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PraFACE.

The work presented in this thesis was carried out in the laboratory
of Professor A.3. Douglas, in the University Department of iedicine,
Glasgow Royal Infirmary, Vhile performing this work I held the post of
biochemist. I was directed in the experimental work for this thesis by
Professor E.i. McGirr, frofessor s.3. Douglas and Dr G.P, liciilcol. Specific
mention must be made of some portions of the work which I did not personslly
perform. lkrs S. Beaton and liss H. loss carried out the ultracentrifugation
runs on the Spinco, liodel E, Ultracentrifuge (chapter G) and Jr 4.0,
Uitley examined one of the fibrinogen degradation products in the Chandler
tube (chapter 10). Some of the work described in this thesis has been
published, as described below, and some further portions are being prepared
for publication:-
7ilson, P.i., sciiicol, G.P., Douglas, A.S., (1966),
The effect of sireptokinase and trypsin on platelet aggregation
in vitro. Thrombos. Diathes haemorrh. (Stuttg.), Suppl. 20, 297.
Wilson, P.A., Mclicol, G.P., Douglas, A.S., (1967),
Some effects of trypsin and streptokinase on platelet aggregation.

Thrombos. Diathes haemorrh., (Stuttg.), In press.
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CHAPTER 1

INTRCDUCTION

Interest in platelets‘has been stimulated in the last fwo decades
with the increased recognition of the importance of their physiological
and pathological role, It is now well established that normal haemostasis,
after wascular injury, is mainly achieved by the formation of a 'haemostatic
plug', consisting of densely packed platelets, which seals the injured
vessel, thus preventing excessive loss of blood. It has also been
established that the formation of thrombi, leading to the occlusion of blood
vessels, is, in large part due to the formation of platelet masses which slow
the blood flow until fibrin formation occurs in the stagnant portion of the
occluded vessel.

For twenty years anticoagulant drugs have been widely used in the treztment
of thrombo-embolic disease; these drugs are administered with the intention
of limiting fibrin deposition. These conventional anticoagulant drugs
have been shown to interfere with platelet aggregation in vitro (Cunningham,
Mclficol and Douglas, 1965). More recently activators of the fibrinolytic
enzyme system have become available for use in human therapeutics for the
purpose of dissolving intravascular fibrin; the use of these agents is
referred to as thrombolytic therapy. The preéent study was undertaken to
investigate the relationships between the fibrinolytic enzyme system and
certain aspects of platelet aggregation.

A number of standard in vitro techniques are available which enable

quantitative assessment of the ability of platelets to clump. Three
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such techniques have been modified to determine the effect of fibrinolytic
agents on platelet function. The first method, using recalcified plasma,
measures platelet aggregation, which precedes fibrin formation, in an
artificial circulation (Chapter 4). Within the last ten years oné chemical
agent, adenosine-di-phosphate (ADP), has been identified which is currently
thought to pley a fundamental role in initiating platélet aggregation both
in vivo and in vitro. Advantage has been teken of the fact that, with ADP,
platelet aggregation may be induced in platelet rich plasma without subsequent
fibrin formation and consequently without interference by coagulation reactions
leading to clot formation (Chapter 5). The third method used in the present
study enables platelet function tb be assessed in the presence of red cells
by measuring the sbility of platelets to adhere to glass and to each other
on passage of blood throush a column of glass beads (Chapter 6)e

There is still some doubt as to the specific aspect of platelet function
which is measured by any given in vitro technigue. Accordingly, an attempt
was made to correlate the results obtained from the use of the three differént
techniques of measuring platelet aggregation (Chapter 7).

From the investigations of the effects of fibrinolytic agents on platelet
function it was found that in vitro the enzymes could accelerate platelet
aggregation (Chapters 4, 5 and 6) : the effects of the products of proteolysis

of fibrinogen were investigated as the possible agents by which this effect
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might be mediated. Fibrinogen proteolysis products were fractionated by
column chromatography (Chapter 8), their physical and chemical characteristics
were determined (Chapter 9) and their effect on platelet aggregation
investigated (Chapter 10).

This thesis is presented in two volumes. The first contains the text
and references and the second figures and tables. The text begins with an
historical introduction followed by an account of some current concepts of the
components and function of the platelet and an outline of possible mechanisms
of platelet aggregation. An outline is also presented of some of the in vitro
tests available to study platelet aggregation. There follows a description
of the methods used in the work for this thesis and thereafter the
presentation and discussion of the investigative work mentioned above. The
figures are numbered in order of their introduction in the text and the
tables are set out in two appendices. The first appendix contains independent
tables in order as they are referred to in the text and the second appendix
contains the tables from which the figures were drawn as indicated in the

text and in the figure legends,
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CHAPTER 2
PLATELETS AND HAEMOSTASIS
HISTORICAL INTRODUCTION

It was not until the middle of the nineteenth century that microscopists
recognised corpuscles in blood which we know today as platelets. The first
description of a platelet was reported by Donne in 1842 and was confirmed by
Zimmerman in 1845 who also remarked on the tendency of the cells to clump
together, During the course of the next fifty years a number of workers ob-
served platelets in blood and gradually came to recognise their functional
significance in haemostasis and thrombus formation. In 1865 Schultze
reported that platelets exhibited a tendency to clump and to form granular
masses, This observation was confirmed by Riess (1872) and extended by
Osler (1874), who stated that the 'granular masses' of Schultze resulted from
the agglutination of small bodies which occurred as single units in the
circulation. The clumping phenomenon of platelets in vitro was also remarked
upon by Vulpian (1873), who noted the presence in blood of colourless corpuscles
which had the properties of sticking to and accumulating in clumps on a cover
glass, and by Ranvier (1873), who observed microscopic changes in platelets
and the formation of fibrin in a drop of shed blood. In 1882, Bizzozero,
extending the work of Hayem (1877; 1878) recognised the platelet as a distinct

element in blood within the vessels and indicated the part it plays in
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thrombosis since he was able to show that white thrombi, which had previously
been thought to consist solely of leukocytes (Zahn, 1875), consisted almost
exclusively of platelets. The observations of Bizzozero were confirmed and
extended by a number of authors, Howell (1884), Eberth and Schimmelbusch (1885)
and Laker (1889). Eberth and Schimmelbusch (1885) made the important
discovery that blood corpuscles run in the centre of the blood stream and that
slowing or stasis of the circulation is followed by migration of leukocytes
and platelets to the periphery of the stream, They also recognised that
platelet changes occur during blood coagulation but, unlike Bigzzozero (1882)
who believed that platelet changes preceded blood coasgulation, they believed the
two processes were concurrent. Thus by the 1880's the function of the platelet
and its importance in thrombus formation was well recognised. It was at this
time that the importance of the role of platelet thrombi in the arrest of
bleeding was proposed by Hayem (1882) and by Lubnitzky (1885), But it was
not until 1912, however, that this role of the platelet in spontaneous
haemostasis was convincingly demonstrated by Duke.

Vhile these early workers recognised the functions of platelets in
haemostasis and thrombus formation there was some confusion concerning the
origin of these cells in blood. In 1865, Schultze had repbrted that platelets

were formed from leukoctyes and this view was supported by Riess (1872).

Hayem (1878), however, believed that the platelets were precursors of
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erythrocytes and it was not until the beginning of the twentieth century
that Wright (1910) found the true origin of platelets from the megskaryocytes.

Thus, by the begimnning of the nineteenth century, much of our present
knowledge of the platelet and its haemostatic function had been documented.
There was scant information concerning the platelet until the early 1940's
when the advent of refined microscopic techniques stimulated a renewal of
interest in the platelet. Since then, the platelet has been investigated
at many biochemical levels and its structure, biochemical composition and

function have been extensively documented,

The Platelet

Electrommicroscopy haé enabled the ultrastructure of the platelet to be
precisely defined and it has been shown to consist of osmophiliczyf granules,
vacuoles and a few mitochondria randomly distributed within the platelet
hyaloplasn which is enclosed within a unit cell membrane (Castaldi et al.,
1962; PFirkin et al., 1965; lMovat et al., 1965; White et al., 1965),
Closely associated with the suriace of the platelet, in what has been referred
to as the 'plasmatic atmosphere' of the platelet (Roskam, 1923) are many if
not all the coagulation factors (Adelson et al., 1961; Iatridis and Ferguson,
1965). In addition to its ability to contribute to coagulation by the
presence of a microcosm of coagulation factors associated with the platelet
surface, the platelet can contribute coagulation factors which are normally

contained within the cellular membrane., These factors include a
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phospholipid which contributes to the interaction of plasma coagulation
proteins in the formation of the intrinsic prothrombin activator (Ferguson,
1960; Horowitz and Marcus, 1964; Macfarlane, 1964; Marcus and Spaet, 1958;
Yarcus and Zucker, 1965a; Seegers, 1961) and a protein or high molecular
weight polypeptide which has the ability to directly neutralize heparin
(Deutsch and Kain, 1961; Godal, 1962; Marcus and Zucker, 1965b )., Disrupted
platelets can also exhibit antifibrinolytic activity (Alkjaersig, 1961;
Johnson and Schneider, 1953). Another intracellular protein of the platelet
which has been identified is one which can be clotted by thrombin and which
exhibits a similar immunological pattern to that of fibrinogen (Castaldi and
Caen, 1965; Gokcen and Yunis, 1963; Grette, 1962; Seligmann et al., 1957;
Sokal, 1962; Ware et al., 1948). One of the striking features of platelet
biochemistry is the very high energy store, in the form of adenosine-tri-
phosphate (ATP) which this cell possesses (Born 19562 and 1958: Fantl and Ward,
1956). = The capacity to act as a store of certain biologically active
compounds appears to be one of the functions of the platelet since it has been
shown that normally all the serotonin of the blood is contained within the
platelet (Zucker, 1962). These platelet components all contribute, in their

various ways, to the role of the platelet in haemostasis.,

The functions of the platelet

In the last two decades, interest in the function of the platelet in

haemostasis has been renewed. Progress has been made along two complementary



8.
lines of investigation; in wvivo techniques have been developed by,
among others, Hughues (1962), Roskam (1961) and Zucker (1947), which
have confirmed and extended the observations of the nineteenth century

workers, and several useful in vitro techniques have been devised (Born,

1962a; Hellem, 1960; Salzman, 1963; Wright, 1941), Indeed, it has been
from the application of these two modes of investigafion that some
understanding of how platelets clump and the mechanisms which ensble them
to exhibit this phenomenon has been obtained,

In figure 1 is shown an outline of the functions currently ascribed to
platelets in haemostasis.
Platelets in thrombus formation. Outlined in figure 2 is a diagrammatic
representation of the currently accepted reaction sequence of thrombus
formation (Glynn et al., 1966; Hellem and Owren, 1964; L&scher, 1967;
Mustard et al., 1964a; Owren, 1966; Poole and French, 1961; Roskam,
1961; Speet, 1964). The platelet is the first and most important formed
element demonstrable at a break in the vascular lining’ (French and
Poole, 1963; Jorgensen and Borchgrevink, 1963; Kjaerheim and Hovig;
1962; Roskam, 1961; Zucker, 1947). The adhesion of platelets to
subendothelial tissue appears initially to be independent of blood
coagulation (Jorgensen and Borchgrevink, 1964; HMustard et al., 19642) and
is thought to be initiated by adenosine-di-phosphate (ADP) release since
ADP may be liberated from damaged tissue (Born et al., 1964; Honour and

Mitchell, 1963) and it has been shown to emerge from erythrocytes under certain
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conditions (Gaarder et al., 1961; Hellem 1960; Kdser-Glanzmann and Iilscher,
1962). Since Hovig end Holmsen (1963) have shown that ADP is released from
platelets when they come into contact with collagen and that the ATP content
of platelets diminishes during clotting (Born 1956b and 1958) or when they begin
to lose their morphological integrity (Zucker and Borrelli, 1961) it is thought
that a platelet plug develops round the platelets already adhering to the site
of lesion, under the stimulus of ADP in the surrounding medium (Hellem and
Owren, 1964; IMustard et =2l., 1964; Spaet, 1964). The platelets in the plug
gradually lose their morphological integrity (Castaldi et al., 1962; Rosenthal
and Vyas, 1961; OSharp, 1961) and 4DP, serotonin and possibly phospholipid are
released from the cells (Grette, 1962; Hardisty and Hutton, 1966; Mustard et al.,
1964a; Spaet and Cintron, 1965). These platelet alterations are rapidly
followed by fibrin formation round the platelet plug (Jorgensen and Borchgrevink,
1963; Kjaerheim and Hovig, 1962; 3harp, 1961) and a throﬁbus is thus formed.
Platelet aggregation produced by ADP is reversible (Born, 1962b and 1965;
Born and Cross, 1963b; Mitchell and Sharp, 1964) and consequently the initial
stage of thrombus formation is thought to be reversible and it is not until
platelets begin to lose their morphological integrity and the plug becomes
impermeable to blood flow that the process becomes irreversible (Hellem and
Owren, 1964).
Platelets in coaculation. The main function of platelets in coagulation, apart
from supplying a microcosm of coagulation factors in their 'plasmatic

atmosphere', is the release of a phospholipid, platelet factor 3, which acts
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as a cofactor in the formation of blood thrcmboplastin (Macfarlane, 1664 ;
Seegers et al., 1962), Unlike the role of the platelet in thrombus formatiomn,
the platelet contribution to coagulation is made at a relatively late stage in
the reaction sequence and platelet clumping is not an essential step in the
reaction sequence since traces of thrombin are sufficient to release the
phospholipid to the coagulation system (Macfarlene, 1966; larcus and
Zucker, 19652).

Platelets end vasoconstriction. The blood serotonin, which is transported

in the platelets, may be released from these cells by the action of thrombin
(Grette, 1962) or by contact with commective tissue particles (Spaet and
Zucker, 1964). This process may facilitate haemostasis by stimulating
contraction of the vessel wall,
Platelets snd clot retrection. The way in which platelets organise a fibrin
clot has been studied extensively (Harcus and Zucker, 1965c) and has been
demonstrated to be dependent on the presence of a contracile protein,
thrombosthenin, within the platelet (Bettex—-Galland and Ifischer, 1961;
Grette 1962), Thus platelets are able o contribute to the maintenance of
vascular patency.
Capillary integrity., Platelets have been demonstrated to play an
essential role in the maintenance of vascular integrity but their precise
function in this process has not been firmly established (Marcus and
Zucker 1965d).

Although the role of the platelet in haemostasis is now well

established end some insight into the manner in which platelets become
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organized within a thrombus has been achieved, the precise mechanism

involved in the clumping of platelets has not as yet been fully elucidated.

Mechanism of platelet aggregation

In 1962 it was proposed that the adenosine nucleotide, ADP, might be
the compound responsible for the formation of haemostatic plugs (Born,
1962b). This possibility was suggested by the discovery of a factor,
present in erythrocytes, which could increase platelet adhesiveness
(Hellem, 1960), by the subsequent identification of this factor as ADP
(Gaarder et al., 1961) and by the demonstration that the ATP content of
platelets was diminished during clotting (Born, 1956b) and as platelets
became fused during the formation of = platelet plug (Zucker and Borrelli,
1961). The ability of ADP to induce platelet aggregation both in vivo
(Born and Cross 1963c; Davey and Landler, 1964; Nordoy and Chandler,
1964; Regoli and Clark, 1963) and in vitro (Born, 1962b; Hellem et al.,
1963; lidtchell and Sharp, 1964; O'Brien, 1962a; Ollgaard, 1961;

Zucker and Borrelli, 1962) is now firmly established. Furthermore, it
has been shown that agsregation by ADP is inhibited by AMP, adenosine and
2-chloro—-adenosine and that this inhibition is competitive and highly
specific(Born, 1964; Born and Cross, 1963a; Born et al., 1965; Clayton
et al., 1963; Skalhegg et al., 1964). The inhibition of ADP induced
aggregation by adenosine has also been demonstrated to operate in vivo
(Regoli and Clark, 1963)., In addition, adenosine can inhibit

ageregation brought about by other agents; eg,the actions of thrombin,



12,

serotonin and adrenaline can be blocked by adenosine (O'Brien, 1964).
These observations support the hypothesis that ADP plays a key role in
the formation of platelet aggregates and implies that aggregation brought
about by substances other than ADF is mediated by ADP, Evidence to
substantiate this view has been found by Haslam (1964) who has shown that,
in the presence of an engyme system which catalyses the phosphorylation
of ADP to ATP, neither thrombin nor fatty acids are able to induce
platelet aggregation.

Platelet aggregation is dependent on viable platelets, calcium
(Born and Cross, 1963b; Hellem 1964; Hitchell and Sharp, 1964) and on the
presence of a plasma factor (Born and Cross, 1964). The plasma factor has
characteristics in common with fibrinogen and with the factor deficient
in the plasma of patients with Von Willebrand's disease (Born and Cross,
1964; Hclean et al., 1964; Skalhegg et al., 1964). These various factors
involved in platelet aggregation have led to the development of two
hypothetical models for the mechanisms of platelet aggregation. The
first hypothesis is based on the contention that ADP participates in a
binding reaction, by means of hydrogen bonds, through the 6-amino group
of the nucleotide,to a specific receptor molecule on the surface of the
platelet and that calcium ions and the plasma factor are necessary for
forming bridges between the negatively charged phosphate groups of two

nolecules of ADP (Born, 1965; Clayton et al., 1963; Gaarder and Lalend,
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1964; Skalhegg et al., 1964). This suggestion has been extended by
Gaarder and Laland (1964) who have pointed out that all the nucleotides
so far known to bring about sggregation have, at physiological pH, an
uneven number of negative charges, whereas the inhibitors have no charge
at all or an even number of charges. Because of the double charge of
the calcium ion, nucleotides with an uneven number of negative charges would,
when attached to the platelets, provide more opportunities for calcium ion
bridges between the nucleotides. The second hypothesis stems from recent
studies with radioactive labelled ADP which have shown that ADP induced
platelet aggregation is accompanied by dephosphorylation of the
nucleotide (Kerby, 1966; Salzman et al., 1966). It has been suggested
that this process releases energy, necessary for unidentified binding
reactions and that the protein factor is involved in a secondary bridging
phenomenon (Salzman et al., 1966; Spaet and Lejnieks, 1966).

According to this scheme, platelet clumping by ADP is a metabolic reaction
dependent on energy transfer. |
Thus, although the precise mechanism of platelet aggregation.has
not been fully elucidated the importance of the phenomenon in coagulation

is well recognised.
B&Mﬁiﬁm’ﬂ&lﬁiﬂ-
Platelets have been shown to possess antiplasmin activity (Alkjaersig,

1961; Holemans and Gross, 1961; Johnson and Schneider, 1953;
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Stefanini and Murphy, 1956) end indeed, it has been demonstrated that
intact platelets may concentrate the protein,antiplasmin, from plasms
(Stefanini and Murphy, 1956). However, platelets have also been shown to
possess & protein which exhibits proactivator activity (Holemans and
Gross, 1961; Lewis et al., 1962) and which has been identified in washed
platelets, by immunological methods, with plasminogen (Hachman, 1966),
znd it would appear that platelets possess enzymes whose activity can either
inhibit fibrinolysis or enhance the process.

One hypothesis proposed to account for the meintenance of vascular
integrity suggests that a dynamic balance between cosgulation and
fibrinolysis exists within the vascular tree (Astrup, 19584 Flute, 1965;
Discher, 1967; Sherry et al., 1959). Fibrinolytic agents have been demon-
strated to be capable of dissolving thrombi both in vivo (Douglas and
l'cliicol, 1964) and in vitro (Flute, 1965; McNicol, et al., 1965). It has
been showm, however, that in the process of destruction of a thrombus by the
digestion of fibrin, platelet emboli are released which appear to be
resistant to further fibrinolytic activity (icNicol et al., 1965), Platelets
may play a role in maintaining the dynamic balance between fibrinolysis and
coagulation by influencing the rate of fibrinolysis although there is still
some controversy as to whether the presence of platelets inhibits or

enhances the lysis of plasma clots formed by thrombin (Alkjaersig, 1961;
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Bickford and Taylor 1963).
Pibrinolytic Agents.
Streptokinase. Streptokinase is present in culture filtrates of certain
strains of haemolytic streptococci. The enzyme first acts
stoichiometrically with blood proactivator (Troll and Sherry, 1955).
The activator so formed may then convert plasminogen to plasmin (Alkjaersig
et al., 1958),
Urokinase., Urokinase is the physiological activator of plasminogen which
has been isolated from human urine (Ploug and Kjeldgaard, 1957; Sobel
et al., 1952), The activation of plasminogen by urokinase has been shown
to be an enzymatic reaction (Alkjaersig et al., 1958; Kjeldgaard and
Ploug, 1957).
Plasmin is the proteolytic enzyme which can be produced from its inactive
precursor, plasminogen, by various activation procedures (Sherry et al.,
1959) which can hydrolyse arginine-lysine linkages (Sherry et al., 1959).

In vitro the enzyme has been shown to have equal affinity for fibrinogen

and fibrin (Ratnoff and Colopy 1953). Other plasma proteins susceptible
to digestion by plasmin are prothrombin (Alagille and Soulier, 1956),
factor V (Greenwalt and Triantaphyllopoulos, 1954) and sntihaemophilic
globulin (Lewis et al., 1949). Platelets have also been shown to be a
substrate for plasmin activity. Unlike trypsin, plasmin does not remove
clottable protein from the platelet or cause release of serotonin and ATP
(Horse et al., 1965). The enzyme does appear to remove clottable protein

from the platelet surface, however, since plasmin treated platelets
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cannot be aggregated by thrombin (Horse et al., 1965). Platelet factor
4, the factor which exhibits antiheparin activity (Marcus and Zucker,
1965b), can be inactivated by plasmin, (Viewiarowski et al., 1963).
Trypsin. Trypsin is an enzyme present in pancreatic juice which can
hydrolyse peptide linkages involving the carboxyl groups of the basic
amino acids lysine and arginine (Dixon and Webb 1960a)., This enzyme
can digest the plasma proteins fibrinogen (Mihalyi and Godfrey, 1963a)
and fibrin (Fletcher et al., 1962) and it has been shown to activate
plasminogen in vitro (4lkjaersig et al., 1958). In addition to its
fibrinogenolytic and fibrinolytic activities, trypsin may enhance blood
coagulation by participating in the conversion of prothrombin to thrombin
(Ferguson et al,, 1960; Stormorken, 1956; Yin, 1964). Purthermore low
concentrations of the enzyme have been shown fo promote platelet
agcresation (Haslam, 1964). It has been shown, however, that high
concentrations of trypsin abolish the ability of platelets to aggregate
by thrombin (Schmid et al., 1962) or by ADP (Haslam, 1964). This may be
accounted for by the observations that platelets or factors associated
with platelets, may act as substrates for the proteolytic activity of the
enzyme. Trypsin can remove clottable protein from the platelet (Morse
et al., 1965) and, like thrombin, can cause release of serotonin and
ADP from platelets (Grette, 1962; Morse et al., 1965). Platelet factor

1 (adsorbed plasma factor V) can be destroyed by the enzyme (Hjort et al.,
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1955) which can also inactivate platelet factor 4 (Deutsch and Kain,
1961).

otrypsin Chymotrypsin, like trypsin, is present in pancreatic juice
and can hydrolyse peptide linkages but, unlike trypsin, its preferred
linkages are those involving aromatic amino acid residues (Dixon and
Vebb 1960a), Its direct action on the platelet appears to be similar
to that of plasmin in that it does not remove clottable protein from the

platelet or cause the release of serotonin and ATP (Morse et ale, 1965).

Picin., Ficin is an enzyme obtained from fig latex which can, like
trypsin and plasmin, hydrolyse arginine-lysine linkages (Dixon and
Webb 1960b).

4s has been mentioned, the work for this thesis has involved the
investigation of the effect of fibrinolytic agents and the effect of

products of their fibrinogenolytic activity on platelet aggregation in vitro.

The two agents principally investigated were streptokinase and frypsin.
As discussed above streptokinase is a cofactor involved in the conversion
of plasminogen to plasmin which is the naturally occurring proteolytic
engyme of the fibrinolytic system. Plasmin is difficult to prepare in
a form free from contaminating plasma proteins. Consequently, trypsin

was selected as a suitable substitute since in vitro it exhibits

similar substrate specificity to plasmin and it has the advantage of

being commercially available in a purified form,
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CHAPTER 3
MATERIALS AWD METHODS

In this chapter is presented an account of the materials and
methods used in the work for this thesis. Experiments designed to
clarify some detail of the work in a particular chapter are described
in the relevant chapter. A brief outline of the basis of each method
and a short discussion of some of the possible sources of error in
interpretation of results are discussed for the major assay systems.

Standard methods are described for the assessment of platelet
ageregation and platelet adhesiveness. These include a technigue for
the estimation of the ability of platelet clumps to form in a recalcified
plasma system, a turbidimetric method for the detection of platelet
clumps in plasma on the a2ddition of a stimulant of platelet aggregation
and a method which can utilize whole blood for the estimation of platelet
adhesiveness. A short outline of the historical background to these
techniques is also presented.

A method is described for the preparation of proteolysis products
of the plasma protein, fibrinogen. Various methods used for the
characterization of the fibrinogen degradation products are outlined,
namely, ultracentrifugation, electrophorésis and reaction kinetic studies.,
Mention is also made of a method for the detection of defective fibrin

polymerization caused by some of these products,.
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The biochemical assay techniques used to estimate the plasminogen
and fibrinogen content of plasma and the concentration of streptococcal
antibodies present in the plasma are presented. Other biochemical
methods discussed include a method for the estimation of protein
content of a sample and an enzymatic assay for the estimation of
adenosine - 5' ~ diphosphate and adenosine - 5' - monophosphate in blood
and plasma,.

Some details of the methods of collection and handling of blood

specimens used during the work for this thesis are described.

Meagurement of platelet agsregation in vitro.

There are a number of terms which are currently in use to describe
various stages in the process of platelet clumping in thrombus formation.
In this thesis, the term platelet adhesion refers to the initial stage
in haemostasis, in which platelets adhere to damaged endothelium and which
is mimicked in vitro by the interaction between platelets and a foreign
surface., The process of platelet to platelet interaction or cohesion of
platelets which occurs during the enlargement of the platelet plug is
referred to as platelet aggregation. The term viscous metamorphosis is
used to describe the stage in the sequence of reactions leading to
thrombus formation, which precedes fibrin formation, when platelet
aggregation is irreversible and the platelets have fused to form an

impermeable plug.
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Platelet edhesion. One of the first successful methods for measuring

platelet adhesiveness in vitro was devised by Wright in 1941 and was

dependent on the ability of platelets to adhere to a glass surface,
Anticoagulated blood was rotated in a glass chamber and serial platelet
counts performed at various time intervals., The percentage of platelets
lost during the rotation process was assessed from the difference between
the platelet counts before and after rotation. The principle of this
method was applied to a more rapid test by Moolten and Vroman (1949).
Anticoagulated blood was passed through a length of glass wool, the
residual blood removed with saline and platelet counts performed on the
blood before and after passage through the filter. Hellem (1960) also
used this principle to develop an elegant method of measuring platelet
adhesiveness by performing direct counts on anticoagulated blood before
and after it passed through a column of glass beads. A number of
modifications of this technique have been devised (Hirsh et al., 1966a;
O'Brien, 1961; Salzman, 1963) and one of these (Hirsh et al., 1966a) is
outlined in this chapter and discussed in chapter 6,

Platelet gegrezation, By comparing the adhesiveness of whole blood

and platelet rich plasma, Hellem (1960) demonstrated that a factor,
present in erythrocytes, was essential for platelet adhesion to glass
beads. The subsequent identification of this factor as ADP has led

to the development of a method of estimating platelet aggregation in
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platelet rich plasma (Born, 1962a; Cuthbertson and Mills, 196%a;
O'Brien, 1962b). The method depends on the observation that platelet
agzregation may be induced when ADP is added to platelet rich plasma
which is being stirred (Born, 1962a). The progress of platelet
aggregation can be followed gquantitatively by recording changes in light
transmission through the plasme sample as the platelet clumps form (Born,
1962a). This method is outlined in this chapter and described more fully
in Chapter 5. Platelet agsregation in platelet rich plasma can also be
measured using an artificial circulation system (Cunningham et 21., 1965).
This method depends on the ability of platelets to clump together to form
macroscopic aggregates before fibrin formation occurs and a thrombus
forms as recalcified platelet rich plasma is rotated in a loop. The

method is described in this chapter and in Chapter 4.

Materials.
Adenosine - 5' - diphosphate was used in the form of the sodium salt
as supplied by the Sigma Chemical Company, St. Louis. This compound was
prepared at regular intervals by dissolving the salt in a barbitone -
saline buffer, pH 7.2 and was stored at - 20°C in small amounts. Each
aliquot was used once only.
Barbitone — Saline buffer. The barbitone - saline buffer was made up as

follows:- 0,1 M barbitone sodium, 57 ml; 0.1 N HC1, 43 ml; sodium
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chloride, 0.56 g; 0.9 per cent sodium chloride to 200 ml.
Pibrinogen. Grade L (human,lyophilized) fibrinogen was obtained from
A.B. Kabi, Stockholm. It was stored in the powdered form at - 20°C and
was reconstituted in 0.1 M phosphate buffer, pH 7.6 immediately before use.
Phosphate buffer. The phosphate buffer of 0,1 molar, pH 7.6 was made up
as follows:~ NaHpPO4, 2.028 g; Na HPO4, 14,964 g; NaCl, 9.0 g; distilled
water to 1,000 ml. ’
Streptokinase was used in the purified form, Kabikinase, supplied by
AB. Kabi, Stockholm. The enzyme was reconstituted with 0.9 per cent
sodium chloride to give a solution containing 10,000 N.I.H. units/ml which
was then divided into small emounts and stored at — 20°C. A fresh aliquot
was used for each assay.
Trypsin. Trypsin was used as the preparation of twice recrystallized,
salt free powder supplied by Koch-Light Laboratories Ltd, The enzyme
was dissolved in 0.9 per cent sodium chloride to give solutions of the re-
quired concentrations of protein per ml solution., The enzyme was stored
at 4°c,
Soybean Trypsin Inhibitor. Type 1 - S, was obtained from the Sigma
Chemical Company, St., Louis. The powder was dissolved in 0,9 per cent
sodium chloride and was used at concentrations comparable to those of
the various trypsin solutions studied. The enzyme was stored at 400,

Adenosine was obtained from British Drug Houses Ltd. The compound was
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dissolved in distilled water as required and the solutions stored at 400.
Thrombin was used in the form of Thrombin Topical (Parke, Davis and Co,,
Detroit). 4 stock solution of concentration 100 N,I.H, units per ml was
stored in 50 per cent glycerol - saline at - ZQOC and diluted in saline to
the reqﬁired strengths.
Corbonate Buffer., The carbonate buffer of O.1 molar, pH 8,9 was made up as

follows:- maz C0., 10,599 g; distilled water to 1,000 ml; pH adjusted to
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8.9 with C02. A fresh buffer solution was made up for each experiment,

Casein solution was prepared as described by Mclicol and Douglas (1964c).

25 g of casein (L. Light and Co., Ltd.) were boiled for 20 minutes in 500 ml,
0.1 I phosphate buffer, pH 7.6 while still hot. The solution was then
dislysed for 24 hours at 4°C with constant stirring against 4 litres of

C.1 H phosphate buffer, pH 7.6. The dialysate was changed once. The casein
solution was stored at 4OC.

LTubinz. Portex transparent vinyl tubing WI/13 and /17 was supplied by
Portland Plastics Ltd., Kent. Esco (Rubber) Ltd.,(London) supplied translucent

silicone rubber tubing.

Radiogctive Todine. 13112 was supplied by the Radiochemical Centre, Amersham,
England.

ILageged Fibrinogen was prepared with human fibrinogen and 19112 by the
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method of Clement and McNicol (1959) as described by McNicol and Douglas
(1964b)
Radioactive iodine (13112) was prepared from 1 mcu carrier-free

radioactive iodine (as NaI) in 0.1 ml dilute sodium thiosulphate solution
by the addition of one drop of 127I2 in methanol and one drop of Q0,01N HZSO4.
One drop of heparin (25 units/ml) was added to the radiocactive iodine followed
by 5 ml of humen fibrinogen in citrate saline solution (4mg/ml). The
fibrinogen iodine mixture was then passed through a C1 phase resin column
(Amberlite IRA 400 C1) with 5 ml, O.1 M phosphate buffer, pH T7.6. The
fibrinogen was stored in small aliquots at -20°C,

Hethods.
(a) Bstination of pletelet sssresation and adhesiveness.

Chandler Tube technicue. This method is based on the observation that,
when whole blood is made to flow round 2 closed plastic loop, a thrombus
forms which exhibits the same histological features as a thrombus formed in
vivo (Chandler, 1958)., The histological appearance of a Chandler thrombus
is shown in figures 3 and 4, Vhen platelet rich plasma replaces whole
blood in this system, in the presence of a physiological concentration of
calcium ions, a 'snowstorm' of platelet aggregates becomes visible before the
appearance of fibrin strands and the formation of a white thrombus

(Cunningham et al., 1965).
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The method used was a modification of that described by Cunningham
et al., (1965). The transparent vinyl tubing, 12.3 mm bore, 71 cm in
length was made into a loop by means of a nylon adaptor. The loop was
washed in cold water and rinsed in 0,9 per cent NaCl. 6 ml of platelet
rich plasma was added to the loop and the volume made up to 15 ml with
0.9 per cent laCl, The system was then recalcified with one-tenth
plasma volume, i.e. 0.6 ml, 0,25 i CaC12, and the loop and content; rotated
on the turnteble of a blood cell suspension mixer, (Matburn Ltd.,

London), rotating at‘28.5 rpm in a glass fronted incubator at 3700.
Platelet aggregation was assessed by the length of time taken for the
'snowstorm' of platelet aggregates to appear after recalcification.

The method was designed to resemble as closely as possible the in vivo
conditions for blood coagulation. Unfortunately, the method fails to
achieve this ideal situation. The flow round the loop is laminar whereas,
in vivo blood flow is turbulent in nature. The divergence from in vivo
conditions is further increased by the use of platelet rich plasma.

During centrifugation, it has been shown that some of the platelets most
susceptible to aggregation appear to be lost (Stormorken et al., 1965).
Consequently the platelet rich plasma sample may not contain the full
platelet population of the initial sample. In addition, the red cells
contain adenosine-di-phosphate (ADP) which is a potent initiator of platelet

ageregation (Gaarder et al., 1961). Any hemolysis of the red cells which
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may occur during the process of centrifugation will release ADP into
the system. This may cause the aggregation and consequent loss of a
nunber of platelets from the plasma sample,

The Chandler tube method involveé the estimation of platelet aggregation
in a recalcified plasma system in which platelet clumping is followed by
Tibrin formation. It may be assumed, therefore, that this method is assessing
the first visible stage, but relatively late stage of the haemostatic
process and that any alteration in the rate of formation of the platelet
aggregates may indicate either, a true change in platelet aggregation ability
or, may reflect some change in an earlier stage of haemostasis,

The limitations inherent in this technique have to some extent been
overcome or minimized by the limited use and rigid standardisation of the
method, (Chapt. 4). Bach plasma sample examined was divided into two
equal portions. COne portion was treated with the compound under investigation
and the second portion with saline so that the dilution of both the test and
control plasma samples was the same, The plasma samples were added to
identical Chandler tubes, recalcified simultaneously and rotated together on
the mixer, In this way it was possible to compare the effect of the compound
on the rate of formation of platelet aggregates with that for an identical
control sample,

bidimetric Method. (Born, 1962 a, b; Born and Cross, 1963b; O'Brien,
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1962b). The basis of this method for the assay of platelet aggregation
was the observation (Born, 1962a) that platelets can be induced, by
chemical stimulants, to form platelet aggregates in a platelet rich plasma
system when the plasma is kept in motion., The apparatus used in this study
consisted of an EEL titrator connected to a galvanometer (EEL type 20,
Evans Electroselenium Ltd., England). A4 perspex cuvette was fitted onto
the titrator above & magnetic stirrer and in the light path from the
photoelectric cell, 2 ml, platelet rich plasma were added to the cuvette
together with a small stirring rod. Once the stirring rod was rotating
at a uniform speed.é the optical density reading of the plasma sample on the
galvanometer scale was adjusted to an arbitrary value of 0,600, As platelet
agsregation occurs in the plasma, the light transmission through the sample
is increased and is recorded as a fall in optical density on the galvanometer
scale, DBefore the addition of the platelet aggregation inducing agent, the
plasma was agitated for at least 60 seconds to ensure that no change in
optical density occurred. If a change was observed, indicating that
spontaneous aggregation was occurring in the plasma, the sample was
discarded, Changes in light transmission, at a wavelength of 492 m/u
were recorded at 30 second intervals over a period of ten minutes from
the time of addition of the stimulating agent.

There are a number of sources of possible error embodied in this

method. The use of platelet rich plasma introduces similar discrepancies
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a5 were coasidered abové for the Chandler tube system, In the
titrator magnetic stirrer system there is no accurate gauge of the
speed at which the stirring rod rotates. As it has been demonstrated
(O'Brien, 1962b), that the degree of agitation of the plasma influences
the extent to which platelet aggregation occurs, this is an important
disadvantage of the system as used in the work for this thesis. In the
present system, the photoelectric light beam was not shielded from
incident light under the experimental conditions used. This may result
in some discrepancy in the readings of optical density recorded during a
period of months.

As with the Chandler tube system, some of the drawbacks of the assay
system were overcome by rigid standardization in the use of the system.
Two titrators and galvanometers were used simultaneously for each experiment.
Bach platelet rich plasma sample was divided, one portion treated with a
volume of the test substance and a second portion with an equal volume of
0.9 per cent saline as a control. The platelet aggregation occurring
in the control and test samples was assayed simultaneously, the two
samples being randomly allocated between the two sets of instruments. It
was only possible to standardize the speed of rotation of the stirring rod
in the plasma by observation. A minimum fixed volume of plasma, 2 ml,
was selected so that the meniscus of the fluid in the cuvette lay immediately
above the light path. As the stirring rod rotated, a vortex formed in

the plasma and the speed of rotation was arbitrarily fixed as the
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maximum speed which produced a vortex just insufficient to interfere

with the light path through the plzsma sample,

Glass Bead Column Method. Hellem (1960) has shown that when whole

blood, containing an anticoagulant, is pumped through a column of glass
beads, a number of platelets adhere to the surface of the glass beads and
to each other. The technique used in this thesis was a modification of Hellem's
original method (Hirsh et al., 1966a). The glass bead column was made

by filling 2 length of vinyl tubing (§1/13, Portland Plastics, Kent)

with 2.5 g Ballotini glass beads (0.57 mn diameter) to give a column 6 cm
in length. The glass beads were held in the column by a filter of fine
nylon gauze fitted at each end of the column. 2 ml of citrated whole
blood were drawn into a graduated plastic syringe which was then fitted

to an electrically operated mechanical pump. The blood was pushed
through the standardized column of glass beads at a constant rate. The
rate was assessed by the time taken for the leading edge of the column

of blood to pass through the column of glass beads. The pump and glass
bead‘columns used in the present study gave a mean contact time between blood
and glass of 30 : 1 seconds. Any observation lying outside this range was
discarded. Platelet counts were performed on the blood samples before and
after passage through the column., The difference between the two counts
was expressed as a percentage of the initial platelet count and this value

was taken as an index of platelet adhesiveness in the sample.
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With his original technique Hellem (196C) has shown that platelet
adhesiveness increases as the glass surface area increases, as the contzsct
time between the blood and the glass surface increases and as the packed
cell volume of the blood sample increases. With the method described above
the glass sufface area and the contact time have been standardized and only
the packed cell volume can vary. For most of the experimental work in this
thesis it has not been necessary to make allowance for this in the final
analysis of the results since each blood sample has been divided into two
portions each of 2 ml, one portion treated with a volume of the substance
under test and the second with an equal volume of 0.9 per cent saline.

Each sample was treated identically and the percentage adhesiveness of
each sample compared., wWhere this procedure was not used allowance was made
for the packed cell volume of the sample as described in Chapter 7.

The main source of error with this technique stems from the fact that
the result is dependent on accurate platelet counting. In an attempt to
minimize this, four independent platelet counts were performed on each
blood sample before and after passage through the column and the percentage
platelet adhesiveness calculated from the mean of the four readings.
Platelet counts were performed using formol citrate as the diluting fluid
(Dacie, 1956c). 10 ml, freshly filtered diluting fluid was added to a
clean glass test tube together with O.1 ml blood. The tube was inverted

gently until the contents were thoroughly mixed., A sample was then run
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onto a Neubauer improved counting chamber and allowed to stand in a damp
atmosphere for twenty minutes before the platelets were counted with a
microscope using a white light source,
(b) Preparation of fibrinogen degradation products.

Four degradation products were prepared, three by tryptic digestion
of fibrinogen and one by the enzymatic action of urokinase-activated
plasminogen. The tryptic fibrinogen degradation products were each
prepared by incubating 0.3 ml of the various trypsin solutions with a solution
containing 200 mg fibrinogen dissolved in 4 ml, O.1 K phosphate buffer, pd
T.6 2t 370C for 10 minutes. At the end of incubstion, 0.3 ml of the
aporepriate concentration of soybean trypsin inhibitor was added to the
system. The urokinase degradation product was prepared by incubating 0.1 ml
of the enzyme preparation with a solution composed of 200 mg fibrinogen
dissolved in 4 ml, O.1 M phosphate buffer, pH 7.6 and 1.0 ml of plasminogen
solution containing 17.5 Sgouris units per ml.

Column Chromatosraphy of the fibrinogen degradation products was carried out
by a wmodification of the method of Nussenzweig et al., (1961). A separate
column was prepared for each degradation product. The mixture obtained by
incubating fibrinogen with the enzyme preparation was layered onto a DEAE
cellulose column, 37.5 cm long and 2,5 cm in diameter (DE II, Whatman,

W. & R, Balston Ltd., England). The fibrinogen incubstion mixture was
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eluted with a linear concentration gradient within the limits of 0,1
carbonate buffer, pH 8.9 to 0.1l carbonate buffer, pH 8.9 plus 0.2 i
sodium chloride in a total volume of 800 ml. The chromatography was carried
out at 4°C and the flow rate for each column lay within the range 80-100 ml
per hour. The eluate was collected in 10 ml amounts using an Aimer
fraction collector with a drop counter attachment., The eluate samples
were screened for protein content by estimations of optical density
measurements at 280 m/u on a spectrophotometer (sp 500,Unicam Instruments,
Cambridge). The samples found to contain protein were concentrated with
Sephadex G - 25 (coarse) using Seitz filters and the precise protein

concentrations estimated by the method of Lowry et al., (1951).

(c) Biochemical Assays.

Streptokinase Sensitivity Teste This assay was carried out by the
method of Johnson et al., (1957) as described by McNicol and Douglas

(1964c)., This test is designed to determine the concentration of
streptokinase reguired to neutralise both plasma antibody to streptokinase
and other inhibitors of the enzyme.

Streptokinase was added to 0,2 ml plasma in a series of test tubes
at concentrations ranging from 100 - 500 N.I.H. units per ml plasma. The
plasma - streptokinase mixture was then clotted‘with 0«1 ml thrombin
(20 N.I.H. units/ml) and the samples incubated at 37°C. The time of clot

lysis was recorded. The concentration of streptokinase used in subsequent
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experiments was the concentration which produced maximum lytic activity.
Thrombin Clotting Time, This test is used as an index of defective fibrin
polymerization,

The method used was that described by Fletcher et al., (1959)., To
0.1 ml plasma was added 0,3 ml of a 'thrombin titration mixture'! (Seegers
and Smith, 1942: as described by McNicol and Douglas, 1964a) 0.1 ml
thrombin (10 W.I.H. units/ml) was added and the clotting time at 37°C
recorded. The '"thrombin titration mixture' was made as followsi-
0.9 per cent sodium chloride, 6 ml; 0,7 per cent calcium chloride, 2 ml;
15 per cent acacia, 2 ml; 0.1 I tris buffer, pH 7.5, 1 ml.
Fibrinogzen Assay, The method used was that of Ratnoff and Menzie (1951)
as described by liclicol and Douglas (1964a), In this method plasma
fibrinogen is converted to fibrin by thrombin. The fibrin is washed free
of contaminating proteins and then subjected to alkaline hydrolysis.
The tyrosine released is estimated colorimetrically. The initial con~
centration of fibrinogen is calculated frcm the assumption that the ratio of
tyrosine residues to each fibrinogen molecule is constant and is 11.7 to
1.0,

Into a 15 ml test-tube were placed '0.2 ml' glass beads (diameter
not more than 0,15 mm); 6 m1,0.9 per cent saline; 0.2 ml, 2.5 per cent

CaCl,; 0.2 ml, plasma and 0.1 ml, thrombin (100 N.I.H, units/ml). The

23
contents of the tube are thoroughly shaken and allowed fto stand at 4°¢
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for 30 minutes. The tube was then shaken and centrifuged at 1,000 g
for 10 minutes. The supernatant was discarded and the glass beads
washed three times with 0,9 per cent saline with centrifugation and
decantation of the supernatant between each wash. 0.4 ml, 10% sodium
hydroxide were then added to the glass beads and fibrin and the tube
boiled for 20 minutes, the top of the tube being sealed with tin foil
to minimize evaporation. After cooling the tyrosine released was
estimated by the addition of 2,0 ml, 0.5N sodium hydroxide, 0.6 ml,
5 per cent trichloroacetic acid and 0.6 ml, Folin Ciocalteu reagent
diluted 1:2 with distilled water. The mixture was thoroughly shaken and
allowed to stand for 10 minutes to permit maximum colour development.
The optical density was read at 650 m & on a spectrophotometer ( sP 500,
Unicam Instruments) against e reagent blank. Optical density readings
were converted to mg fibrinogen per 100 ml plasma from a standard
tyrosine curve,
Plasminogen Assay, The method used was the caseinolytic assay of
Remmert and Cohen (1949) as modified by Alkjaersig et al., (1959). The
initial steps of the assay involve the destruction of plasma antiplasmin
with acid, the neutralization of the plasma with alkali and buffer, and
the conversion of plasma plasminogen to plasmin by the addition of

streptokinase, Casein is used as a substrate for the plasmin, The




35

enzyme reaction is stopped by the precipitation of the proteins with
trichloroacetic acid (TCA), The tyrosine residues released remain in
the supernatant and are measured colormetrically. The amount of tyrosine
released from the casein is a measure of the amount of plasmin present.

0.5 ml, plasma was incubated with 0,5 ml, 1/6 N HC1 for 15 minutes
2t room temperature. 0.5 ml, 1/6 I NaOH ﬁas then added followed by
1.0 ml, phosphate buffer, 0,1 molar, pH 7.6 =nd 0.5 ml streptokinase
(2,000 units/mi). 2.0ml of a 5 per cent casein solution were added
and the mixture thoroughly shaken, After the addition of casein the
nixture was incubated at 37°C for 62 minutes, 2 ml samples were removed
from the incubation mixture at 2 minutes and 62 minutes and each added to
2 ml of a 10 per cent TCA solution. The supernatant was obtained by
centrifugation at 1,000 g for 10 minutes and the tyrosine measured by the
addition of 1 ml supernatant to 5.0 ml, 0,5 ¥ NaOE and 1.5 ml, 5 per cent
TCA., After the addition of 1.5 ml Folin Ciocalteu reagent (diluted 1:2
with distilled water) the ftubes were allowed to stand for 20 minutes to
allow for the maximum colour development, The optical density was
recorded at 650 m/u on a spectrophotometer ( SP 500, Unicam Instruments
Ltd,) using the 2 minute sample as blank for the 62 minute sample.
The optical density was equated to tyrosine release from a standard curve,
One casein unit of plasminogen released 180 mg tyrosine per hour.

Estimation of Protein. The method used was that devised by Lowry et al.,
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(1951). This test is based on the reaction between the phenolic residues
of a protein moiety and Folin Ciocalteu's reagent and may be used over the
range of protein concentration 20 to 400 mg/ml.

A volume of protein solution not exceeding 1 ml was added to a test
tube end the final volume made up to 1 ml with distilled water. 5 ml
of the alkaline copper reagent were then added to the test tube and the
mixture allowed to stand at room temperaturs for at least 10 minutes,
After the addition of 0,5 ml, Folin Ciocalteu reagent (diluted 1:1 with
distilled water) the tube was allowed to stand for 30 minutes to allow the
maximum colour development to occur., The optical density was read on a
spectrophotometer (5P 500, Unicam Instruments Ltd,) at 750 m/u against a
reagent blank. The optical density was equated to protein concentration
from a standard curve., The standard curve was prepared with bovine

albumin (Armour Pharmaceutical Co. Ltd., Bastbourne) over a range of

concentration 0-400 mg/ml.

Alkaline Copper reasent was prepared as follows:- 1 ml, 1 per cent CuSO4.
SHZO solution; 1 ml, 2 per cent Na,K tartrate; 2 per cent Na2003 in

0.1 If KaOH to 100 ml.,

estimated enzymatically using a commercially prepared assay kit (TCK -

Art, No. 15980, C,F, Boehringer and Soehne, Mannheim, Germany).
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In this procedure ADP is phosphorylated with phosphoenol pyruvate
and pyruvate kinase., The pyruvate formed in this reaction is reduced to
lactate with diphosphopyridine nucleotide and lactic acid dehydrogenase.
The change in adsorption spectrum which occurs as the diphosphopyridine
nucleotide is oxidized is followed at 366 m/u on a spectrophotometer and
is used to monitor the reaction. After the ADP in the solution is consumed
and the reaction stopped, the AMP present in the solution is measured by
the addition of myokinase which phosphorylates AMP to ADP with the ATP vhich
wes formed in the first reaction. The ADP formed in this reaction is
estimeted in the same way as that formed in the original reaction.

The preparation of the extracts for assay was carried out in the
manner described by Holmsen et al., (1965) and the samples analysed for
/DP and AMP by the enzymatic method given with the Boehringer test kit.
0,5 ml of the whole blood or plasma was added to 2,0 ml, 0.5 M perchloric
acid at 400. After thorough mixing, the sample was centrifuged at 1,600 g
for 5 minutes at 4°C and 2.0 ml of the supernatant added to 1,0 ml, 1.3 K
K,00; in 1.0 M triethanolanine hydrockloride at 4°C.  The solution was
maintained at 4°C for at least 5 minutes, thoroughly mixed and again
centrifuged at 1,600 g for 5 minutes. Ifﬂﬁot immediately reqﬁired for

assay the supernatant was stored at -20°C for not more than 3 days.
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For the determination of ADP and AMP, 2,0 ml of the supernatant was diluted
with 4,0 m1, distilled water. 2,0 ml of this mixture was added to a glass
cuvette (1 cm light path, 4 ml capacity) together with 0.15 ml, 0,01 K
phosphoenolp&ruvate containing 1,3 M KC1 and 0.4 M Mg 504. 0,10 ml, 0,009
1 diphosphopyridine nucleotide and 0,02 ml, lactic acid dehydrogenase
(1 mg/ml) were also added to the cuvette. The solution was thoroughly
mized, allowed to equilibrate at room temperature for 5 minutes and the
optical density recorded at 366 m/u on an SP 500, The optical density was
recorded at 30 second intervals until three consecutive readings were constant
(E1). 0.02 ml, pyruvate kinase (1 mg/ml) was then added to the solution
in the cuvette. After thorough mixing and 5 minutes equilibraticn at
room temperature the optical density was recorded. The recordings were
repeated at 1 minute intervals until three consecutive readings were obtained
(32). The difference between E1 and E2 was used to calculate the concentration
of ADP in the solution (Adam, 1965). To determine the concentration of
AMP in the solution, 0,02 ml, myokinase (2 mg/ml) was added to the reaction
mixture in the cuvette and after thorough mixing the solution was allowed to
stand 2t room temperature for 10 minutes, The optical density was recorded
at minute intervals until a constant value was obtained (E3)° The
difference between E, and E, was used to calculate the concentration of

2 3
AMP present in the solution (Adem, 1965).

lolecular weight determinstions. The approximate molecular weights of
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some of the fibrinogen degradation products were estimated and compared
to that of the pure fibrinogen preparation with a sucrose density gradient
technique. Linear sucrose density gradients over the range 15 per cent
to 1 per cent sucrose solution were prepared with the Buchler Density
Gradient Sedimentation Systen (Buchler Instruments Inc., U.J,). Vhen
protein is layered onto the surface of the sucrose solution and the system
centrifuged, the protein moves through the sucrose solution until it reaches
a point of equilibrium, approximately equivalent to its sedimentation value,
with the sucrose solution. By careful elution of the resulting gradient
the position of the protein in relation to the density of the sucrose
solution may be determined by examination of the absorption spectrum of the
gradient at 280 m/u. 0.2 ml of the protein sample, of approximate concen-
tration 5 ng per ml, was layered onto the surface of a freshly prepared
gradient which was then centrifuged at 38,000 rpm for 6 hours at 4°C on 2
Spinco HModel L Ultracentrifuge (Beckmann Instruments Ihc., California)
using head No. S W 39. After centrifugation the gradient was analysed by
cluting samples from the bottom of the gradient with a Buchler 'piercing
unit'., The samples were collected in a series of fﬁbes, 8 drops per tube
andl after the addition of 0.5 ml, distilled water to each tube, the
samples were screened for protein content by analysis at 280 m/u on an
SP 500,

Regeti i icse The rate of the reaction between trypsin and fibrinogen
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was followed on a pH stat consisting of titrator (Type TTIc) connected
to an autoburette (Type ABUib) and a titrigraph (Type SBR 2c),
(Rediometer Electronic Measuring Instruments, Copenhagen). As trypsin
digests fibrinogen, peptide bonds are broken with the release of protons.
When the reaction is carried out in the pH stat a volume of alkali, sufficient
to neutralize the free protons in the system, is added to the reaction
mixture. The amount of alikali required to maintain a constant pH is
recorded on the titrigraph and under carefully standsrdized conditions this
volume mgy be equated to the number of peptide bonds broken during the
reaction,

20 mg ¥zbi humen fibrinogen dissolved in 1 ml, 0.9 per cent saline were
transferred to the reaction flask surrounded by a water bath at 3700 aﬁd
alloved to equilibrate for at least ten minutes., VWhen equilibration had
occurred, 0.2 ml of trypsin (at an appropriate concentration) was added, a
stop watch started and a stream of nitfogen passed over the reaction
mizture., The reaction was followed for 10 minutes on the titrigraph,
0,03%5 M aCH being transferred from the autoburette to the reaction flask
to maintain a coastant pH of 8.5. Since the rupture of one hydrogen bond
utilizes 0,998 meq alkali, and the volume of alkali used during the reaction
vas known, it was possible to calculate the number of peptide bonds broken
during the reaction process.

Electrophoresis. Electrophoretic studies were performed by horizontal
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paper electrophoresis for 17 hours at 200 volts using a Shandon electro-~
phoretic tank and power pack (Shandon Scientific Company, London) (Smith,
1960).  The buffer used was O.1 M barbitone buffer, pH 8,6 (Flynn and
De Mayo, 1951), and the strips (2.5 em x 20 cm) of Whatman filter paper
(Yo, 1) were soaked in the buffer and blotted before the application of the
protein samples. ZO/ul samples of the protein solutions were applied to the
paper with the current passing through the paper. Six strips were run during
each experiment. The strips were stained with Bromophenol blue, destained
with 1 per cent acetic acid and the colour of the dried strips developed by
exposure to ammonia vapour.
Barbitone buffer. The barbitone buffer of 0.1 molar, pH 8.6 was made up
as follows:- 10.3 g, sodium diethyl barbitone; 1.84.g, barbitone; distilled
water to 1,000 m1,
(d) Collection of Blood.

All blood samples used in this thesis were collected by clean venepuncture
with plastic disposable syringes. The samples were collected from three
groups of donors (a) healthy colleagues, (b) hospital outpatients and (c)
hospital inpatients. The patients were suffering from a variety of
diseases, none of which are known to affect blood coagulation or platelet
agesregation,

With the minimum delay, the blood was transferred from the syringe to
siliconed glass centrifuge tubes containing 3.8 per cent sodium citrate,

the relative proportions of blood to citrate being 9 to 1,



42,
Siliconed glassware was used for all experiments which involved the examination
of platelets. Two methods were used to siliconize the glassware. The
first method used a water insoluble commercial silicone preparation,
Silicone M441 (Imperial Chemicél Industries Ltd.) as described by Dacie
(1956d). For the later work in this thesis a water soluble commercial
silicone prepsration was used, Siliclad (Clay Adams Inc., N.J.).
Platelet rich plasma was prepared from citrated whole blood by centrifugation

at 600 g for 5 minutes at 4%.
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CHAPTER 4

STUDIES ON THE EFFECT OF STREPTOKINASE AND TRYPSIN

ON PLATELET AGGREGATTON I THE CHANDIER

TUBE SYSTEM

In this chapter is presented the results of the investigations of the
effect of two enzymes, streptokinase and trypsin on platelet aggregation in
the Chandler tube system. Some of the factors influencing platelet aggregation
in this system have been investigated and are discussed. |

The possibility of the existence of a haemostatic balance mechanism has been
discussed in chapter 2, Previous work reported from this laboratory on the
effect of anticoagulant drugs on the formation of artificial thrombi and on the
effect of fibrinolytic enzymes on the lysis of artificial thrombi appeared to
offer = means of investigating the possible role of such a mechanism. The
anticoagulant drugs, phenindione and warfarin, and heparin have been shown to
cause significant prolongation for the time taken for platelet aggregates to
form in vitro (Cunninghem et al., 1965). It has also been shown that perfusion
of an artificial thrombi with the fibrinolytic enzyme, strepiokinase, results
in the lysis of the thrombi but with release of platelet emboli into the
system which are resistant to further destruction by the enzyme (McNicol et al.,
1965), Accordingly, the effect of streptokinase on the formation of
artificial thrombi was investigated in the Chandler tube system.

Streptokinase owes its proteolytic and fibrinolytic activity to its
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zbility to activate the fibrinolyfic enzyme system by bringing about the
conversion of plasminogen to plasmin (Sherry et al., 1959). Plasmin, 2
proteolytic enzyme, can digest many pro?eins, inqluding fibrinogen, fibrin,
zntihaemophilic globulin, factor V and prothrombin., = Under physiological
circumstances in vivo its preferred substrate is fibrin, but in the presence
of excess plasmin, fibrinogen is also readily digested (Sherry et al., 1959).
The effect of streptokinase on the lysis of artificial thrombi is caused by the
production of plasmin in close association with fibrin which is digested.

Trypsin can also digest fibrinogen and fibrin (Pletcher et al., 1962;
Hihalyi and Godfrey, 1963a), and since trypsin is readily available commerciglly
in a purified form, it was also selected for investigation of its effect on the

formetion of platelet aggregates in the Chandler tube system.

Materials.
Platelet poor plasma was obtained from platelet rich plasma by centrifugation
at 1600 g for 15 minutes at 4°c.
0,25 11 CaCl was made up from anhydrous calcium chloride (Analar, British Drug
Houses Ltd.) and was titrated against 0.02M potassium thiosulphate (xcus)
before use (Douglas, 1962e)., A few grains of ferric alum were added to 1 ml
of the calcium chloride solution. After the addition of 3 ml, 0,05N Ag N'O3
in concentrated H.NO3 the solution was run under a cold water tap and shaken
until the solution was milky white. The solution was titrated with 0,02l XCHS

until a red end point was obtained. A reagent blank containing no calcium
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chloride was treated similsrly,
Human fibrinogen, This was prepared by the phosphate buffer method of Jaques
(1943) as described by Biggs and Macfarlane (1962b) to give a product which
contained 90-95 per centlcoagulable protein,
Human prothrombin was prepared by adsorption with alumina and elution with
phosphate buffer pH 8,C as described by Biggs and Macfarlane (1962c).

Deteails of the preparations of streptokingse, trypsin, ADP, adenosine,

thrombin and radiocactive fibrinogen are described in chapter 3.

Methods.
Platelet rich plasma., 36 ml of venous blood were withdrawn from a volunteer
by clean venepuncture into a plastic syringeand 9 ml added to four siliconed
glass centrifuge tubes, each containing 1 ml of 3.8/ sodium citrate at 400.
Jith ninimum delay, the tubes were centrifuged at 600 g for 5 minutes at 4°¢
and the resulting platelet rich plasma pooled. The plasma was maintained at 400
until the experiment was started. It has been showm that cooling increases
the tendency of platelets to aggregate (Born, 1962b). However, withoﬁt a
constant temperature laboratory this was found to be the most satisfactory
nethod of handling the plasma samples to obtain reproducible results.
Istimation of platelet aggregation. Two identical Chandler loops were prepared
as described in Chapter 3. 6 ml, platelet rich plasma were added to each

loop, to one loop was added a volume of the compound under investigation end

to the second loop an equal volume of 0,9 per cent saline. The volume in




46,
both loops was made up to 15 ml with 0,9 per cent saline and both loops
znd their contents incubated at 3700 for 10 minﬁtes. At the end of the
incubation period, both loops were recalcified with 0.6 ml of 0,25 M CaClp and
the time for the appearance of the 'snowstorm' of platelet aggregates to
occur was recorded.
Fibrinogen clotting times., The ability of the proteolytic enzyme, trypsin, to
convert plasma prothrombin to thrombin was assayed by the following method.
Ce3 ml, humsn prothrombin and 0.3 ml of the engyme preparation were incubated
together at 3700 for 10 minutes. 0,2 ml of the incubation mixture was then
added to 0.2 ml of human fibrinogen (4 mg/ml) at 37°C and the clotting time
recorded. 0.3 ml, distilled water replaced the enzyme preparation in the
control experiment.
Plasme recalcification times, The effect of the enzymes trypsin and strepto-
kinase on plasma recalcification times was estimated by the following method.
Blood was collected by clean venepuncture and added to centrifuge tubes
containing 0,077 sodium EDTA in the ratio. of 9,25 volumes of blood to 0.75
volumes of EDTA, Plasma was obtained by centrifugation at 600g for 10
minutes., 0.1 ml of the enzyme preparation was added to 0,2 ml plasma.
After 10 minutes incubation at 3700 the mixture was recalcified with 0.2 ml,

M/40 CaCl, and the clotting time recorded.

2

The incorporati f fibri into the Chandler thrombus was investigated

with radicactive iodine tagged fibrinogen. 0C.5 ml of the fibrinogen solution
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was added to 6 ml, platelet rich plasma in the Chandler loop and the
final volume made up to 15 ml with 0.9 per cent saline. The test loop
was treated similarly, Both loops and their contents were incubated
at 3700 for 10 minutes. A 1.0 ml sample of the fluid in each loop was
taken and the samples counted for radiocactive content on a scintillation
counter (Scaler 1700, Isotope Developments Ltd.). The remaining samples
in both loops were recalcified simultaneously with 0,56 ml, 0,25 H CaClZ.
After platelet aggregation and any subsequent fibrin formation had occurred
the fibrin clot or the platelet clumps were separated from the supernatant
and washed twice with 0.9 per cent saline, The material remaining was
then counteds A 1.0 ml sample of the supernatant from each loop was
also counted at the end of the experiment. The results were expressed
as percentages of the radioactivity present in the initial 15 ml sample.
The one stage prothrombin time assay was performed by the method of Quick
(1935) as described by Douglas (1962d). 0.1 ml, human brain extract, 0.1
ml, plasma and 0,1 ml, adenosine or distilled water were incubated at
3700 for 10 minutes. The system was recalcified by the addition of 0.1 ml,
I£/4O CaCl2 and the time for clot formation to occur recorded. The
preparation of brain was made from a human brain by saline extraction as
described by Douglas (1962f).
The thrombin clotting time assay was carried out as described in chapter
3
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The streptokinase sensitivity test was carried out zs described in chapter

z

De
Results.
Effect of Sirepfokinase, ~The effect of streptokinase on platelet aggregation

was investigated with eleven plasma samples. A streptokinase sensitivity

test was performed on each sample before platelet aggregation was assayed.
Streptokinase was used in the Chandler loop at the concentration which produced
maximum lytic activity. It was fournd that, at this concentration, streptokinase
produced a marked acceleration of platelet aggregation in every plasma sample
irnvestigated., The results are illustrated in figure 5 and are tabulated in
table 26. The mean time for platelet agsregation to occur in the control
loops was 382 I 110 seconds and in the test loops 276 : 81 seconds (t= 6.602,
p<0,001). It was also noted that streptokinase caused a marked decrease in
fibrin formation, with in some cases, complete failure of fibrin formation to
occur as a sequel to platelet aggregation.

Lffect of Trypsin. ‘The effect of trypsin at a concentration of 10/ug/ml

plasma was investigated with seven plasma samples. As with streptokinase,
trypsin produced significant acceleration of platelet aggregation in every plasma
sample investigated. The meantime for platelet agsregation in the control

+
loops was 457 ¥ 115 seconds and in the test loops 151 - 41 seconds
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(t = 7.764, p€0.001; figure 6, table 27), Trypsin did not appear to
be as effective as streptokinase in pr;venting fibrin formation since a
fibrin clot formed in every plasma sample., This difference was eliminated
when the concentration of trypsin was increased to 1 mg/ml. Recalcification
was carried out in both the test and control loops immediately after the
addition of trypsin to the test loop. Under these conditions, trypsin
produced marked acceleration of platelet aggregation in each of the seven
plasma samples investigated. The mean time for platelet aggregation in
the control loops was 666 t‘64 seconds and in the test loops, 49 : 20
seconds ( t = 26.491, p<0.001; figure 7, table 28). In addition it was
noted that, as with streptokinase, trypsin caused impaired fibrin
formation to such an extent that fibrin formation failed to occur in some
of the trypsin treated plasma samples.

To further investigate the observation of defective fibrin formation,

131

0.5 ml, I . tagged fibrinogen was added %o the plasma in both the

2

test and control loops in a series of four plasma samples, and equilibration
allowed to proceed at 37OC for 10 minutes, 0.3 ml, trypsin was added to
the test loop to give a concentration of 1 mg/ml plasma, 0,3 ml, 0.9

per cent saline added to the control loop, the contents of each loop
thoroughly mixed and a 1.0 ml sample taken from each loop. The loops

were immediately recalcified and the experiment carried out as described

above, The results were expressed as percentages of radioactivity present
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in the initial 15 ml samples in each loop and are shown in table 1. The
figures confirm the qualitative observation of impaired fibrin formation in
the presence of trypsin; in the control samples the major portion of the
radioactivity was incorporated into the thrombus, while in the trypsin treated
semples the bulk of the radioactivity remained in the supernatant and only
a small percentage was incorporated into the platelet clumps.

an important activity of trypsin in plasma has been shown to be the
conversion of prothrombin to thrombin (Ferguson et al., 1960; PFerguson and
Bnnis, 1963%; Stormorken, 1956; Yin, 1964). Thrombin is the highly specific
proteolytic enzyme which brings about blood coagulation by the conversion of
fibrinogen to fibrin and in addition it has been shown that trace quantities of
thrombin are sufficient to promote platelet aggregation (Haslam, 1964; Schmid
et al., 1962; and Shermer et al., 1961). To further investigate the effect
of trypsin on platelet aggregation the following experiments were carried out,

The effect of trypsin, at a concentration of 10/ug/ml, on platelet
aggregation in a non-recalcified plasma system was investigated with two
plasme samples. As the diluted plasma in the loops was rotated at 3700 the
plasma took on a 'ground glass' appearance but no overt platelet snowstorm
effect was seen, Microscopic examination revealed small platelet clumps
consisting of approximately 10 to 50 platelets to be present in both the

control and trypsin treated plasma specimens. There appeared to be no
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significant difference between the confrol and the trypsin treated plasma
specimens, an observation suggesting that during the incubation of trypsin and
plasma, under the experimental conditions of the system, no significant
conversion of prothrombin to thrombin occurred. In an attempt to substantiate
this hypothesis, the effect of trypsin on human prothrombin was investigated with ’
a fibrinogen clotting time assay system. Human prothrombin and trypsin were
incubated at 3700 for 10 minutes and the presence of any thrombin generated
during this time was detected by the ability of a sample of the incubation
mixture to convert human fibrinogen to fibrin. The results are shown in table
2. It would seem that trypsin at a concentration of 10/ug/m1 does not cause
significantly greater conversion of prothrombin to thrombin than that which
occurs in the saline control. From the results it would seem that trypsin at a
concentration of 1 mg/ml is causing some inhibition of the formation of thrombin,
An explanation for the grossly prolonged clotiing time observed would be that
sufficient trypsin is being carried over from the incubation mixture to cause
the digestion of fibrinogen. In view of these findings, the effect of trypsin
in promoting platelet aggregation cannot be convincingly explained solely on
the basis of its action on the conversion of prothrombin to thrombin.
Consequently further clarification of the results was sought by the examination
of the effect of trypsin on platelets.

The effect of trypsin on platelets was investigated by comparing the
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alteration in the speed of formation of platelet agsregates resulting from

the incubation of trypsin and platelet poor plasma with that produced by
incubation of trypsin and platelet rich plasma. In this series of experiments
pletelet rich plasma was divided into two equal portions. One sample was
centrifuged at 1600 g for 15 minutes to yield platelet poor plasms which was
divided into two, 3 ml samples. Each sesmple was added to a Chandlér loop,

to one sample was added 0.3 ml, trypsin to give a final concentration of 10/ug/
ml plasma and to the control sample was added 0.3 ml, 0,9 per cent saline.
After 10 minutes incubation at 3700, 0,3 ml, soybean trypsin inhibitor (to give
a final concentration of 10/ug/ml plasma) was added to each loop together

with 3 ml of the initial platelet rich plaswa sample. The final volume in
both loops was made up to 15 ml with 0.9 per cent saline and the loops recal-
cified in the usual way. The experiment was performed on seven plasma samples
and the results are shown in figure 8 and teble 29. Incubation of trypsin
with platelet poor plasma appeared to produce no significant enhancement of
platelet aggregation. The mean time for platelet aggregation in the control
loops was 504 T 236 seconds and in the test loops 307 ¥ 124 seconds (t = 2.970,
< 0,025), The experiment was repeated with a further seven plasma samples

but with the timing of addition of platelet rich and platelet poor plasma
reversed, There appeared to be significant acceleration of platelet
agsregation produced by the incubation of trypsin with platelet rich plasma

(figure 9, table 30). The mean time for platelet aggregation in the control
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loops was 462 I 114 seconds and in the test loops 208 ¥ 122 seconds
(t = 4,500, p<0,01)., These observations would seem to suggest that
platelets themselves make some contribution to the effect of trypsin on
platelet aggregation.

Though in the Chandler tube system of estimating platelet aggregation,
platelet aggregation is followed by fibrin formation, the results
presented above seem to indicate that the appearance of platelet aggregates
can be accelerated in the absence of direct enhancement of the initial enzy-
metic reactions which promote fibrin formstion and hence the clotting of
plasma. Further suggestive evidence for this view was obtained by the
examination of the effect of trypsin and streptokinase in a recalcification
system. Plasma was incubated with the enzyme preparation for 10 minutes
at 3700, the system recalcified and the clotting times recorded. The
results are presented in table 3 and show that as the concentration of
trypsin increased the recalcification time became longer; the higher the
concentretion of trypsin added to the system, the less effect it had on the
system., This is the reverse of the situation found in the Chandler tube
system where higher concentrations of trypsin produce greater acceleration
in the rate of formation of platelet aggregates. The effect of
streptokinase (2,000 N,I.H. units/ml) was particulerly striking. A&t a
concentration which can enhance platelet aggregation (Chapt. 5),

streptokinase produced gross prolongation of the time taken for clot
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formation to occur, -
Of the many phsiological compounds studied, adenosine-di-phosphate
(ADP) appears to be the most potent stimulator of platelet aggregation both

in vitro (Born, 1962b; Gaarder et al., 1961; Hellem, 1960; Hellem et 2l.,

1963; Mitchell and Sharp, 1964; O'Brien, 1962a; Ollgaard, 1961; Zucker
and-Borrelli, 1962) and in vivo (Born and Cross, 193c; Davey and Landler,
1964; Regoli and Clark, 1963). ADP has also been shown to produce transient
platelet thrombi in rats (Hbrdoy and Chandler, 1964), Thus it was considered
likely that ADP might influence the formation of platelet aggregates in

the Chandler tube system.

Effect of idenosine—di-phosphate., The effect of ADP on platelet aggregation
was investigated with ten plasma samples. 0.3 ml of ADP (10/pg/ml) was

a2dded to the test loop and 0.3 ml, 0.9 per cent saline added to the control
loop immediately before recalcification. ADP produced a marked acceleration
of platelet agsregation in every sample. The mean time for platelet
aggregation to occur in the control loops was 655 : 152 seconds and in the
test loops 583 : 17 seconds,(t = 4,824, p«€0,001; figure 10 and table 31 )
In the test loop, to which ADP had been added, small discrete platelet

clumps became visible some time before the actual 'snowstorm' effect was
apparent. This result suggested that platelet aggregation could be
accelerated by a biochemical pathway not dependent on the enzymatic cascade

sequence (Biggs and Macfarlane, 1962a), which leads to the formation of
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thrombin and fibrin clot formation, Corroborative evidence was obtained
when the effect of ADP was examined in recalcified and non-recalcified
plasma specimens.,  ADP (O.S/Ug/ml plasma) was added to plasma in both the
test and the control loops but only the control loop was recalcified.
In the seven plasma samples investigated no significant difference was
found between the rate of formation of platelet sgsregates in the recalcified
and non-recalcified samples (figure 11 teble 32)., The mean time for
platelet aggregates to form in the control loops was 85 ! 66 seconds and in
the test loops 59 I 20 seconds, (t = 0,938, p<10.4). Further confirmation
of the suggestion that the appearance of platelet aggregates in the Chandler tube
is to some extent at least independent of the forces promoting clot formation
came from the investigation of adenosine, a svecific inhibitor of the
adenine nucleotides.
Lffect of Adenosine., The effect of adenosine was investigated with seven
plasma samples. 0.6 ml, adenosine (1 mg/ﬁl) was added to the test loop,
0.6 ml, 0,9 per cenﬁ(added to the control loop and both loops incubated for
10 minutes at 3700 before recalcification. As was anticipated, adenosine
was found to cause retardation of platelet agsregation in every plasma sample
(figure 12 and table 33)., The mean time for platelet aggregation to occur
in the control loops was 377 I 62 seconds and in the test loops 460 I65
seconds, (t = 6.606, p4!0.001). It was noted that in some of the adenosine
treated samples the normal 'snowstorm' of platelet aggregates did not occur

but a large clump of platelets appeared immediately before fibrin formation
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occurred.,

The effect of adenosine on the conversion of prothrombin to thrombin
and on the reaction between thrombin and fibrinogen was investigated in a
one stage prothrombin time assay and in a thrombin clotting time assay.

In the one stege prothrombin time assay, adenosine was incubated with tissue
thromboplastin and plasma at 37°C for 10 minutes before the system was
recalcified. Table 4 shows that adenosine,over a range of concentration
100/mg/ﬁl plasma to 1 mg/ml plasms, ceused no inhibition of the conversion

of plasms prothrombin to thrombin. Similarly, in the thrombin clotting tine
assay, incﬁbation of adenosine, over the range of concentrations 100/ug to

1 mg per ml plasma, with plasma and 'thrombin time mixture' (Chapt. 3) at

37°C for 10 minutes produced no inhibition of the thrombin fibrinogen reaction
(table 5). These results suggest that in the Chandler tube system, platelet
ageregation per se and not the complete coagulation process, is being inhibited
by adenosine.

In view of the results which suggested that the action of trypsin on
platelet aggregation might be mediated through a pathway which did not
involve thrombin, it was considered pertinent to investigate the possibility
that the ADP mechanism of platelet aggregation might be involved.

Effect of trypsin and ADP, The effect of the combined action of ADP and
trypsin on platelet aggregation was investigated in a series of seven plasma

samples. For this experiment 54 ml of blood were withdrawn from each
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subjects Three Chandler loops were prepared, 6 ml of platelet rich
plasma added to each loop, 0.3 ml, trypsin (ZOOng/ml) added toone loop,
the volume in each loop made up to 14,7 ml with 0.9 per cent saline and all
the loops incubated at 370C'for 10 minutes. After the addition of 0,3 ml,
C.9 per cent saline to the control loop, 0.3 ml ADP (10/ug/ml) was added to
the other two loops and each loop was recalcified. The results are shown in
figure 13, table 34. The combined action of trypsin and ADP appeared to be
mere effective in promoting acceleration of platelet aggregation than the
action of ADP alone. The mean time for aggregation to occur in the control
loops was 590 ¥ 194 seconds, in the ADP treated loops 349 t 67 seconds and in
the ADP plus trypsin treated loops 137 A 70 seconds. The results of
statistical analysis of these differences were, for the control and ADP treated
loops, t = 2.97C, p<L 0,025 and for the ADF and ADP plus trypsin treated loops,
t = 8,194, p<0.001, During this experiment the time between the appearance of
plotelet clumps and of fibrin strands was recorded in the ADP and ADP plus
trypsin treated loops. There was found to be no significant difference between
the two loops (table 6). The mean time interval between platelet agsregation
znd fibrin formation in the ADP treated loops was 46 I seconds and in the
ADP plus trypsin treated loops 58 ¥ 31 seconds, (t = 1.704, p<0.20).

4Additional evidence in support of the suggestion that the ADP mechanism
for platelet aggregation might be involved in the enhancement of aggregation

by trypsin was obtained from the investigation of the combined action of
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trypsin and adenosine.
uffect of trypsin and adenosine. The effect of the combined action of
trypsin and adenosine on platelet aggregation was investigated with sixteen
plasma semples. 0.3 ml of trypsin (ZOO/ug/ﬁl) was added to 6 ml plasma in
two Chandler loops, O.6 ml of adenosine (1 mg/ml) was added to the test loop
enc. the volume in both loops made up to 15 ml with 0,9 per cent saline.
After 10 minutes incubation at 3700, both loops were recalcified. The results
are shown in figure 14 and table 35. At the concentrations of trypsin and
adenosine used there appeared to be only slight inhibition of platelet aggregation
in the adenosine treated sample. The mean time for platelet aggregation to occur
in the control loops was 96 : 28 seconds and in the test loops 139 : 71
seconds, (t = 2.284, p<:0.05)° The experiment was repeated with a further
series of seven plasma samples in which the concentration of trypsin was kept
at 10/ug/ml plasms but the concentration of adenosine was increased to 200fug/ml
plasma. In every plasma sample, platelet aggregation was significantly re-
tarded in the adenosine treated loop (figure 15, table 36). The mean time for
platelet aggregation to occur in the control loops was 96 X 35 seconds and

in the adenosine treated loops 135 X 42 seconds, (t = 4,289, p<10.01).

Discusgsion.
The investigation of the effect of the enzymes trypsin and streptokinase

shows that these enzymes can cause acceleration of platelet aggregation and,
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in consequence, acceleration of the rate of formation of a thrombus’in an
artificial circulation. This observation together with results of the
investigations of the effect of the adenine nucleotides on platelet
aggregation in vitro suggest that the formation of the thrombus in the
Chandler tube system is not solely dependent on the generation of thrombin
in the systen.
Platelet azorezation and fibrinolytic enzymes.

Trypsin has been shown to promote blood coagulation in plasma (Douglas
and Colebrook, 1916; Bagle and Harris, 1937; Northrop and Kunitz, 1932;
Stormorken, 1956). The coagulative action of trypsin has been demonstrated
to be due to its ability to convert prothrombin to thrombin (Ferguson et al.,
1960; Ferguson and Exnnis, 1963; Stormorken, 1956; Yin, 1964). HMany workers
have demonstrated the ability of thrombin to promote platelet aggregation
(Bounameux, 1956 and 1957; Haslam, 1964; Ddscher, 1956; O'Brien, 1964;
Schmid et al., 1962; Shermer et al., 1961; Zucker and Borrelli, 1959).
Thus, it might be supposed that the effect of trypsin on platelet aggregation
is an effect which is secondary to its action on prothrombin. The results
presented above, however, indicate that the action of trypsin cannot be
accounted for solely on this basis and that its activity as a fibrinogenolytic
agent may also be of considerable importance. This view is supported by the
similarity of the results obtained for the fibrinolytic enzyme, streptokinase
vhich possesses both fibrinolytic and fibrinogenolytic activities but has no

coagulation properties.
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The examination of the effect of trypsin in a recalcification system
(tzble 3) indicates that coagulation can be enhanced even in the zbsence of
calcium ions, a result in agreement with the findings of Stormorken (1956)
who has also shown that the effect of trypsin on coagulation is inecreased as
the concentration of calcium is increased, The action of trypsin on platelet
agsregation, however, appears to be independent, at least within the
physiological range, of the concentration of calcium ions since no difference
could be detected between the effect of trypsin on platelet aggregation in
citreted platelet rich plasma in a recalcified and non-recalcified system,

A further difference between the effect of the enzyme on coagulation and on
platelet aggregation becomes apparent when its actions over a range of
concentrations are compared. As the concentration of trypsin is increased
so its effect on the acceleration of platelet aggregation is increased (table
27 =nd table 28) but its effect on the recalcification time is decreased
(table 3). Thus, platelet aggregation may be enhanced by trypsin under
conditions in which the coagulative properties of the enzyme are diminished.
The two systems are not directly comparable, however, since in the recalcification
system after 10 minutes incubation at 3700 with trypsin (10/ug/ml) a clot
formed in the plasma but was not observed to form in the Chandler loop until
after recalcification. This difference may, at least in part, be accounted
for by the use of non-siliconed glass tubes for the collection of the blood

and the assay of the plasma in the recalcification system as opposed to the
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use of siliconed glassware and 'non-wettable'! surfaces in the Chandler tube
systen.

In addition to its coagulative properties, trypsin may act as a
fibrinogenolytic enzyme (Fletcher et al., 1962 and Mihalyi and Godfrey, 1963a).
As the concentration of trypsin is increased in plasma, its fibrinogenolytic
activity may gain ascendéncy over its coagulative properties. Some evidence
to support this view is obtained from the investigation of the fate of
radioactive taggecd fibrinogen in the Chandler tube system (table 1).
Additional evidence is also obtained from the investigation of the ability of
trypsin to convert prothrombin to thrombin (table 2). In this experiment
clear cut conclusions may not be drawn from the results, however, since while
trypsin may be carried over from the incubation mixture which may then rapidly
digest the fibrinogen, trypsin may also digest thrombin (Begle and Harris,
1937) formed in the reaction mixture.

The evidence obtained from the experiments in which the effect of trypsin
on platelet aggregation after incubation with platelet poor plasma was compared
to that after incubation with platelet rich plasma (figures 8, 9 and tables
29, 30),‘suggests that platslets make some contribution to the tryptic effect.
Several workers have studied some of the effects of trypsin digestion of
platelets. Schmid et al., (1962) have demonstrated that the treatment of
washed platelets with high concentrations of trypsin (50/ug per ml platelet

suspensions) abolished the ability of platelets to aggregate with thrombin and
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caused irreversible damage to the platelets. Haslam (1964) has shown thst
treatment of washed platelets with high concentrations of trypsin (0.2 mg/ml)
abolished their ability to aggregate with ADP while low concéntrations of
trypsin (O.Z/ug/ml) resulted in the rapid and complete aggregation of platelets
in the presence of cazlcium ions. From the results presented above it would
appear unlikely that incubation of trypsin with platelet rich plasma produces
irreversible damage to the platelets since not only is there no visible
diminution of the 'snowstorm' of platelet aggregates but also the formstion
of the platelet clumps is accelerated, This contention is slso supported by
results presented in Chapter 5.

One possible explanation of the enhancement of platelet aggregation by
trypsin may be found by consideration of the observations of Grette (1962) who
has shown that the treatment of platelets with trypsin may result in a release of
phospholipid, serotonin and ADP from the platelet, an effect which is similar
to that produced by the action of thrombin on platelets. Since trypsin can
promote the acceleration of platclet aggregation under conditions in which
coagulation is not enhanced, it is unlikely that phospholipids or serotonin
play a primary role in the action of the enzyme on platelet aggregation.

Hence it is possible that the effect of trypsin may, at least in part, be
mediated through ADP, This hypothesis is substantiated by the evidence for the
additive effect of ADP and trypsin produced by their combined action on platelet

ageregation (figure 13 and table 34) and by the observation that the effect
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of trypsin can be blocked by adenosine, the specific inhibitor of the
adenine nucleotides (figure 15 and table 36).
Platelet Agoregation in the Chandler tube system.

The Chandler tube system assesses platelet aggregation by virtue of the
ability of platelets to adhere to each other with the formation of platelet
clumps in an artificial circulation system. .The mechanism by which the
phenomenon of platelet aggregation occurs in this system has not been
fully elucidated but some factors which may contribute to thrombus formation
are known.

The results presented above for the action of streptokinsse on plasma
coagulation in a simple recalcification system and on thrombus formation
in the Chandler tube (figure 5 tables 3, 36), offer strong circumstantial
evidence that the stimulus to the formation of platelet aggregates is not
due solely to the generation of thrombin., Supporting evidence is found in the
similar observations for trypsin in both coagulation systems and in the
Chandler tube system (figures 6, 7, tables 3, 27, 28). Murther, it has been
shown that the appearance of platelet aggregates in this system may be
enhanced by ADP (figure 10, table 31) and inhibited by adenosine (figure 12,
table 32). Gaarder and Laland (1964) nave proposed & hypothesis to account
for the ability of ADP to enhance platelet aggregation. They suggest that
ADP may stimulate the adhesion of platelets to each other by the formation of
hydrogen bonds between the platelets and ADP molecules. It is possible that

a similar mechanism operates in the Chandler tube system. The initial
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molecules of ADP necessary to proumote the first steps in the adhesion of
platelets may come from the plasma by virtue of ADP released from any red
cells hemolysed during the centrifugation process to produce the plasma
or from any platelets damaged during the subsequent handling process.
Hovig and Holmsen (1963) have shown that collagen fibres may release ADP from
the platelets. The mechanical stress produced by the rotation of plasms
in contact with a foreign surface may also be sufficient to promote ADF
release from platelets. It has been demonstrated that during the process of
platelet adhesion further ADP is released from the platelets (Born, 1956b;
Zucker and Borrelli, 1961) which enables a large platelet clump to form.
Hence, once the initial stimulus to platelet aggregation is present the chain
reaction of