulent flow areas surrounding a projecting thrombus, where
there are slower changes in the layer of plasma immediately adjacent %o
the platelet aggregates, the circumstances are not all that fer removed
from those occurring in the titrator. Also, a build up of ADP probably
occurs during haemostasis, as the flow of blood out of a damaged vessel
is slowed by vessel contraction and by the fomation of blood platelet
masses, In summary, it would seem likely that S.A. would have little
effect in a laminar flow situation, but could be exerting a marked effect
at sites of haemostasis and thrombosis where turbulent flow tends to
develop.

Up to this stage in the work, the S.A. process was studied by
using an ADP stimulus which was exogenous to the platelets. In Chapter six
the effect of the S.A. process on the aggregation response of a plasma to
thrombin, collagen and adrenaline was studied i.e. a situation where the
ADP was derived from platelets themselves. In F,A,-only plasma these

121



substances produced an aggregation which was dose dependent i,e. '"prinmary'
thrombin, collagen, and adrenaline aggregation. The primary thrombin
aggregation was marked but was followed by partial disaggregation, that
induced by collagen was moderate, and that by adremaline, small. Plasme
showing S.A. to exogenous ADP also showed S.A. to the endogenous ADP release
induced by thrombin and collagen, and to adrenaline, Furthermore, the
degree of S,A. activity which a plasma showed to ADP was mirrored by a
comparable degree of S.A. activity to testing with other aggregstion agents,

The presence of S.A. activity in a plasma enhanced it's aggregation
response to thrombin, collagen and adrensline in three ways. Firstly, it
produced persistent aggregates, Secondly, it increased the degree of
aggregation achieved to meximel (this meant a2 small increase for thrombin,
a moderate increase for collagen, and a very marked increase for adrenaline).
And thirdly, this enhancement of aggregation occurred with doses of these
substances which would have produced only a small aggregation in the absence
of S.A.

A corollery of the demonstration of a eross correlation between
the concentrations of the four aggregating agents required to initiate S.A.
in any one specimen of plasma, is that the level of S.A. sctivity (and
changes in this level) could be monitored by any of the four substamves.

These conclusions on S.A. during the aggregation induced by
aggregating agents other than ADP, were of necessity besed on the gppearance
of the dose-respomse curve tracings. They are supported by the two other
findings. First, patients with a congenital absence of S.A, to ADP
(Hardisty and Hulton 63, Weis et al 182), and second, patients in whom S.A.
has been inhibited by aspirin (0'Brien, 142, 143, Zucker and Peterson 127,
Hacmillan 107), showed aggregation tracings to thrombin, collagen and
adrenaline which were identical to those for the 'primary' responses to
these substances found in Chapter six.
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The other important finding in Chapter six, was that plasma
showing chain-reactive S.A. to exogenous ADP were stimulated to start
this reaction by thrombin, adrenalinc and collazen. Thus all sources
of ADP (platelet release reaction and cell damage) sre able to initiate
an aggregation chainereaction in wvitro.

Chapter seven reports the many investigations carried out into
the effect of laboratory manipulation and time of sampling on the S.A.
process. It was found that for reproducible estimation of S.A. it was
necessary to anticoagulate blood with citrate, to store the plasma at
body temperature, and to test for S.A. at this teuperature end within
75 mins of venmepuncture (Erperiment One, Two and Nine). Anticoagulation
of whole blood with heparin and EDTA produced inhibition of the S.A.
reaction (Experiment Three). Contamination of the plasma with red and
white blood cells did not affect their S.A. activity (Experiment Four and
Five).

The comparability of the plasme platelet population to that of
whole blood, and the effect of changes in platelet count, were studied in
Experiment Bight. It was found that the percentage extraction of
platelets inte the supernatant plasma veried widely. A graph of the
changes in S,A, activity produced by lowering the platelet count of a
plasma by dilution, showed very similar slopes for plasma derived from
nine subjects. So accurate corrections can be made for differences in
platelet count, Evidence was also found that the plasma platelet
population may be a good mirror of the whole blood platelet population,
for plasma of comparable density showed the same slope of decrease inm S.A.
activity, irrespective of whether the demsity was reduced by dilution, or
by centrifuging down the more sedimentable (? more reactive) platelets.
More work is neceded on this point.
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The S.A. activity of healthy volunteers (Experiment Nine) remsined
remarkably steady through a day &nd from day to day in any ome individuval,
vhile showing considerable variation between individuals. This sugzested
that single estimates derived from a healthy population of volunteers would
give a satisfactory measure of the normal range of 5.&. activity.

Chapter Eight reports the S.A. activity measurements made in
seventy-four blocd donors who were evenly distributed over both sexes and
the age range 21 to 60 years., Care was taken to exclude any donor who
was on drugs (whether prescribed or from self-medication) and who had an
intercurrent illness, no matter how minor,

The histogram of the results showed 2 mode value for the S.A.
peint of ?ﬂ ADP and there was a preponderance of results at the active
S.A. end, The S,A. point in this normal population varied from 0Tt
40P (one) to S.A. absent (three). The S.A. was self-liniting or absent
in 84% but in the remaining 16% was of the chain~reactive type.

The levels of S.A. point found in the donor survey are comparable
to those found by Mills (115, 118) in thiriy-three volunteers, and lower
than those found by Hardisty et al (65) for the rcasons noied earlier.

In both the survey made by Hardisty et al and the donor survey
in Chapter Right, S.A. activity was higher in young adult women. Uardisty
ascribed his results to the lower PCV values he found in women, but this
explanation was only a small part of the reason for the difference in the
donor survey. No explanation was found for this increased S.A. activity.

Chapter nine describes a atudy of the changes which ocour in S.A.
activity in the *thrombogenic' period which follows acute illness,

During this thrombogenic period many tests of platelet fumction show
chenges (see Table 9.1), and a previous study of the total aggregation
response of plasma from eighteen patients undergoing an operation has showm
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an increase in total aggregation at nine days post-operation over the
pre-oneration levels (Fmmons and Mitchell 42), These authors found
the total aggregation response varied widely from day to day.

The purpose of the present study was to look for changes in
S.A. aectivity from the steady day to day pattern found in normals, and
for the development of chain-reactive S.A. A pilot study of the day to
day changes in four patients with acute illmess (Chapter nine) showed
little variation was occurring around the mean trend, and so a baseline
reading and three further readings over the next twelve days were
recorded.,

In a control group of non-acutely ill patients kept in bed, and
of anbulant volunteers, there was little change in the S.A., activity over
the twelve day period. In forty acutely ill patients (20 'medical’,
20 'surgical') a rise in S.A. activity occurred in thirty-seven. This
rise was detected at four days in most and by 7-8 days in all of the thirty-
seven.

The peak S.A. level was reached by 7=8 days by most 'medically’
411 patients and a little later by the 'surgical' patients (¥.S.). At
this peak point chain-reactive S.A, was present in over 70% of the acutely
411 group (ef only 187 in matched blood domors)., Also, during acute illness
very high S.A. points of 0,25 to 0.75pM ADP were frequent (of only one donor
at 0.75}#1 ADP). The increase in chain-reactive S.A. was highly significant,
and the level of chain-reactive S.A. at the peak was significantly higher
than that of chain-reactive S,A, in the donor population. Thus not only had
the frequency of chain-reactive S.A, increased, but also the aggregation
chain-reaction potentizal had reached levels which were not seen in normal
neople.

A cleser examination of the results showed that 'major' illnesses

produced a higher peak S.A. activity than 'minor' illnesses (Esmons and
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Mitchell failed to show this in their smaller group), and that the peak
level was higher in patients aged over 60 years. An interesting finding
was that a rise in S,A. of expected degree occurred in the two patients
who were receiving effective oral anticoagulant treatment.

Analysis also showed that the increase in S.A. activity was
only in very small degree due to the increase in the plasma platelet
count. The mechanism of the S.A. activity increase was therefore not
detected by the present study. The time relations of the rise in S.4.
activity show that it would be possible for the proportion of new
platelets in the plasma to have increased to high levels, and further
studies on this possibility are desirable. The inability of plasma
transfer to influence S.A. activity (found in Chapter five), suzgests
that the chenge will be found to reside in the platelets themselves
rather than in the plasma.

As wide a spectrum of acute illness as was possible was studied
and the results showed that rises in S5,A. activity occurred in all these
types of diseases, The two larvest groups of disease were myocardial
infarctions and appendicectomies, and in these groups the rises
parallelled the severity of the illmess. The results suggest that a rise
in S.A, activity will occur in nearly all acute illnesses of nmore than very
minor severity, and that chainereactive S.A. will develop in most 'major' acute
illnesses. Since platelet-fibrin thrombi are the initial event of most
deep vein thrombosis formetion (Sevitt 163), rises in S.A. could be an
important factor in the initiation of these thrombi,

The final study (Chapter ten) was a survey of mamalian laboratory
animals and of primates. Many of the animals (rabbit, rat, pig) which are
used in thrombosis and thrombo-atherosclerosis research failed to show S.A.
One sub-variety of baboon and some guinea~pigs showed a self-limiting S.A.
response, during which there was little or no release of aggregating
activity by the platelets.
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Chain-reactive S.,A. was found only in the cat. It eould
be significant that the cat is the only animal which, in it's natural
environment, is Imown to develop a platelet-fibrin mass large enough
to occlude a major artery (aorta) (Freak 46, Mitchell 120a).

The animal study also showed that the P.,A. response of
platelets from man was no greater than that of the animal platelets,
so it was only by virtuve of an S.A. reaction with release of ADP
that platelet aggregation in men (and the cat) was greater than that
of other mammals,
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General Discussion
The work in this thesis has shown that the S.A. process

generates large platelet agsgregates which show marked inter-platelet
adhesion and marked persistence, These firm persistent aggregates

are releasing a stimulus for further similar platelet aggregation (ADP)
and promoting the formation of fibrin around themselves by releasing
Platelet factor 3 (196). As was pointed out earlier in the discussion,
this powerful self-propagating in vitro thrombogenic process would be
most able to express it's potential in vivo at sites of reduced blood
flow, where ADP and Platelet factor 3 will accumulate (e.g. sites of
haemostasis), and in areas of turbuleant blood flow, which emhance
platelet to platelet contact, and again allow the thrombogenic substances
released by the platelets to accumulate (e.g. diseased arteries and
around venous valves).

The study of S.A. is still in it's infancy and so in vive
studies are few and are of associations, Hereditary absence of S.A.
associated with a mild bleeding tendency has been detected by Weis et
al (182) and this association has also been shown by Hardisty and
Hutton (63). Aspirin and other anti-inflammatory agents inhibit S.A.,
and a mild bleeding tendency can occur in this instance (0'Brien 142,
143), but as aspirin also affects other parts of the haemostatic process
the interpretation of this finding is difficult. S.A. may thus be
contributing to haemostasis in man,

Associations between S.A, and thrombosis, are the marked
increase in frequency and potency of chain-reactive S.A. in the
*thrombogenic' period which follows acute illness (Chapter nine), and
the presence of chain-reactive S.A. in the two animals, cat and man,
known to produce large platelet-fibrin masses in their natural
environment (Chapter ten, Macmillan and Sim 110). The associational
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nature of this evidence indicates the need for further in vivo studies
in animals, especially the cat. It is encouraging to remember that
in vivo work has so far confirmed in vitro observations (see review).

While suggestions as to the place S,A. has in disease in man
are, for the present, speculative, some can be made. ''he increasing
evidence that thrombosis on plagues in arterial walls plays a major
part in the pathogenesis of atherosclerosis, was described in the
review (Chapter one). While many animals have been induced to form
small to moderate sized atherosclerotic plagues with hyperlipidaemic
diets (Hartroft and Thomas 70, Constantinides 28), no animal model has
been found which shows more than occasionally the occlusive thrombo-
atherosclerosis found in man., This failure of experimental research
has occurred inspite of the use of 'thrombogenic' diets, hypertemsion,
and even Russells Viper Vemom, in conjunction with diets of fat (70, 28).
The discrepancy between the animal models and man has sometimes been
ascribed to the relatively short duration of the animal experiments,
but a further possibility is the absence in animals of a factor
essential for atherogenesis, The morphologic evidence (Lindsay and
Chaikoff 101a, 70, 28) suggests that such a factor would be a
thrombogenic one. The marked thrombogenic potential of S.A. shows
that it could easily be this 'missing link'. Thus it may in time
prove to be significant that S.A. is absent (rabbit, rat, pig), or
minimal (baboon) in the animals used at the present time for studies of
atherogenesis.

The hypothesis that an active S.A. process may play an essential
part in the genesis of thrombo-atherosclerosis could be tested in an
animal which both responded to lipid diets with early atherosclerosis
and exhibited S.A. with ADP release, but it may be that only man shows
both these factors. An alternative line of investigation is through
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epidemiological studies., Most sub-varieties of animals show variations
in the way their blood platelet aggregate (Chapter ten, Constantine 27,
Hawkey and Simons 71) even to the extent of presence and absence of S.A.
(baboon sub-varieties Chapter ten), There is thus a very real
possibility that S.A. may be absent in some rases of man and, when
present, it may vary in it's activity in different races. The author
is assisting in the planning of such a comparative study.

Another type of study that ic desirable ies one to find out
if the S.A. activity of patients with atherosclerotic arterial disease
is higher than that of "normal®' people (i,e. with no detectable evidence
of the disease), Even more important, is to include the measurement of
S.A. activity in the battery of tests used in the prospective studies
which are investigating the factors associated with the development of
ischaemic heart disease. Such prospective studies are the best method
of determining whether a high level of S.A. aetivity increases a persons
rigk of developing arterial disease, and also of determining the inter-
relationship between S.A. activity and hyperlipidaemia or hypertension.
This relationship could be additive or synergestic. A simplified
method of measuring the S.A. point (ADP) of a plasma would be of
considerable help in prospective studies because of the large numbers
involved, and one is being developed by the author.

Since many occlusive thrombi have several layers of apparently
different age (Crawford 30), it may prove revealing to follow the S.A.
activity of patients with ischaemic heart disease at regular intervals.
In this way a period of high S.A. activity preceding a myocardial
infarction, which could have been respomsible for the initial layer of
the thrombus, would be detected.
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Friedman and his co-workers (52) have shown that the incidence
of myocardial infarction is higher in people with a striving personality
and prone to emotional stress, Von Euler et al (43) have demonstrated a
correlation between emotional stress and the release of catechol amines,
and catechol amines are able, by way of the S.A. reaction, to produce a
marked aggregation response from blood platelets. It is thus possible
that stress may, through catecholamine release, induce a ‘hyperthrombotic’
state. Catechol amines have a further important action on platelets.
They produce a potentiation of ADP induced platelet aggregation which
persists without diminishing for as long as the catechol amines persist
(Mills et al 117, Macmillan 108). This persisting potentiation is to
be contrasted with the short-lived ability of platelets to aggregate when
they are stimulated by ADP, for in less than a minute they become
refractory to the ADP, and their response to further additiomns of ADP is
impaired (Macmillan 108). Harrison et al (67) failed to find an increase
in the total aggregation response of plasma collected from students
undergoing the stress of examinations. But the effects of emotional
stress on the S.A. activity of an individual have yet to be investigated
and this would seem to be desirable.

Pinally, what is the place of anti-platelet druge (including
inhibitors of the S.A. reaction) in the therapy of thrombotic disease?
The theoretical potential for anti-platelet drugs as effective anti-
thrombotic sgents, is higher than that for any other measure yet
considered. Platelet adhesion and azgregation is the first event of
the thrombotic process (see review) and platelets form mearly all the
mass of a vhite thrombus. Thus prevention of this process will probably
prevent an obstruction ever oceurring. Conventional anticoagulants have
a more difficult task, for they do not act until after the platelet
aggregates have formed, and by this stage the 'coral~like' structure
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of a platelet aggregate (Poole and French 151) contains stagnant columns
of plasma, rich in the platelet factor 3 released by the platelets.

There are three spheres of the treatment of atherosclerosis
where anti-platelet drugs could be useful; prophylaxis in healthy
people with markers of an increased proneness to atherosclerosis, treatment
of pationts with established atherosclerotic disease, and as an adjunct
to arterial surgery, where they may make thrombo-atherosclerotic
endarterectomy a highly succesaful procedure, by deterring reblockage.

The problem will be to decide which type of anti-platelet
aggregation drug to use. Total inhibition of either adhesion or of
aggregation (i.e. of P.A.) is virtually certain to produce a severe
haemostatic defect. P.A. inhibition would have an effect comparable to
gevere thrombasthenia and so a high incidence of side effects, especially
bleeding complications, would probably occur. In contrast, absence of
S.A. produces only a mild haemostatic defect (Weis et al 182).

Only inhibition of S.A. would be probably acceptable for
prophylaxis against atherosclerosis, for the other types of inhibition
would almost certainly have too high a complication rate. The degree of
inhibition of platelet P.A., S.A. and adhesion necessary for effective
therapy of established atherosclerotic disease will have to be established
by clinical trial. A possible ideal may be the combination of S.A.
inhibition with partial inhibition of platelet adhesion to collagen,

These thoughts on the therapeutic use of anti-platelet
aggregating agents are no idle look into the future, for, in addition o
the inhibitors of P.A. (114, 115) and S.A. (142, 143) already reported
in the jourmals, many more are being studied by the thrombosis research
groups of I.C.I. (Haslam), Glaxo (Ireland), Beechanms (Sim), Pfiger
(Constantine) and CIBA; and some of the more promising inhibitors
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are already undergoing toxicology trials in animals.

The outlook for a therapesutic breakthrough in the prevention
and treatment of atherosclerotic and other thrombotic disease in man

is therefore promising.
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