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ABSTRACT

The first step in hemostasis and thrombosis is the adherence of
platelets to the damaged vesséﬂ\wall. The factors involved in platelet
adherence are not well understgéé, mainly because of the lack of a
suitable method to measure quantitatively platelet adherence to
surfaces. The aim of the present studies was to develop a quantitative
method to me;sure plételet adherence to collagen containing surfaces.
The égllowing results were obtained wfth this method: (1) 1In this
quantitative method for méasuring platelet adherence to collagen-
céaéed glass surfaces and to subendothelium the platelelets are labeled
with SlCr and adherencé c?n;%e measured over a large area without
sampling bi%ﬂékaPl;teiets are suspended at ﬁH 7.35, ;t 37°C in an
artificial medi;m which can be modified as requifed. The medium éghtains
physiological concentrations of calcium and magnesium and platelet
aggregation is prevented by the inclusion of aﬁyrasg to degrade any
AbP released. Th;re is no plasma present and thus no thrombia generatidn
or -fibrin formation occurs., Adherence i1s measured using a rotating
probe device under controIlled flow conditions:aﬁgrvarious surfaces can
be tested (collagén—coated glass, everted gfrta damaged to expose the
subendothgliu;). (2) Platelet adherence {; collagen-coated glass or

\
to subendotip@lium I8 greatly reduced In the absence of dlvalent catlons.

Thus, metlidds which measure $latelet adherence in the presence of chelating

agents are difficult to interpret. (3) Increasing the albumin

concentration of the medium decreases platelet adherence, but-there is
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less variation among replicates. (4) Increasing the hematocrit

increases the number of platelets adhering to the surface. (55 Platelets
adhere tightly to collagen or to subendothelium and are not dislodged by
agents which readily deaggregaté platelets such as EDTA, EGTA, or PGEl.
(6) Exposure of uﬁdamaged endothelium to thrombin increases the number
of platelets/a@herent tq'the surface and this is blocked b; heparin.

(7) This mééhod of ﬁeasuring platelet adherence to coliagen can be

used to screen drugs which may be useful as antithrombotic agents. The
best systeﬁ is to test the effect of a drug in the presence of 4% albumin
and 40% hematocrit, however, for initial screening a simpler system can
be used ﬁO.3SZ albumin, zero hematocrit). (9) Several treatments

which modify the platelet surface have been tested for their effect on
adherence to collagen. Removal of sialic acid with neuraminidase do

not affect platelet adherence whereas treatment with sodium periodate
.and the proteolytic ehzymes throhbin,’plgsmin and chymotrypsin decr;ase
adherence. (10) UDP and UDPG do not have an effect on platelet
adherence to collagen and this observation does not support the collagen:
glucosyltransferase theory of platelet adhesion té collagen. (11)

Clq, a subcompbnent of the first component of complement specifically
inhibits ;latelgt adhesion to collagén and may compete with the collagen
receptor on tthe platelet membrane. (12) A wide variety of agents
inhib{ts~platelet adherence té collagen-coated surfaces and to

subendothelium. Among the inhibitors which decrease platelet adherence

in a system containing 4% albumin and 40% hematocrit are agents which
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chelate divalent cations (EGTA, EDTA, citrate), indomethacin, agents

which increase cAMP levels (prostaglandin E,, dipyridamole, RA 433),

1?
methylprednisolone, penicillin G and cephalothin. (13) Aspirin

inhibits . platelet adherence to collagen-coated surface or to subendothelium,
but its inhibitory effect is not evident in the presence of 40% hematocrit
o; citrated p}asma indicating that the conditions of the experiments are
importarit in determining the effect of drugs. (14) Modifications of~
platelelets by treatment with thrombin, penicillin G or’cephalgthin which
inhibit platelet adherence to collagen or subendothelium do not affect
platelet survival. Modification of the platelet surface sialic acid by
neuraminidase or periodate is followed by rapid clearance of platelets

from the circulation. Thus the?e is no correlation between platelet
adherence and platelet survivalijlS) Treatments which decrease plaielet

adherence to collagen and to the subendothelium also reduce the

effectiveness of platelets in hemostasis.
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The mammalfan blood platelets are derived from the megakaryocytes
in the bone marrow (Behnke and Pedersen, 1974; Penington and Streétfield,
1975; Breton-Gorius and Reyes, 1976). Platelets circulate in the blood
as disc shaped elements. They have a plasma membrane which encloses
cytoplasm containing various constituents (ftorage granules, lysosomes,
mitochondria, vesicular structures, microfilaments and microtubules)
but lack a nucleus (David-Ferreira, 1964; Hovig, 1968; White, 1971b).
Platelets are metabolically active and can synthesize fatty acid, glycogen
and some proEeins. Plgtelets derive their energy from glycolysis and
the effect of #rebs cycle and oxidative phosphorylation (Marcus, 1969;
Mustard and Packham, 1970). Platelets have a mean life in circulation of
about 10 days in man (Mustard et al., 1966b;-Paulus, 1971, l974ﬂ3

Although the platelet was originally thought to be primarily -~
concerned with the processes of hemostasis ;nd thrombosis, there is N
increasing evidence that it plays a critical part in aimost all responseg
of blood to injury (Packham etAal., 1968; Mustard and Packham, 1970;
1971). Platelets are involved in immunological and inflammatory reactions
(Des Prez and Marney, 1971; Osler and siraganian, 1972; Pfuelier and
Luscher, 1972; Becker and Henson, 1973} Zawilska aﬁd Izrael, 1973;

Zucker, 1974), in the response to injury of the endothelium of blood-
vessels (French, 1966; Hugues, 1969; Spaet and Gaynor, 1970; Jdrgensen,
1971; Moore, 1954{ Mustard et al., 1974; Mustard gnd Packham; 1975b;
Ross and Glomset,>l976), in the phagocytosis of foreign materials

introduced into the blood stream (Mustard and Packham, 1968), in the
[



interaction with natural and artificial surfaces (Mustagd et al., 1967a;
Salzman,wl97la,b,c; Berger and Salzman, 1974; Nossel, 1975), in 't:he transport
of biogenic amines (Snéddon, 1973) and in cancer metastasis (Gasic
et al., 1973).

There have been a number of general reviews, books and proceedings
of conferences published on platelet function (Marcus and Zucker, 1965;
Johnson and Seegers, 1967; Marxcus, 1969; Michal and Firkin, 1969;
Mustard and Packham, 1970; 1971; Brinkhous et al., 1971; Hirsh and Doery,
1971; Zucker, 1971; Holmsen, 1972; Weiss, 1972, 1975; Smith and Macfarlane

~

1974; Ciba Foundation Symposium 35, 1975; Cooper et al., 1976; Gordon,
1976), oﬁ drugs affecting platelet function (Mustard and Packham, 1970,
1975; Weiss, 1972; Genton et al., 1975; Harker et al., 1975; Weiss, 1976)
and on inherited or acquired abnormalities of platelet function (Stuart
1975, Weiss, 1972, 1975; Caen et al., 1977). No attempt to give an
exhaustive review of the knowledge relating‘to platelets will be mé&é,
but rather a few selected areas pertaining to the interaction of
platelets with collagen containing surfaces will be presented as an
introduction to the experimental work in this thesis, The present review
will, therefore, be concerned with (1) the role of platelets in
hemostasis and tprOmbosis, (2) platelet structure and metabolism,
(3) collagen structure and adhesion of platelets to collagen, (4)

the Interactlon of platelets with endothelfum and subendothellum of

blood vessels, and (5) platelet interaction with other surfaces.



I.

‘ ROLE OF PLATELETS IN HEMOSTASIS AND THROMBOSIS




Platelets play a major role in hemostasis and thrombosis.
This subject has been reviewed thoroughly by Mustard (Mustard et al.,
1962; 1974 et al.; Mustard, 1968, 1976;‘Mustard and Packham, 1970, 1975a, 1975b;
Jérgensen, 1971; Weiss, 1976) and will only be -summarized here.

Following transection of blood vessels, the arrest of bleeding
is brought about by the formation of a hemostatic plug composed of
platelets with fibrin and some red cells é:}und the p;riphery. A
detailed morphological description of the hemostatic plug can be found
in French et al. (1964); Hovig et al., (1967) and Hovig and Stormorken,
(1974). .

Thrombus formation occurs in flowing blood and results in the
accumulation of blood constituents, including platelets, on the surface
of the vessel walls and of the heart. The factors involved in thrambus
formation are similar to those which occur in hemostatic plug formation.
Blood flow is important in determ#ning the site and the size of thrombi.

1. Mechanisms involved in hemostasis and thrombosis.

-

The mechanisms involved in the response of platelets to vessel
injury are: (a) platelet.adherence to the constituents of the vessel
wall; (b) release of platelet constituents and platelet aggregation and
(¢) the interactions of platelets and blood coagulation.

(a) Platelet adherence to subendothelium.

§
can interact with the compeuents of the subendothelial connective

When the endothelium of an artery s dlsrupte%lﬂfhe plaLeléts

tissue which are collagen, basement membrane and microfibrils [see



later in this section, paragraph IV and Stemerman (1974)].

When platelets adherépto collager fibrils and are examined by
transmission or electron microscopy they show evidence of morphological
alterations with pseudopud formation and loss of organelles (Hovig
1968; Hovig et al., 1968). The distance between the platelet surface
membrane and the surface of collagen may be less than the distance
between two pilatelets in a platelet aggregate. In in vivo experiments,

N

a pattern of breaks in the platelet membrane have been observed matching
the cross striations of the collagen fibers (Hovig et al., 1968).
Electron microscopic examination of the early stages of platelet interaction
with the surfacelof a damaged artery has shown that platelets adherent to
the subendotheliuh are not disc shaped and have long pseudopods (Sheppard
and French, 1971). Warren and Vales (1972) have presented morphological
evidence that the pseudopods frequently contained microfilaments and were
terqinated by multivesicular membranous sacs. The nature and significance
of the multivesicular sacs is unknown, although Warren and "Vales have

.
suggested that they may represent the "morphologicai busis of the release
reaction.” However, their importance seems doubtful si Qf other
investigators have not found these multivesicular sacs. The formation
of pseudopods and the loss of aisc shape when platelets adhere to
collagen (Hovig, 1970; White, 1974) or to damaged vessel wall during
hemostasis (Shoop et al., 1970) has been confirmed And visualized 1in

three dimensions with the scanning electron microscope.

Kinlough-Rathbone (personal communication) has demonstrated



that collagen can induce, by itdelf, platelet shape change independently

of thé release of ADP and of the formation of prostaglandin endoperoxides

-

PGGZ, PGH2 and thromboxdne A2' .

(b) Release of platelet constituents and platelet aggregation.

f «
When the platelets adhere to collagen they are stimulated to

release the conteﬁts of chgir gfanu}es which include sercotonin, muco-
polysaccharides, ATP and XD?, lyboéomal entymes; a cationic protein
which can increase vascular permeability and an anti-heparin factor,
platelet factor &4 (Hovig, 1963a,b; Holmsen et al., 1969; Holmsen, 1975).

There 1s no evidence that microfiﬁrils or basement membrane can cause

platelets to discharge their granule contents (Huang et al., 1974;
~

~,

Baumgartner and Muggli, 1976). N

In addition to the release reaction, when platelets come in
contact with collagen=containing surface; they release arachidonate from
membrane phogpholipids. ihe arachidonate is converted to the

2 PGH2 and te thromboxane A2 (Smith

prostaglgnainéfndoperoxides PGG
and'Silver§ 1976) .

The released ADP and the endoperoxides and thromboxane A2 can
cause platelet shape change (Kinlough-Rathbone et al., 1976b) and
platelet aggregation. There 1s also evidence that in the presence
of low concentrations of collagen there s synergism between collagen
and ADP. frace amounts of ADP added to égncentrations of collagen that
cause only slight aggregation and release will cause extensive release

and aggregation. There is also synergism between sodium arachidonate

<
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and ADP (Packham et al., 1977). The formation of a platelet mass
can initlate the coagulation process (Walsh, 1974).

(c) Platelets and blood coagulation.

The relationships between the coagulation mechanism and the
formation of a platelet plug have not been fully elucidated, but recently
Walsh (1974) has demonstrated that platelets pa{ticiﬁate in reactions
with blood coagulation factors at every stage from contact activation
to fibrin formation.

The exposed collagen of tbe vessel wall can directly activate
factor XII, this reaction is dependent on the {ree carboxyl groups of
collagen (Wilner et al,, 1968a). Interaction of platelets and collagen
can activate directly factor X1, bypassing factor XI1 (Walgh, 1972a).
Platelets also have the capacity when stimulated by ADP to trigger the
contact phase of the intrinsictcoagulation by activating factor XII
(Walsh, 1972b). Subsequent coagulation reactions (involving platelet
factor 3 and factor IX and platelet factor 3 and factgr X) occur on the
platelet surface which provides a catalytic surface and protects activated

-

clotting factoxs (XIa, Xa) from inactivation by naturally occurring

hibitors. “ﬂia~ Jﬁvf/
- In addition to the actlvation of the intrinsic pathway of

coagulation, activated factor XII1 (XIIa) can actiVate the kinin-forming
system and plasminogen to plasmin (Kaplan, 1974). Plasmin can activate
the complement system through its action on Cl (Kaplan, 1974). Plasmin

has also been reported to induce the platelets to release their

7



constituents (Niewiarowski et al., 1973).

The local formation of minute amoupnts of thrombin, prior to the
formation of fibrin might be very important in hemostasis. Endothelial
cells may contribute to hemostasis by thelr synthesis and/or release of
tissue factor (Nemerson and Pitlick, 1972)» and factor VfII (Jaffe et al.,
1974). Minimal trauma to the endothelium might initiate thrombin
formation via the extrinsic pathway of coagulation (Nemerson and Pitlick,
1972). Thrombin can "activate' factor VIYI and factor V. Minute
amounts of thrombin will also induce platelet aggregation and the
release reaction which can lead to acceleyation of clotting. Thrombin
catalyses the splitting of fibrinopeptides A and B from fibrinogen,
leading to fibrin polymerization. It has been shown that platelets
readily adhere to polymerizing fibrin (Niewiarowski et al., 1972),
but not to fully polymerized fibrin in which the thrombin has been
neutralized (Hovig et al., 1968). The effects of thrombin may be of
considerable importance in the growth of thrombi, If extensive
fibrin formation occurs it will trap red blood cells forming what looks
like a red clot. Aggregated platelets gaAnerate chemotactic substances
(derived from complement component C5 (Weksler and Coupal, 1973) and from
arachidonate metabolism) which attract pQlymorphonuclear leukocytes.

If the vessel wall is damaged, activators of plasminogen are released
(NLlsgon and PandoLf L, 19/70). Lf (ibreiu lormation fn nol extemsive
this may lead to a local activation of the fibrinolytic mechanism that

will weaken the fibrin around the thrombwys and lead to thrombus disruption.
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2. Bplo of blood flow in thrombosis,.

The fate of a thrombus depends upon {ts composition, its site and
the factors leading to its stabilization and dissolution. As pointed
out by Mustard and Packham (1971), thromb{ are in a continuous state of
formatién and dissolution. Blood flow plays an important role in
thrombosis. In regions of disturbed flow the amount of thrombus material
which accumulates s more extensive thén in regions where flow is
laminar (Mustard et al., 1972a). The regions of disturbed flow include 'L
bifurcations, stenoses and sharp bends. These regions of disturbed flow
are areas where platelet aggregates readily accumulate and where there is
vessel Injury (Geissinger et al,, 1962; Mustard et al., 1962; Jérgensen
et al., 1972); endothelial cell turnover is increased (Wright, 1972;
Caplan and Schwartz, 1973), plasma combonents accumulate 1n tﬁe vessel
Qall (Packham et al., 1967a; Somer and Schwartz, 1972; Bell et al.;

1974) and éarly:atherosclerotic changes {n the vessel wall tend to
occur (Fry, 1976).

Blood flow is equally important in the fragmentation of a
thrombus, especially in areas of high flow rate (Mustard et al., 1972a).
The fragments from arterial thrombi can break up and platelets return to
the circulation. However, if these fragments pass into the microcirculation
and do not break up immediately, they may cause orgdn.dysfunction and
tissue 1njury (Moore, 1974).

The effect of blood flow on the behaviour of blood cells and its

relation to thrombogenesis have been studied in several laboratories
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(Goldsmith, 1972, 1974a,b; Goldsmith et al., i975; Leonard et al., 1972;
Meiselman and Goldsmith, 1973)., Their studies have shown: (1) platelet
interactisn with the vessel wall is increased by the presence of red
cells in the blood (Goldsmith, 1972); (2) in a region of flow separation
and vortex formation platelet aggregates can spend a long time before
rejoining the mainstream fluid (Yu and Gbldsmith, 1973); (3) high shear
stress increases the platelet release reaction induced by thrombin
(Goldsmith et al., 1976).

L]

3. Role of intravascular stimuli inducing platelet aggregation.

A number of intravascular stimuli can interact with platelets
inducing platefet aggregation and disseminated intravascular coagulation
(Mustard et al., 1974). Among‘thése stimuli are immunolqgical reactions,
bacteria and viruses which interact with platelets causing the platelets
to release and tg aggregate,

Since platelet adgesion to collagen is one of the first steps in
hemostasis and thrombosis, the acquisition of knowledge on the nature of

this fundamental reaction is clearly “important.

B v
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The ultrastructure of the resting platelet has been described and
reviewed in detail by David-Ferreira (1964), Hovig (1968) and White (1971b) and
will not be duplicated in this thesis. Only, the morphologic aspects
necessary to understand some of the bilochemical aspects of platelet
function will be given.

1. Platelet plasma membrane.

(a) Structure.

When examined with the electron microscope, the outer memb;ane of
platelets has a thickness of 70 to 90A and a trilaminar appearance.
similar to the plasma membrane of other cells. On the outer surface of
the membrane there 1s a fluffy coat 150 to 250°A in thickness. This
surfa;: coat is considered to be an integral part of the membrane and is
composed of proteins, glycoproteins and mﬁcopolysaccharidés. The function
of the amorphous coat is unknown, but has been inferred in p;atelet .
surface-mediated events such as aggregation and adhesiom. T;e outer
surface coat can be stained with substances staining carbohydrates. Some
plasma proteins, including clotting factors (fibrinogen, IgM, factors
V, VII, XI) are. adsorbed on the surface of the platelets (Weiss, 1976).

More recently Okumura and Jamieson (1976 a, b, c) have described the

presence in the glycocalyx of a soluble glycoprotein, with mobility‘and

*

apparent molecular welght of 150,000 similar to.glyeoprotein I: this

glycocalicin is cleaved by trypsin. Glycocalicin is probably a receptor
site for_the lectins wheat germ agglutinin and Agaricus bisporus

(Greenberg and Jamieson, 1974) and for thrombin and ristocetin
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(Okumura and Jamieson, 1976¢).
A number of enzymes are also asgsociated with platelet plasm;
membranes (Jamieson and Smith, 1976). One of the membrane associated
enzymes, a nucleoside diphosphate kinase has been proposed as a candidate
for the ADP receptor (Mustard et al.,‘197§a).

(b) Biochemistry.

The role of the platelet in hemostasis and thrombosis involves
a variety of interactions of the platelet membrane sdrface with other

oluble

plate}et membranes, PCher solid surfaces and a large numbef of s
agents introduced into‘fhe platelet's environment. Thus it has Become
imperative to develop knowledge about the structure, biochemical
composition and orientation of the components of the platelet membrane.
These studies ﬁave been possible with the use of ;ew techniques such as
polyacrylamide‘gel electrophoresis in the presence of sodium dodecyl sulfate;
lactoperoxidase iodination and other labeling techniques; enzyﬁatic
hydrolysis; binding studies wigh lectins, specific antiglycoprotein
antibodies and thrombin (éor review see Cooper et al., 1976). These
studies havé involved the use of both intact platelets and isolated plasma
membranes (for review see Jamieson and Smith, 1976).

Platelets interact ;ith a large number of agents through specifié
receptor mechanisms. A great deal of information is now available on
the-paggible nature of the platelet receptors for low molecular’ weight

agonists (for review see Mills and Macfarlame, 1976) such as ADP,

serotonin, catecholamines and for facromolecular components (for review

—
-
v -~
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see Michaeli and Orloff, 1976) such as thrombin (Mills and Macfarlane,
1976), collagen, immunoglobulins. At the present time no platelet
receptor has begn identified, isolated and purified.

(1) Characterization of surface glycoproteins.

(Nurden and Caen, 1976; Jamieson and Smith, 1976; Mills and
Macfarlane, 1976). The protein composition of the platelet membranes
consists of some 20 polypeptides ranéihg in molecular weight from ~

10,000 to 200,000 (Barber and Jamieson, 1971;;Nachman and Ferris, 1972;
Phillips, .1972) wheg studied in 5% polyacrylamide gel electrophoresis
in the presence of sodium dodecyl sulfate. PAS staining of the gels for
carbohydrate revealed the presence of three major glycoproteins (Nachman
and Ferris, 1972; Phillips, 1972). |
Lactoperoxidase-catalyzed iodination of intacé platelets has been
used in an ;ttempt to ﬂabgl proteins exgernally oriented in ﬁhe membrane.
Only seven poélypeptides are labeled (?hilfips, 1972). The labeled
polypeptidesiinclude the three major glycoproteins which can be hydrolysed
by trypsin.(Phsillips, 1972). The external orientaéion in the membrane
of the three méjor glycoproteins has beé; confirmed by George et al.,
‘ “ (1976b) withxdiazotized (1251)-di}odoéulfanilicuacid.
Receéﬁ ;tudiés by Jenkins et al. (1976) suggests that glyéoprotein
II can be resolved into 2 components IIa and IIb, George (personal
communication) has Qemonstratéd that at leaéfJ% glycoproteins are‘
exposed externally and that they can be identified by gel electrophoresis

4

by modifying the concentration of polyacrylamide used in the gels.

[y
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(11) Role of surface glycoproteins.

~ The possible role of the major surface glycoproteins has been
reviewed by Nurden and Caen (1976) and is discussed in more detail in
the presgent thesis'(see Discussion, II),

Although no major glycoprotein has been identified yet with
certainty -as a platelet receptor, some light has been recently shed
as to their function.

Giycoprotein I is decreased in Bernard-Soulier syndrome (Nurden
and Caen, 1975; Jenkins et al., 1976) and has been implicated in platelet
adhesion to subendothelium (Weiss et al,, 197&; Caen’et al., 1976) aﬂd
in ristocetin—induced aggreégation (Caen et al., 1976; Jenkins et al.,
1976; Okumura and Jamieson, 1976a; Nachman et al., 1977) and may serve .
as a receptor for the plasma von Willebrand factor (Jenkins et al.,
1976). Glycoprotein IL can be hydrolysed by high concentrations of
"thrombin (Phillips an4 Agin, 1972), although it has been demonstrated
Fhat the thropbin binding site on the platelet membran% (Ganguly, 1974;
Ganguly and Sonnichéen, 1976; Tollgfsen et al., 1974) is different from
.the proteolytic site.

The concentration of g"ﬁoprotein II (Nurdeﬁ and Caen, 1974,1975)
or 1Ib (Phillips et al., 1975) is.reddced in Clanz&ann's thrombasthenia.

2. Platelet contractile systém (Cohen and Luscher, 1975; Adelstein

et al., 1975: Liischer, 1976) and microtubules.

The presence in human platelets of an actomyosin-like
contractile protein (originaily named thrombosthenin) was first described

by Béttex;Galland and Lischer. Platelet actomyosin represents 15% of

]
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the total platelet protein content.

(a) The components of platelet actomyosin.
' ~

Platelet actin (molecuiar weight (M.W.) of 43,000) filaments

are rarely seen in resting platelets. Filaments that have the dimension

"arrowheads" with external heavy meromyosin can be

of actin and'form
seen 1n aggregated platelets (Bettex-Galland et al., 1972). Platelet
actin stimulates the myosin ATPases of platelet origin. Finally,
platelet actin is cleaved by thrombin (Muszbek et al., 1976). {/g\
Platelet myosin consigts of 2 heavy chains (M.W. 200,000) and
2 pairs of light chains (M.W. 20,000 and 17,000 respectively) (Adelstein
et al., 1975). It is an ATPase, Recently, Daniei and Adelstein
(1976) have reported thét a platelet myosin light chain kinase, activated
by Mg2+, specifically phosphorylates‘the 20,000 dalton light chain of
myosin, and this phorphorylati;n is linked to an increase in activity
of the actin~stimulated myosin ATPase.
The contractile system is controlled by regulatory componenfs;

’

troponin and tropomyosin which-are bound to actin.

-

{(b) Role of the contractile system.

In the resting platelets, there 1s no evidence of éytoplasmic
filaments of actomyosin. However, upon activation tihin fiiaments
of F-actin appear throughout the cytoplasm or in the form,Lf submembranous
filaments adhéring to the inner surface of the plasma membrane, suggesting
that they have a role in the morphological alterations of the cell

surface. Activation of the contractile system is thought to be
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brought about by the availability éf Ca2+—ions in the cytoplasm (Massini
and Luécher, 1976). This is achieved by the mobilization of internal,
organelle—bouﬁd calcium (residues of the dense tubular system) or by

the influx of Ca2+—ions through the plasma membrane. It is possible

that the availability of Ca2+ in the‘cytoplasm might be regulated by

cAMP. During the shape change, the circgmferential ring of microtubules
disappears. Microtubules are not contractile elements. They are
dépolymerized by Caz+ and their disappearancé may mediate the release

of Ca2+ into the cytoplasm.

The platelet contractile system is involved in: (1) platelet
shape change and pseudopod formatisn. Cytochalasin B has been shown to
block contractilerfunctions in maﬂy cells and to keep plételets in'disc
shape (White, 1971a); (2) Contraction and relaxation of platelet aggregates,
whichare &ependeht on the availability of external calcium ions (Cohen
et al., 1974); (3) C%SF retraction (Cohen and Luscher, 1975). De Clerck
et al. (1§75) have ;emonstrated thaf if fibrinogen is clotted by
reptilase, the clot wili not retract, because the platelets do not change
shape; (4) The return of élatelets to a disc shape. White (1974) -has
presented evidence 'that platelets adherent to collagen can detach from
it and recover a disc shape after addition of cytochalasin B, Siﬁilarly,

cytochalasin B can detach adherent mouse peritoneal macrophages from

glass (Helentjaris et al., 1976).

s
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3. Platelet energy metabolism.

’

The energy metabolism of platelets has been extensively reviewed
in the past few years (Mustard and Packham, 1970; Doery et al., 1970;
Gross and Schneider, 1971; aolmsen and Day, 1971).

Platelets require energy to carry out their functions of shape
change, aggregation, release reaction, phagocytosis and clot retraction.
The continuous production of ATP in resting platelets is provided by
glycolysis and oxidative phosphorylation.

Two pools of adenine nucleotides have been described in platelets
(Holmsen and Day, 1971): (1) a storage pool, containing.ATP and ADP,
accounting for 60Z of the total nucleotides. This pool, stored in the
dense granules is extruded during the release reaction. (2) a metabolic
pool of ATP and ADP which supplies energy and can be labeled in vitro
by 1incubation of platelets with radiolabeled adenosine or adenine. The
labeled adenine nucleotides of the metabolic pool do not exchange readily
with those in the storage granules. Howevér, recent experiments by
Reimers et al., (1975, 1977) have demonstrated that in vivo or after
prolonged incubation in vitro, there is equilibration between the two
pools by transfer of ATP across the storage organelle membranes. The
ATP and ADP of the metabolic pool are located in the cytoplasm, the ‘
mitochondria and membranes and are not extruded during the release
reaction. . P

When plateleés are stimulated ATP 1s consumed and broken down

irreversibly to inosine monophosphate and hypoxanthine. Holmsen et al.,
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(1974) have shown that a critical level of metabo}ic energy 1is required

for shape change or aggregation or the release reaction and that each

step in the sequence can be inhibited if the basal level of ATP falls below
this critical level. The release reaction is the most sensitive to
depletion of ATP. Holmsen et al., (1974) have found that most of the

ATP is consumed during the shape change, ratheé than dgripg aggregation,
but that a higher basal level of ATP is necessary for aggregation than

for shape change. Mills (1973) found that shape change was accompanied

by a decrease in the adenylate energy charge corresponding to an increase
in energy utilization. >

Thus it seems that platelets consume ATP to carry out their -

functions. It has been suggested that platelet actomyosin was responsible

for the degradatiog.%f ATP induced by platelet stimulating agents
(Holmsen, 1972; Kattlove, 1974).
4. Cyclic AMP.

Several investigators have suggested in recent years that

platelet aggregation and the release reactien are controlled by variations

in intracellular 3',5'-cyclic adenosine monophosphate (cAMP) levels (Salzman

and Weisenberger, 1972; Haslam, 1973, 1975; Mills and Macfarlane, 1976).
Cyclic AMP is formed from ATP by the enzyme adenylate cyclase and cAMP is
removed by phosphodiesterase.

Many compounds that block platelet aggregation increase
platelet cAMP through stimulation of adenylate cyclase (PGEl) or inhibition

of phosphodiesterase (caffeine).
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Although some "aggregating agents such as thrombin (Brodie et al.,
1972), can directly inhibit membrane adenylate cyclase and decrease
cAMP levels, ;here is no convincing evidence that aggregation 1s lin#ed
to a decrease in cAMP and that cAMP can be lowered under basal
. conditions (Hasla?, 1975). However, aggregating agents such as ADP or
adrenaline, can lower ¢AMP if its basal level has been previously
elevated (Haslam, 1973).

It }s reasonable to suppose that many effects of cAMP are
mediéted through changes in protein phosphorylation res;lting from a
cAMP-induced alteration in protein kinase and/or phosphoprotein phosphatase
activity. P}atelets contain a cAMf—dependent protein kinase and cAMP-
independent protein kinase (Booyse et al., 1973, 1976) which can phosphorylate
several membrane proteins. Lyons et al. (1975) have shown that, in intact
platelets, thrombin induces a rapid increase in phpsphorylation of two
platelet proteins (M.W. 20,000 and 40,000). Haslam and Lynham (1976)
have presented evidence showing that the induction of the release
reaction‘is accompanied Sy the phosphorylation of these two proteins
in the intact plftelets, one of which appeared to be a cogponent of
"actomyosin. These results have been confirmed by Daniel and Adelstein
(1976) who found that the 20,000 molecular weight protein 1s the light
chain of platelet myosin. The phosphorylation of the light chalus of
platelet myosin increases the actinfactivated ATPase activity of platelet
myosin and thus may control contraction (Adelstein et al., 1975). The

phospﬁorylation of this 20,000 M.W. polypeptide may be dependent on the
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activation of the protein kinase by Ca2+ ions (Haslam and Lynham, 1976).
It is known that cAMP increases tﬁe uptake.of calcium into the
sarcoplasmic reticulum by smooth muscle cells. It is thus possible that
cAMP might modify platelet aggregation and the release reaction by
controlling the storage and release of calcium from the platelet dense
tubular system (White, 1972; Geowge et al., 1976a).

5. Metabolism of arachidonic acid by platelets and its inhibition

(Samuelsson et al., 1975; Hamberg et al., 1976; Smith et al.,

1975; Smith and Silver, 1976).

Smith and Willis (1970) have shown that when human platelets are
stimulated with thrombin they form prostaglandins P682 and PGqu.
Subsequently, it was found that aspirin and indomethacin are strong
inhibitors of platelet prostaglandin formation (Smith and Willis, 1971). "

Arachidonic acid causes platelet aggregation and th{p is assoclated
with prostaglandin synthesis (Smith and Silver, 1976). Willis é;h Kuhn (1973)
were the first to report that aggregation induced by arachidonic acid
could be due to an intermediate in proétaglandin biosynthesis, which
appeared to ge a prostaglandin endoperoxide (Willis, 1974). Later, two

prostaglandin endoperoxides (PGG., and PGH2) were isolated and shown to

2
cause platelet aggregation (Hamberg et al., 1974b). When added to

platelets, arachidonic acid (Figure 1) is oxygenated to prostaglandin

endopegoxides by a cyclo-oxygenase. Aspirin and indomethacin inhibit the
cyclo-oxygenase (Hamberg et al., 1974a; Hamberg and Samuelsson, 1974). More recentl)\\

&

it aﬁpeared that the endoperoxide intermediate PGG2 may have to be converted to

g{“
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FIGURE 1.

Transformations of arachidonic acid in platelcts.
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thromboxane Az to aggregate élatelets (Hamberg et al., 1975) and this
was accomplished by an enzyme, thromboxane synthetase, which has been
identified in platelet microsomes (Needleman et al., 1976b). In addition,
thromboxane AZ is a potent vasoconstrictor (Needleman et al., 1976a).

It has also been demonstrated that stimulation of platelets with
thrombin is accompanied by the formation of prostaglandin endoperoxides
from arachidonic acid (Hamberg et al., 1974a; Willis, 1974). Relatively
large amounts of esterified arachidonic acid are found in membrane
phosphatidylcholine and phosphatidylinositol (Bills et al., 1976). When
platelets are aggregated by thrombin, arachidonic acid is released from
membrane phosphatidylcholine and phosphatidylinositol (presumably by
the action of a phospholipase Az) and is totally utilized by a cyclo-
oxygenase to generate prostaglandin endoperoxides and by a lipoxygenase
to generate HETE (Bills et al., 1976; figure l).//“\\\

Prostaglandin synthesis can be inhibitef by dr;EE*%uch as the
non-steroidal anti-inflammatory drugs (Flower édnd Vane, 1974; Smith and
Siiver, 1976) and this may have potential applications as antithrombotic
treatment. Aspirin and indomethacin both inhibit the platelet release
reaction (Mustard and Packham, 1975) by inhibiting the enzyme cyclo-
oxygenase which converts arachidonic acid to PGG2 and PGH2. ASA and
indomethacin do not inhibit the formation of thromboxane A2 from PGG2
ol PeI,, . Thd effect of ASA fs permanent and due Lo acetylatfon of Lhe

cyclo-oxygenase (Roth and Majerus, 1975). ASA and indomethacin inhibit

the synthesis of the short-~lived intermediates P662 and PGH2 which are
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potent inducers of aggregation and release, but do not interfere q;;h
their biological activity. 5, 8, 11, l4-eicosatetraynoic acid, a;‘
analogue ;f arachidonic acid, inhibiLs by substrate competition
prostaglandin syntkesis and arachidonic acid- and collagen—induced.
aggrégation (Smith and Silver, 197é).

The role‘of‘PGcz, PGH2 and thromboxane Az in the mechanism of
platelet aggregation induced by various platelet aggregating agents has
been reviewed by Packham et al. (1977). ADP-induced platelet shape -
change and aggregation is indepéndent of the arachidonate pathway.
Sodium arachidongte—induced blatelet shape change, release and
aggregation is inhibited by aspirin and indomethacin and thus totally
and thromb&xane A2 (Kinlough-Rathbone et al., 1976b).

dependant on PGG,, PGH

2’ 2
Sodium arachidonate can aggregate thrombin-degranulated platelets,
independently of ADP and thus‘can’aggregate platelets independently of
the-release reaction (Kinlough-Rathbone et al., 1976b). The releagelreaé&ion
induced by thrombin is accompanied by the formation of prostaglandin endo-.
peroxides (Hamberg and Samuelsson,1974). Aspirin or indomethacin inhibits
the*formation of prostaglandin endoperoxides induced by thrombin, but has
very little effect on the release of granule coﬁtents (Mustard and

Packham, 1975). Evidence has been presented (Packham et al., 1977)

that throybin can aggregate platelets by a mechanism independent of

‘released ADP and of prostaglandin férmation. Collggen agéregates

platelets by two mechanisms, the reledsed ADP and the formation of

P?GZ,‘PGH2 gnd thromboxane A2 (Packham et al.,~%977).
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*

Very recently, Moncada et al. (1976, 1577) havejdescribed in
the vessel wall a novel metabolic transformation of prostaglandin
endoperoxides into an unstable substance called prostacxclin (or;ginally
prostaglandin X). Prostacyclin is produced by the cells of the vessel
wall from prostaglandin endoperoxidés formed by_Platelegs and also from
arachidonic acid from the vessel wall (Moncada et al., 1977).
Pr03t€525}in is a potent inhibitor of platelet aggregation and has been
postulated by the authors to play an importatit role in preventing
platelets from adhering to the endothelium. Prostacyclin is also a
potent vasodilator. However, unless there 1s a source of prostaglandin
endoperoxides in the vessel wall, it is difficult to envision how
platelets can generate PGG2 and PGH2 unless they have interacted with
thrombin or collagen. Moreover, if their theory is correct, one would
expect illcreased adhesion to the surface of the aorta in the presence

of drugs that inhibit endoperoxide formation.

NI
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PLATELET INTERACTION WITH SURFACES.
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Platelet adherence to surfaces is one of the Tain functions of
- platelets. Interaction of the platelets with subendothelial surfaces
is involved in hemostaéis and thrombosis (Mustard et al; 1967a;
Nossel, 1975; Cooper et al.; 1976).
Platelets also interact with artificial surfaces'(Berger and
Salzman, 1974). The basic mechanisms of platelet adhesion to surfaces
are not completely understood but it is clear\that collagen is the
most tﬁrombogenic component of the subendothelium (Baumgartner and
Haudgnschild, 1392) and that the interaction of platelets with most
‘surfaces is dependent on the nature pf:tﬁe plasma protein§ adsorbed

(Vroman et al., 1971).

1. Plate%et interaction witﬁ the vessel wall.

The vasoular intima is composed of the endothelium and the
subendothelium. ‘The structure of the intima has been r&viewed recently
by Stemerman (1974). ‘

i

(a) Endothelium (Stemerman 1974; Gimbrone, 1976):

The endothelial cell contracts when stimulated by histamine,
serotonin, bradykinin or thromboxane A2 (Needleman et al., 1976a). When
the endothelial cell contracts it may widen intercellular gaps,'thus
exposing subendotheli;l tiss;e to which plateietsiadhere. It is to be
noted that séme of the substances that contract endothelial cells are
released by platelets.

Endothelial cells have a low turnover rate, except at points where

there may be unusual stresses or altered flow patterns such as at branches

Al
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or bifurcations (Wright, 1975). Progress in the understanding of the
biology of the endothelium has been possible with the devel&pment of .
new techniqués of cultu;e (Gimbrone, 1976). Endothelial’'cells can
release an activator of plasminogen(Nilssorn and Pandolfi, 1970),
synthesize tissue factor (Nemerson a;d Pitlick, 1972) and factor VIII
antigen (Hoyer‘et él.; 1673; Jaffe et al., 1973). The endothe;iumiis
a blood compatible surface and normally does not activate the blood
coagulation system or interact with platelets (see;review in Jérgensen,
1971; Gimbrone, 1976).

Platelets wiil interact with the vessel wall if (1) the
endothelium 1s modified by thrombin generated‘at minimal sites of injury
(Ashford and Frieman, 1967) or by the formation of polymerizing fibrin
to which platelets readily adhere (Niewiarowski et al., 1972; (2) the
endothelium is damaged. |

(b) Subendothelium. (Stemerman 1974; Baumgartner and Muggli,

1976) ..

Bounameagx (1969) and Hugues (1960) were the first to observe
that platelets adhere to subendothelial connective tissue particylarly
to collagen. The subendothelial structures to which platelets adhere
are considered to Se collagen, basement‘membrgne and the microfibrils
around elastin (Stemerman et al.; 1971; Stemerman, 1974; Baumgartner,
and Muggli, 1976). Using various enzymatic treatments (collagenase
will dijest collagen and basement membrane but not microfibrils, and
a-chymotrypsin will digest microfibrils and basement membrane) it has been

'.
7
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demonstrated that collagen 1s the most thrombogenic component of the
subendothelium of rabbit aortas injured by passage of a balloon catheter
A(Stemerman et al., 1971; Baumgartner and Haudenschi}d, 1972; Baumgartner
and Muggli, 1976). Platelet adherence to microfibrils or to basement
membrane does not induce the release reaction and platelet aggregation
(Tranzer and Bauﬁgartner 1967; Huang et al., 1974). In con.rast, when
platelets interact with collagen, they are induced to release some of
their granule cbntents, idcluding serotonin and adenine nucleotides

9 PGH2 and thromboxane A2. The released ADP and the

and to form PGG
arachidonic metabolites are considered to be responsible for inducing
platelets to adhere to each other and to the platelets adherent to
collagen (Packham et’al., 1977).

-

2. - Platelet adhesion to collagen. (Nossel, 1975; Michaeli and

Orloff, 1976).

(a) Biochemistry of collagen.

|

The precise biochemical mechanism of platelet-collagen interaction
is poorly understood,'butasome features of the structure of collagen appear
to be important. Investigators have greatiy advanced in our understanding
of the chemistry pf collagen and have’shown that there are several types
of collagen differing in amino acid composition and sequence and iﬁ
carbohydrate content. Most of the review articles have been largely
concerned with type I %pllagen, describing its structure‘(Traub and Piez,

1971; Gallop et al., 1972; Fietzek and Kuhn, 1976) and biosynthesis

(Grant aund Prockop, 1972; Bornstein, 1974; Gross, 1974; Miller and Matukas, //’

|

~
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1974). The structure and biological significance of type I, II and
III collagen (Miller, 1976) and of basement membrane (Kefalides, 1975)
have been recently reviewed.

i) Collagen-structure.

The monomer of collagen, or tropocollagen, consists of 3
polypeptide chains (a ;hains) colled about the same axis and held
together by cross~links. Each o chain has a molecular welight of 95,000.

|
The tropocollége& molecule measures 3,000 x 15 K, and contains slightly
more than 1,000 amino acid§. The triple strand is arranged in a coiled-
coil structure: each o chain forming a left-~handed polyproline type
helix and the 3 o chains forming a right-handed superhelix. Each a

<

chain is formed by the repetition of the following triple£ sequence
(GLY-X-Y)n. So, each third residue is a glycine, X being a proline or
an hydroxyproline'and Y any amino acid. The triple strand is stabiiized
by inter a chains hydrogen bonds, 1 per triplet, betwden glycine on one
chain and proline on the other. The tropocollagen molecule is a_glycoprotein.
Carbohydrate residues are attached to the hydroxylysine by O-glycosidic
linkage in form of galactose (incomplete residue) or glucose—-galactose
(complete residue). In vitro the reconstitution of native collagen

proceeds through three states of increasing complexity: monomeric

(tropocollagen) microfibrillar and particulate (fibers).

-

(11) Collagen tyﬁes.
Four types of genetically distinct collagen‘are known (Miller,

1976). Type I ([al(I)]2 is encountered in the skin, bone, tendon and



arterial wall. Type 1I collégen E[al(II)]3 is found in cartilage.

Type I1I1 ([;11(1'.11)]3 is found in the arterial wall, the skin and the
uterus. Type IV is basement membrane. There is some controversy

about the potency of these different collagens as to which is the

most potent platelet activator. Measuring 14C-serotonin release,
Michaeli and Orloff (1976) found tﬂe following order of aétivation
capacit&: type L > type II > type III > type IV, Miqhaeli’concluded
that the hiéher the carbohydrate content of collagen, the lower its
platelet activation capacity. Carbohydra;es are important in controlling
fipbril formation and it is probable that the degree ;f fibrill;-genesis
‘1s a major determinant of collagen activity with respect to pl;telets.

Othér investigators (Balleisen et al., 1975; Hugues etnal., 1976)

have found that type III collagen 1is a more potent platelet aggregating
agen£ than type I. These observations may be important in view of the
'findings of Gay et al., 1975, that subendothelial microfibrils display
immunohistological characters of type III collagen. However, these

data are difficult tS\interpreQ because Barnes et al. (1976) have.sho§n
that type III coilagen polymerizes faster than type I in plasma and that
type I collagen is aé potent an éctivator as type III when preformed’
fibrillar collagen is used. Miller (1976) has also pointed out that the
surface area of the fine fibrils of type III collagen may not be comparable
with that of thick fibrils of type I collagen.

(b) Structural req;irements for plateletvcollggen interaction.

>

(1) The tertiary structure of collagen is necessary.
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Maintenance of the native conformation of collagen is a
requirement for promoting platelet aggregation. This ability is
destroyed by digestion with collagenase, or by conversion to the
randomly-coiled form upon heat denaturation (Harper et al., 1973;
Simmons et al., 1975). Pepsin or pronaéé (Wojtecka—Lukasik t al.,
1967) which cleaves the telopeptideyffrom collagen, preserving the
tr{ble helix confo;mation, has no ekfect. Finally, rigidly spaced
positive or negative polar active sites are important and the ability of
insoluble coilagen to aggregate p%atelets can be abolished by chemically
blocking or oxidizing the freeee—aﬁino groups (Wilner et al., 1968b;
1971;‘Balleisen et al., 1976). ]

More recently, three differenf groups (1) Muggli and Baumgartner
(1973), (2) Brass and Bensusan (1974), (3) Jaffe and Deykin (1974), have
shown that if the‘tertia;y s£ructure of the tropocoliagen monome£ is
necessary(for collagen induced platelet aggregatiomn and/release_
reaction, it is not sufficient.

7/

(11) A higher—ordered structure, (quarternaf& gtructure),

secondary to polymerization or multimerization of

tropocollagen is necessary.

Monomeric tropocollagen mﬁst first polymérize to microfibriilar
collagen to induce platelet release orﬂaggfegation. Urea or glucosamine
which §reveqts polymerization inhibits platelet aggreéation (Leg «nd
' {

et al., 19683. .Guanidination of moﬁémeiic collagen increases th

ragte of polymerization, reducing the lag time in serotonin release (Brass

.g}



and Bensusan, 1974).
Using 125I~1abeled collagen, Gordon and Dingle (1974) have shown
that the amount of platelet-bound collagen paralleled the extent of ‘
’ [

collagen microfibril formation.

(iii) The role of carbohydrate side chains of collagen in the

adherence of platelets to collagen.

Jamieson et al. (1971) and Bosmann (1971) suggested that the
carbohydrate side chai;s of collagen may be involved in the adherence
of platé}ets to collagen because they found that the platelet enzyme,
collagen—glucosyl transferase, txansfers glucose specifically from UDPG
" to inéémplete heterosaccharide chains of collagen. Jamieson et al.

(1971) and Barber and Jamieson (1971) suggested that an enzyme-substrate
complex between this enzyme and incomplete carbohydrate chains on
collagen may play a major role in platelet:collagen adhesion. This
hypothesis appeared to be supported by the experiments of Chesney et al.
(1972) showing that oxidation of 6—bydroxymethyl position of the
éalac}oéyl residues on collagen to aldehydes abolished its ability to
"cause platelet aggregation and by the similar experiments of Kang et al.
(1974) destroying the carbohydrate moiety og collagen by periodate
treatment. However, Muggli and Baumgar tner (1973) found that this
treatment only delayed "multimerization' of the collagen and did not
prevent it from evéhtually developing full aggregating activity. Thus,
the regsults of Muggli and Baumgartner (1973) indicate that the collag?n-

bound ghlactqse may not be involved in the interaction of platelets with

+
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collagen. Puett et al. (1973), contrary to Katzman et al. (1973) and

Kang et al. (1974) demonstrated/that denatured purified g and a, chains

were several orders of magnitu&e less potent than collagen and suggested

that Kang's data with isolated a, isolated chains may be due to

1

pariiai renaturation,

(iv) Localization of binaing sites.

Several investigators have tried to localize platelet-binding
sites on the collagen molecule (Michaeli and Orloif, 1976). Kang et al.
'

(1954) have identified a binding on the o, chain of chick skin collagen.

1
They have 1solated a 37-residue peptide (al-CBS) responsible for the
binding and performed binding studies (Chiang et al., 1975; Chiang and

-

Kang, 1976).
! The glycopeptide glycosylgalactosyl~hydroxylysine has been
implicated in binding, but only the chick skin peptide is active (Kang
et al., 1574). This is supported by the findings of Brass and Bensusan
(1976) indicating that the collagen carbohydrate residue may be either
near to or part of the site(s) on the collagen moleculé required for
platelet adhesion. In contrast, Puett et al. (1973) suggest that the
carbohydrate moieties of collagen are not involved in platelet activation.
Michaeli and Swanson (ciced in Michaeli and Orloff, 1976) have
bresented evidence that c;llagen from rat tendon or human skiskhés 2 sites
for attachment on the platelet membrane (a major activation site of

release iocated on a,.-CB5 and a minor activation site on a,-CB6) located

2 1

on the carboxy-terminal end of the peptides. There is also a site near
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the amino-terminal end (az-CBA) which inhibits the induction of the
platelet releasecreaction by collagen.

3. Platelet iﬁteraction with artificial surfaces.

. The interest in understanding platelet interaction with synthetic
surfaces has been stimulated by the importance of such reactions in
thrombus formation on artificial prosthesis in contact with blood
(for review see Federation Proceedings, Volume 30, Sepsember-October
1971; Berge£ and Salzman, 1974; Nossel, 1975; Cooper et al., 1976).

The physical and chemical properties ofvsynthetic surfaces
réspohsible for piatelet adhesion and activation of the coagulation system
are not clear although a number of hypothesis have been proﬁosed.

Among the prOperFies of the surface considered to be important are surface
smoothness (Neumann et al., 1975), wettability (Baier, 1972) and surface
electric charge (Sawyer and Srinivasan, 1972). ’

Although the properties of the artificial surface are important,

a number of investigators have concluded that the primary influence of
surfaces on platelets is mediated by the plasma proteins adsorbed to the
s;rface (Packham et al, 1969; Baier et al., 1971; Salzmann 197la, b, c;
Jenkins et al., 1973); Several investigators Q?ve also demonstrated the
importance of f;ow conditions and of the presence of red blood\cells

in de;;rmlning platclet adhesion to surfaces (Friedman and Leonard, 1971;
Leonard et al., 1972; Goldsmith, 1972; Turitto and Baumgartner, 1975).

A number of thromboresistant materials have been designed (Gott

and Fukuse, 1971): (1) relatively inert polymers; (2) surfaces with

—
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anionic radicals or imposed negactive electrical charges and (3) heparinized
surfaces. All these surfaces, although designed to be thromboresistant,
still cause clinical thromboembolic complications. A major obstacle for
the development of new artificial surfaces compatible with blood has

been the lack of satisfactory techniques for prediction of thrombogenicity
or thromboresistance (Berger and Salzman, 1374).

4. Methods for measuring platelet adherence to surfaces.

Various methods havé been used to measure platelet adherence to
surfaces including artificial surfaces, collagen and subendothelium.
Several methods have been used to quantitate the number of piatelets
adhering to a surface after e;posure to blood or platelet-rich plasma:
(a) measurement of the drop in platelet count after exposure of the 'surface
to platelets by counting the platelets (Hellem, 1960; Salzman, 1963);

(b) direct microscopic examination of the surface (Friedman and Leonard,
1971; George, 1972; Baumgartner, 1973); (c) measurement of the amount of
platelet-bound radiocactivity associated with the surface (Hirsh et al.,
1968b; Hovig et al., 1968; Packham et al., 1969; Jenkins et al., 1973;
Lagergren et al., 1974).

One of the major probléms in measuring platelet adherence té
surfaces 1s to prevent plateiet aggregation from occurring and to prevent
clotting when blood or plasma is used. This can be achieved by using
anticoagulants which chelate calcium, such as EDTA. It should be

recognized chat this prevents the evaluation of the role of divalent

cations in platelet adherence to surfaces.
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‘Although it has been récoggized for a long Eime that the first
step in hemostasis and thrombosis is adherence of ﬁlaﬁé}ets to the
consgtituents of the vessel wall, thé factors involved in ;latelet
adherepce to surfaces are not understood:

Reproducible methods for studying platelet adherence to surfaces
should allow determination of (a) the role of the gomponénts of the
vessel wall sﬁch as collagen; (b) the role of the constituents of the
platelet surface; and (c) the role of thé gdmposition of the platelef
suspending fluid, particu%arly the concén;rationé of d%yalent cations
and plasma‘proceins‘in the s;speﬁding fluid, on p}atelet adherence to
surfaces. This‘knowlédge should gnhance ;uf.understanding of how this

-

process might be inhibited by drugs or influenced by factors‘such'és diet.

.Furthermore, it could be of use in developing prosthetic surfaces.

Several inweatigatofs have described methods to measure platelet
adherence to artificial surfaces, collagen and subendothelium. Some
of the problems encountered by these investigators were: (1) use of EDTA

to inhibit platelet aggregation, thus preventing an assessment of the

* role of divalent cations in‘adhesion; (2) dinhibition of coagulation but

occurrence of platelet aggregation and thrombus formation when sodium

.citrate or heparin were used; (3). use of blood or platelet-rich plasma

preventing modification of the environment; (4) variable hemodynamic

- i .

facéors; (5) complex methods for quaﬁcitating platelet adherence with

«

problems of sampling and reproducibility.

-,
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The studies reportéd in thig thesis were directed at:

T

(1) 'develoﬁing°a quantitative method for measuring platelet

|
I
adherence to collagen-coated surfaces and to the subendothelijm

in the absence of platelet aggregation and in a suspénding ¥

medium containing normai concentrations of divalent cations.

i

%

. }

(2) studying the effects of flow, divalent cations and hematocrit |
on platelet adherence to these surfaces.

(3) studying the effects on platelet adherence to these surfaces of

-enzymatic and chemical treatments of platelets which may modify

‘platelet surface glycoproteins.

o
(4) studying the effects of modifying the surface of the vessel wall,
35) ‘ studying the effects on platelet. adherence of drugs and agents
that inhibit platelet function.
(6) developing a reliable assay of drugs inhibiting platelet

adherence becéhse these drugs may prove to have potential value
as antithrombotic agents. ,
(7 examining the.relationship among the modification of the platelet

surface,&adherence to surfaces in vitro, and platelet survival and »

hemostasis in vivo.

po—
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Unless otherwise noted, all materials to be added to platelet
suscensiocs were dissolved and'diluted in modified Tyrode solution
{(no calcium oramagnegium) and adjusted to pH+7.35.

All concentrations given‘in the text or in the tables ace,final

coricentrations in the platelet suspensiomns.

'Acctylsalicylic acid (ASA). For in vivo studies of the effect
of ASA, rabbitc were gi;en tablets (ground up in wcter) by stomach tube:
For in vitro studies, ASA (British Drug Houses, Toronto (Canada) was
prepared in modified Tyrode solution. pH 7. 35 imdeiately before use.

Adenosine qkphogphate (ADP) was from Sigma.Chemical Company,

»

St. Louis, Missouri.

Bovine Albumin (Pentex, Fraction V) was from Miles

Laboratories, Kankakee, dllinois. For the experiments in which the
effects of divalent cations were gstudied, calcium-free bovine albumin
(Pentex, Fraction V) was prepared by thc following method. Thirty
milliliters of a 3.5 percent solution ofnalbum;n in distilled water
containing 1 mM EDTA was dialyzed against 2 L. of distilied water for
20 hours at 4°C. This concentrated albumin solution was.added to the
final suspending medium- (a modified Tyrode solutidn containing no |
calcium, but c;ntaining 1 mM magnesium) before it was adjusted to
volume so that the final concentration of albumin was 0.35 percent.
Apyrase (E.C. 3.6.1.5) was}prepargd by the method of Molncr and’
Lorand (1961). .This p;eparaticn hydrolysed 1.7 nmol ATP/min/ug protein.

Antimycin (Sigma Chemical Co., St. Louis, Missouri) was prepared

as a 5 mM solution in 95 percent ethanol. . |

L)
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Sodium arachidonate was prepared from arachidonic acid (5,8,11,14-

eicosatetraenoic acid) [Grade L, 99 percent purity, Sigma Chemical
Company, St. Louig, Missouri} as described by Kinlough-Rathbone et al.
(1976b).

Sodium borohydride (Fisher Scientific Company) was prepared

* immediately before each experiqént as a 0.1 M solution in distilled

water, and the osmolarity was adjusted to 295 mOsm Qith 30 percent
: f ‘ (

(w/v) NaCl solution. Further dilutions were made with isotonic saline
M |

and the solutions were kept at 0°C.
Human Clq, a subcomponent of the first component of complement, was

<purified by S. Assimeh according to the method of!Assimeh et al. (1974).

5

Highly purified Clq was dissolved in 5 x 10 ~ M EDTA buffer.

N

Ceghalothiﬁ (Kefiin) was a gift of Dr. R.S. Dolman, Eli Lilly and
Company (éaﬁada) Limited, Toronto, Ontario. It was dissolved in (
modifieﬁkTyrpde solution and thﬁ osmolarity was adjusted to 290 mOsm.
The concentrations of ‘the aﬁtibiotic are given as millimo;grity; I mM
cephalothin is 0.404 mg/ml. '

i

Alpha~Chymotrypsin (52 units/mg; 3 times recrystallized) was obtained

4

from Worthington Biochemical Corporation, Freehold, New Jersey.

Sodium citréte &ihydrate was from Bkitiéh Drug Houses, Toronto,‘
'OnCario. ‘ | ‘

Collageﬁ (Type I from boviﬁe.Achilles Tendon, No. C-9879 was obtained
from Sigma Chemical Co.,\St. Louis;-Missoufi.

Collageh suspenslons were.prkpdred as &espriped previously by

Packham et al. (1967b) . Preparation of acid-soluble collagen: One gram



-

45

of bovine tendon collaéen was mixed with'lZle glacialnacegig acid in

188 ml of distilled water for 10 minutes-at 22°8. The mixture was
chilled on ice and homogenized for 10 min%i‘f in the 250 ml container

of a Sorvall Omnimix. Th;‘entire homogenate was centrifuged at 2;500 X g
for 15 minutes at 22°C and the‘whité film on top ﬁés discar@ed: 1The
supernata;t fluidi;nd gelatinous precipitate were mixed gegntly with

200 ml of water and centrifué@%\at 1,000 x g for®l10 minutes at 22°é.

The supernatant fluid was stored at 4°C. The collagen.concentration

was approximately 0.25 percent, pH 2.8, mOSm 540, acétiéracid 6.522\M.
This preparakion retains its activity over at least 3 to 4 months of
storage at 4°C. i

Collagenase (Type IilI, Sigma Chemical Co.) was dissolved in modified

Tyrode solution containing 5 mM CaCl but no magnesium.

Creatine phosphate (CP) and creatine phospﬁgkinase (CPK) were fram
p

Sigma Chemical Co., St. Louis, Missouri.

S

Ethylenebis(oxyethylenenitrilo)-tetraacetic acid (EGTA) was from

J.T. Baker Chemical Company (Phillipsburg, New Jersey) and disodium

ethylenediaminetetraacetic agid (EDTA) was from Fisher Scientific

Company. EGTA (0.1 M) was dissolved in distilled water adjusted to

pH 8.2 and EDTA (0.1 M) to pH 8.8 so that the final pH when these

solutions bad been added to a platelet suspension was 7.35.

Human fibrinogen (Kabi, Grade L, Stockholm, Sweden) was treated with
DFP before.use to remove procoagulant activity (Mustard et al., 1975b).

Glucosamine hydrochloride (ﬁ+) was irom Sigma Chemical Co.,

St. Louis, Missouri. i ' ” '
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Heparin sodium (147 units per mg) was from Connaught Laboratories,
Toronté, Ontario.

Hepes (N—2—hydroxyethyl—piperazine—N'2-ethanesulfonic acid) was
obtained from Sigma Chemical Co., St. Louls, Missouri. It was used to

maintain the pH of the suspending medium at 7.35,

Indomethacin (Merck Sharp, and Dohme, West Point, Pennsylvania)
was prepared as a stock solution CIO-ZMP'in 95% ethanol and further

dilutions were made with modified Tyrode solution.

Monoiodoacetic acid was from British Drug Houses, Toronto, Ontario.

-

Methylprednisolone. sodium succinate was a gift from the Upjbhn

f
Co., Kalamazoo, Michigan. It was dissolved in saline immediately

before use.

Neuraminidase (Clostridium perfringens) Sigma type VI was purified

‘by the method of Hatton and Regoeczi (1973) and assayed as described by

" Greenberg et al. (1975).

Penicillin G, USP-sodium, 1650 units/mg, (General Biochémical,

Chagrin Falls, Ohio) was prepared just before use as a stock solution

of 88,060 units/ml (0.148M) in distilléd water; modified Tyrode's
solution was. used for dilution. The osmolarity was adjusted to 290 mOsm.
The concentration of the antibiotic are given‘as_millimolgrity; 1 mM
penicillin G is 587 units/ml or 0;352 mg/ml.

"Sodium metéperiodate (Fisher Scientific Compgﬁy, Fairlawd, New Jersey)

was prebared immediately before each experiment as a 0.1 M solution in
distilled water. The osmolarity was adjusted to 295 mOsm with 30 percent
(w/v) NaCl solution. Further dilutions were made with isotonic saline

J

and the solutions were kept at O°C‘in the j&:i:
Plasmin obtained from three s . wa zad pig
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plasmin (4.42 NE/mg) from Novo Fabrik-Copenhagen, Denmark was dissolved-’
at a concentration of ng/ml in unbuffered saline.

Pure rabbit piasmin of specific activity 2.1 umoles/a~N-benzoyl-L-
(arginine eﬁhylester (BAEe) /min/mg w;s prepared Ey activating pure rabbit l
plasminogen by urokinase. This preparation was a gift of Drs. M.C.W. Hatton
and E. Regoeczi.

Human plasmin (high purity grade, 15 Cq per mg protein) was obtained
from AB Kabi, Stockholm, Sweden.

Prostaglandin El (PGEl) was generously supplied by the Upjohn Co.,

Kalamazoo, Michigan and solutions were prepared as described previously
(Kinlough-Rathbone et al., 1970).

h Pyrimido-pyrimitdine compounds (kindly supplied by Dr. R. Kadatz,
[4

Karl‘Thomae, GmbH,’Biberach an der Riss, West Germany).were dissolved
in 1 N‘Hél and diluted with modified Tyrode solution} the pH values
of the solutions befor; addition to the platelet suspension .were:

RA 8 (persantin,édipyrid;mole): 4.9; RA 433: 3.2.

Radiocactive compounds were obtained from Amersham/Searle Corporation,

AQlington Heightq; I1linois. 14C-”serotonin (lAC—SHT,—S-hydroxytryptamine-
3'—14c—creacfnine sulphate, 55 uCi per micrdmole,'SICro(sodium chromate,
1 uéinper microliter, or 3H—-DFP (di—isopropyl—(l,3-ﬂ3) phosphofluoridate,
3.3 Ci per micromole. | '

Reserpine uged for the experiments In vitro and In vivo was a

commercial product (Serpasil, Ciba). This product is solubilized in a

diluent that contains.a number of components. To ensure that none of

these affected platelet function, control studies were done with the
. * ‘ t -
|

=
.



diluent obtained from Dr. R. Ellis, Ciba Pharmagguticals, Dorval,
Quebec. The diluent was not responsigle for the inhibition of collagen-
induced platelet aggregation observed with Serpasil.

For studies in vitro, the‘Serpagil solution was diluted before use
with unbuffered 0.85X saline. After addition to the platelet suspension

the pH was 7.3, Unbuffered 0.85% saline was added to the control

y
o’

sample¢~ﬂ§g%pasil was also ugsed for studies in vitro and injected
intraperitoneally (5 mg/kg) into rabbits. Control rabbits received
intraperitoneally an equal volﬁme of distilled pyrogen-free water.
Blood was collected 18 hr later as described below.

Sodium salicylate was obtained~from Fisher Scientific Company,

Fairlawn, New Jersey.

-+ Soya bean trypsin inhibitor (SBTI) was obtained from Sigma Chemical

Co., St. Louils, Missouri.

Sulphinpyrazone (generogsly supplied by Geigy Pharmaceuticals,
Montreal, ‘Quebec) was.prepared as described previously by Packham
et al. (1967b).

Eicherotopical bovine thrombin (Parke, Davis & Co., Detroit, Michigan),

or purified rabbit thrombin (a generous gift of Drs. M.R.C. Hatton and

E. Regoeczi, Department of Pathology, McMaster University) were used.

TAMe [p-tosyl~L-arginine methyl ester (HCl)] was obtained from Mann
Rescarch Labs, New, York, New York.

Uridine 5'diphosphate (UDP) and uridine-5'-diphosphoglucose (UDPG)

were obtained from Sigma Chemical Co., St, Louis, Misseuri.
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C%llection of blood

[

Venous blood was obtained in the morning from fasting human
subjects who had not taken Any drugs for at least 10 days.

Blood was collected froé 2.5-3.5 kg rabbits, anesthetized with
sodium pentobarbital (30 mg/kg), through a polyethylene cannula
inserted into the carotid artery.

Pig blood wa;\collected at a slaughtéfhouse (Canada Packers,
Toronto, Ontario) in polyethylene bottles. All glassware used to
contain blood or plgsma was coated with silicone. The acid-citrate-

dexgrose solution of Aster and Jandl (1964) was used as anticoagulant

(1 part for 6 parts of blood). For pig blood the anticoagulant also (
contained heparip (final concentration 0.5 U per milliliter of \
anticoagulated blood) . | . \\M
Preparation of plasma ‘
Platelet~rich plasma (PRP) was prepared from blood collected
into 0.1 volume of 3.8 percent sodium citrate dihydrate by centrifugation
: ™~

at 77 g for 15 min at room temperature.

Citrated platelet-free plasma (PFP) (pH 7.35) prepared from
blood taken into 0.1 volume of 3.8 pe;cent'trisodium citrate dextrose.
It was Q;éd for some experiments to resuspend the labeled, washed

rabbit platelets.

Preparation of suspensions of washed platelets

Suspensions of twice~washed platelets from rabbits (Ardlie et al.
1970, 1971) pigs, or humans (Mustard et al., 1972b) were prepared

as described previously except that for pig platelets the osmolarity
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of the washing and suspending solutions was adjusted to 340 mOsm with
30 percent NaCl. Platelets from all species were finally resuspended
in Tyrode solution or for some experiments, in Eagle's medium (GIBCO,
Grand Island, New York) (containing 2.2 g sodium bicarbonate per liter)
containing 0.35 or 4% bovine albumin. For some experiments 5 mM

Hepes buffer was included to maintain the pH of the medium at 7.35.
Apyrase was included in the suspending medium. Platelets were counted
by the method of Brecher and Cronkite (1950) and platelet counts were
adjusted to 300,000 to 700,000 per mm3. The platelet suspensions were
stored at 37°C.

Platelet labeling

Platelets were labeled in the first washing fluid. Platelets
° 14
were incubated for 10 minutes at 22°C with 1 pCi of C~serotonin

(5-hydr0XYtryptamine-3'—14C—creatinine sulphate). Pig platelets were

labeled with 51Cr by incubation at 37°C for 20 minutes with 10 uC#/ml

of washing fluid. Labeling of pig platelets with 3H—DFP was done in the

same way by incubation for 5 minutes with 0.25 Ci/ml of washing fluid.
Originally, the platelets from two rabbits were labeled in
the second washing fluid (10 ml) by incubation for 1 hour at 22°C

with 100 uCi 51Cr. Later the platelets from two rabbits were incubated

for 30 minutes at 22°C with 200 uCi of 5]'Cr.

Preparatlon vl washed cabble red blood cells

The rabbit red blood cells were obtained after removal of the

platelet-rich plasma used for the preparation of the platelet

sdspension. They were washed three times in a calcium-free modified

s/

¢



Tyrode solution at pH 7.35, and finally resuspended in the same

medium as the platelets (1 volume red blood cells, 3 volumes suspending

medium). < \\\,

Preparation of collagen—coated glass tubes "_h,)

New Pyrex glass tubes (10 by 75 mm, Corning Glass Co.,
Corning, New York, No. 9820) were washed in detergent (Alconox) and
then soaked in a solution of alcoholic potassium hydroxide (1IN) for
18 hours. The tubes were then washed, soaked for 18 hours in HCl
(1N), washed with glass-distilled water, and dried at 100°C. To coat

the tubes with collagen, 1 ml of acid-soluble collagen was poured

into each tube which was then covered with parafilm and rotated

end~qver—~end at 15 rpm for 10 minutes at 22°C. The solution was decanted

and the tubes rinsed by filling them 4 times with a modified Tyrode
solution containing no c;lcium or magnesium; gﬁe tubes were inverted
to drain EOF 15 minutes- at 22°C before the platelet suspension ‘was
added. -

The tubes were not used more than 40 times because with aging
and repeated washing and soaking, they tended to be less evenly

~coated with collagen. /£

Adherence of platelets to collagen-coated tubes

In experiments with inhibitors of platelet function, the,
platelet suspenslon (L0 parts) was mlxed with the Inhibitor solutlon

(1 part) at 37°C for 10 minutes before 1 ml of the platélet suspension

was transferred to a collagen-coated tube. Solvent solution replaced

4



the inhibitor solution in control experiments. {(All the concentrations
of inhibitors are given as the final concentration in the platelet
suspensions.) The collagen-coated’ tubes containing the platelet

suspension were covered with parafilm and mechanically rotated end-over-end

at 15 rpm for 10 minutes at 22°C. Before and after rotation a sample
of the plateiet suspension was examined by phase-contrast microscopy

to ensure that no aggregates were present. The platelet suspension

was decanted, a éamﬁle'was centrifuged for 1 minute in an Eppendorf

-

centrifuge (Brinkman, Rexdale, Ontario) for measurement of supernatant
radioactivity. "In the case of lI‘C--sex:ol:on:l.n, it is likely that most
of the radloactivity found in the supernatant fluid represented release
of gr;nule contents, although 1;88 of lac—serotonin from the cytoplasm,
could' not be distinguished from releage. In the case of 51Cr—labeled
platelets, radioactivity in t@e supernatant fluid is consideregyto
represent loss from the cytoplasm and probably lndiéaCes some platelet
lysis. The tubes were rinsed 4 times by filling them with a modified

¢

Tyrode solution coquining no calcium or magnesium; this procedure

removes platelets that ?re not tightly adherent to the collagen-coated

/ . 14
surfaee.~fﬂe showed previously (Cazenave et al., I973b)that C-serotonin

or“SICr that was not associated with platelets did not become adherent

- : . 4
to the collagen-cdéated surface. In the experiments with 1 C-serotonin

or QH-DFP thdifubesgwere treated with 0.5 ml of NCS (Nuclear Chicago
. )

Solvent, Amershamngarle;,Arlington Heights, Illinois). The NCS was

.o ‘/ ‘
transferred quantitatively to counting yials using 10 ml of toluene-fluor
4. ’




solution for liquid scintillation counting. In the experiments with

Cr, the rinscd Ltubes were transferred dircctlfkmo a well-type cnystal

scintillation counter for measurement of radioactivity. The extent
of adherence was calculated as a percentage of the totallradioactivity
in the platelet suspension. |

 The surface.area of a collagen-coated tube was approximately’
2,500 mmz. One milliliter of platelet suspension contained 7 x lO8
platelets. Therefore, 1 percent adhgerence of radioactivity to the
collagen-coated sur%ace represents approximately 2,800 plateiets per
square millimeter. In calculating the extent'of reléase or loss of
radioactivity from the labeled platelels, t?e amount of radioactivity
present in the éuspending fluid of the gntreated platelet suspension
(always less than 2 percent) was subtracted from the amount of
radiocactivity in thg suspending fluid after rotation of Fhe platelet
suspension in the_ collagen-coated tubes. Then the difference between
‘these values was expreéggd as a percentage of the total radioactivity
in the platelet éuspension. There was considerable variation in the
extent of adherence from one platelet suspension to another, although

with any one suspension the 5 licate values were very similar for
“ . - ‘

the control samples,';s well /as for the samples containing the drug
under stud(. Therefore, the regults of expgriments with'diffe;eﬂ
platelet suspensions were not meaned. Results oé typical experiments
are shown, and thg‘number of.éxperimegfs is recorded. In each

v L " :
experiment each value represents the mean of 5 replicates and their -

standard error.

l"v ‘{‘

i



7

55
AN

Preparation of collagen-coated segments of glass rods

Glass tubing (external diameéer 7 mm) was cut into 1 cm segments,
washed as described above for the glass tubes, and 4 or 5 segments were
mounted on metal probes. The segments were separated by rubber O rings.
The assembled éegments were immersed in acid soluble cpllagen for two
min and then rinsed in modified Tyrode solutie;ixno calcium, magnesium
or glucose) fo; 30 sec at room temperature. ;héfgggments of collagen-

coated glass were placed in a humid atmosphere for 15 min before use.

Preparation of damaged seéments of aortas

Immediately after exsanguination, the chest and the abdomen of
the rabbits were opened to expose the aorta from the arch to below
the diaphragm. The abdominal aorta was transected, the aortic arch
was incised and the aorta rinsed with 50 ml of—modified Tyrode
solution.! Two forms of injury were used to damage the aorta and éxpose

the subendothélial tissue.

~

(1) Damaging the aorta by scraping

The aortas were removed from the animals, most of the fat and

\ connective tissue was removed, and the vessels were everted on a piece

|

\

of polyethylene tubing (external diameter 3.6 mm). The endothelial

Esurfécé of the vessel wall was damaged .by scraping it witﬁ a scalpel

blade. Approximately 0.5 cﬁ was trimmed and discarded from each end

of the évcrted aorta becau;e this reglon tended to be extenslvely

damaged by handling. The damaged aortasiwere kept at 22°C in the

Tyrode-albumin medium or in Eagle's medium until they were immersed
: . - v

in the suspension of labeled platelets. The aortas were cut into

Ve
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1 cm pieces (segments) on the supporting rods before rotation
in the platelet suspension. Usually five pieces were )
obtained but the number varied from 4 to 7. In some experiments, severai
aortas were used and the segments were exposed in groups (4 to 7 per ~*~
group) to the platelet suspension; a fresh aliquot of the suspension

was used for each group.

(2) Damaging the aorta with a balloon catheter

In each rabbit, a balloon catheter (5F, Edwards Laboratories,
Santa Ana, California) was introduced through the incision in the arch
of the aorta and pushed down below the diaphragm. The balloon was
inflated with 0.7 ml of air (about 450\mm of- mercury) and the catheter
was withdrawn. This procedure was repeated 5 ;imes to ensufe complete
removal of the endothelium. The aortas were then rinsed with 50 ml of
modified Tyrode solution, removed from the animals and kept at 22°é
in Tyrode albumin medium or in Eagle's medium. The "ballooned" aortas
were everted, mounted on metél rods and, treated in the same wdy as the
scraped aortas. -

Adherence of platelets to céllagen—coated rods or to damaged aorta

’/
segments ) ‘ )

Adherence at 37°C over a 10 minute period was studied by
rotating the rods in 10 ml of the suspension oﬁ'SICr—lapeled platelets.

In the early experiments, rotation was done manually at 280 rpm

"(dixection of rotation being changed every 0.6 seconds; in later

experiments, rotation was done mechanically in one direction at speeds

ranging from 100 to 200 rpm).
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Adherence'of platelets to the surfaces was measured using a
rotating probe device designed in collaboratiqn with Dr.. I.A. Feuerstein
and built by Mr. J. Newton (quartment of Chemical Engineering,

McMaster University).L The device consisted of two metal probes rotating
simultaneously in 2 test tubes of 1.4 cm internal diameter, each
containing 10 ml of platglet suspension at 37°C. The speed of rotation
was measured by a tachgmeter and controlled by a rheostat. The probe .
was fitted with collagen-coated glass segments or an everted segment

of rabbit aorta. The fluid dynamic characteristics of the system have

been described elsewhere' (Feuersteirr et al., 1975). Adherence at 37°C

ovef a 10 minute period was studied by rotating the probes aE 200 rpm
in 10 ml of a suspension of S%cr—labgied platelets. After rotation
in the platelet suspension, the collagen-coated glass segments or the
aorta segments were rins;d in fresh modified Tyrode solution by
rotationvatVSO rpn. for 15 seconds, and removed from the probes. ‘In
\Pore recent experiments the rinsing.procedgre was modifi;d; the segments
%f aorta or collagen-coated glass were rotated in fresh modified

fyrode solution containing 10 mM EDTA, pH 7.35 at 200 rpm for 15 minutes.
This was done to ensuré that on}y single platelets and not platelet

aggregates were adherent to the sqrface: "When EDTA was used in the

rinsing solution, a footnote stating this has been added to the tabulated
\

data.

Calculation of number of adherent platelets

The fad;oactivity of the collagep;cgated glass or aorta

4

-"
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ifgmenCS was measured in a we11~type.gamma—scintillation counter. The
radiéactivicy of 0.1 ml sampies of the platelet sgspension and of the
supernaténé fluid from the platelet suspension was measured. The
radioactﬁv#ty of the platelets was .obtained by subtraction. The number
of plateieés per, cubic millimeter of platelet suspension was counted
and the codpts per minute per 10  platelets were calculated. The
sﬁrface areg of the aorta segments or glass rods was determined from
their length and diameter.” Using the measured radicactivity of each i
segment the counts per minute per square millimeter was calculated
and _the number of platelets which this nuﬁber of counts per minute
represented was determined: Values given in the tables are means *
standard errors.. Significance of the difference between experimental
and control values was calculated using an unpaired two-~tailed t-test.
For some experiments with ballooned aﬁrtas, the significance
of the effeqt of drugs on plételet adherence was asse;;ed by Professor
M. Gent (Department ofﬂcl{¥icai Epidemiology and Biostatistics,
McMaster University) using an analysis ;f variance technique. The
number of platelets adherent teo differe;t segmenés (proximal or dispal)
was examined but no significant différence was found. Likewise, in any
one experiment, there was no significant differenceﬁin the number of
platelets adherent to segments from different rabbits. Any variations
in adherence that occurred from experiment to 9xpeiiment are probably

attributable to differences in the reactivity of the platelets

Inhibition studies

-

The compdgnd to be tested or its appropriate solvent (as a

©
.

’/ ) . . ’ K N
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control) was added to the platelet suspension and incubated for 10

<

minutes at 37°C before the addition of red cells at a desired hematocrit.

Final concentrations of the platelets and of the compeunds are given

AN

in the tables. The platelet count was expressed as the number pgr

mm3 of fina% suspension, whether or not there were red cells prebent
, i
in the suspension.

Platelet sugpension

Platéiet aggregation was studied by a turbidimetric method
(Greenberg et al.,‘1975) using 1 ?l‘aliquots of platelet suspension.
The solution of inhibitor to be tested (0.1 ml) or the appropriate‘
solvent was added to a prewérmed (5 min) sample of suspension and the
mixture w;s‘i;cubéged for 30 sec ~ 10 min. It was transferred to thé
aggregometer, stirred at 37°d and 0.1 ml of the aggregating agent was
addéd; The aggregating agents wege: ADP, sodfﬁm arachidoh;te, thrombin
or collagen.

) A
Release of labeled serotonin ' ‘

La§éledﬁserotonin relegsed from prelgﬁeled platelets was measured
in the‘s;pérnatant fluid obtained by centrifuging the platelet
suspension in an Eppendorf centrifuge 4 minutes after the addition of
an aggregating age£t. The rélease of ll‘C from [14C]5—HT prelabeled

*
platelets was measured as described previously (Jenkins et al., 1971).

Malondialdehyde formation _
Malondialdehyde (MDA) formed by the platelets was assayed by

the thiobarbiﬁuric acid method of Smith et al. (1976) and the optical

LS
~
[

.
. . <4
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density at 532 nm measured. "A étandard curve Qas constrqcted using
malon?ialdehyde bis-(dimethyl acetal) (Aldrich Chemical éoﬁpany‘lnc.,
ﬁilwaukee, Wisconsin) dissolved in a mixture of equal parts absolute
alcohol and 0.2 N HCl. Dilutions were made using platelet suspending
fluid and handled in the same way as for the estimate of MDA iﬁ

e

platelet suspensions.

Electron microscopy

Samples for electron microécppy were prepared by shadow casting.
A tube was goated with collagen, rinsed, exposed .to a suspension of
platelets, and rinsed in the usual manner. The platelets adherent to

4

collagen were fixed with chilled 1 ﬁercent osmium tetroxide in 0.1 M
phosphate ngfe£ (pH 7°4)p washed, dehydnated‘zn increasing concen-
trations of alcohol, and air dried. The tube was filled with 5 percent
parlodion solution in isoamyl acetate; the solutlon was removed and

the tube drained and dried at room temperature for 18 hours. The

thick film of plastic’ that formed -on the tube surface was removed, cut‘
into small squares, and placed in a grid that had been precoated

with cellq}gse acetate dissolved in chlo;oform. A singlé evéporating
source was used for shadowing and coating; platinum wire was coiled
ov;r a carbon tip (1 mm diameter) on the end of a carboq rod (6 mm
diameter). The platinum was evaporated onto the grid at an angle of
30° and then the carbon-was evaporated at an apgle‘of‘90° to form a
layer 600';‘thick. Thé grid was placed on several layers of filter

" paper and the original plastic film was removed by dissolving it with.

isoamyl acetate.. The 'specimens were examined by electron mdcroscopy.
Ry
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Samples for scahning electron microscopy were fixed in ZLS
percegt glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2, 340
mOsm.)’for 3 hours at 4°C and postfixed in 1 percenﬁ osmium tetroxide in
0.1 M sodium cacodylate buffer for 1 hour at 4°C. The samples were
dehydrated in increasing conc;;tratioﬁs ofﬂalcohol then in acetone
and finally air dried. They were coated with a 3 A 1aye;,ofJgold—
palladium alloy and examined with a AMR 1000 scanning electron microscope.

$

Modifications of platelet surface by various treatments

(1) Thrombin
In gérlj experiments rabbit platelets were treated with a low
concentration of bovine thrombin as. described by Reimers et al. (1973b).

. | . . - .
For“the more recent experiments, the preparation of thrombin-treated

\

. platelets used was that described by det&il by Kinlough-Rathbone et al.

il
/
«

!

I
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(1975). In the second method, platelet aggregation and release were
induced with a high concentration of bovine or purified rabbit thrombin

-

. Y
(0.5 units/ml). UFon formation of large aggregates, PGEl (10 puM) and
plasmin (0.025X%) were added to the reagent tube. Plasmin destroys the
fibrin which forms around the thrombin-treated platelets so that the

platelets can be recovered more easily. PGE1 has been shown previously

to enhance deaggregation after thrombin-induced aggregation (Reimers

et al., 1973b). After 30 minute incubation at”37°é, TAMe (1 mM) and
SBTI (O.QZS%) were .added as jnhibitors of thrombin and plasmin
respectively. The platelets were washéd once in fresh calcium-free
“Tyrode-albumin (0.35%) containing heparin and a small amount of raSbit
serum as a source of "heparin coféctor" to neutralize any thrombin still
re%aining with the platelets. These platelets were finally resuspended -
;n,Tyrode—albumin containing apyrase and 5 mM Hepes buffer to maintain
the pH qf the medium at about 7.3. [Thrombin-treated platelets produce

Y

about twice as much lactic acid, as untreated control platelets (Reimers
et all, 1973b)]. Control suspensions were prepared ié the same way
except that instead of thrombin, Tyrode solution was added to the
original platelet suspension.

(2) Plasmin

Rabbit platelets were treated with plasmin, obtained from 3

different sources, in the first washing fluid for 30 minutes at 22°C.

The concentrations of the various plasmin used were: 0.05% pig plaémin

Novo or 0.1 ﬁg/ml g@;g:rabbit plasnin (obtained by activating plasminogen

A N s
i T oo,
&
by

——

Tl A
:
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with urokinase) or 0.75 CU/ml of pure human Kabi plasmin. The platelets
wedg recovered and resuspended using PGE1 (10 uM) and SBTI (0.025%)
by methods similar to those ysed with thrombin-treated platelets.

¥

(3) Chymotrypsin

Platelets were tfeated with purified chymotrypsin as described
by Greenberg (personal communication). Platelets were incubated in
the second washing fluid (platelet count adjusted to 1,000,000 per mm3)
with chymotrypsin (10 units/ml) for 30 minutes at room temperature.

Then, SBTI (0.5 mg/ml) and PGEl (100 uM) were added for 10 minutes.

Platelets were washed once in calcigm—free Tyrode albumin and resuspended 3

finally in Tyrode solution containing 4% albumin, apyrage and 5 mM
Hepes buffer to maintain the pH at 7.3. Control suspensions were
prepared in the same way except ;hat instead of chymotrypsin, 0.85%
saline was added to tﬁe platelet suspension,

(4) Neuraﬁinidase

Platelets were treated with neuraminidase as described by
Greenberg et al. (1975). In platelet suspensions from rabbits the

platelet‘count was adjusted to 2,000,000 platelet; pe'r'mm3 in'ghe

gecond washing fluid and to 700,000 ylatslets per mm3 in' the final N
suspension. Glucogse was omitted from the second washing fluid to
facilitate sialic acid determinations. When the platelets had been
resuspended in the second washing fluid, Lt was divided into two parts:
pufified neuraminidase (in amounts ranging up to 0.0l unit per ml) wﬁs
added to one haif; an equal volume of 0.1 M aéetate buffer (pH 5.5)

was added to the other half as a control. Both samples of platelet-

suspension were incubated for up to 30 minutes. The plételets were




recovered by centrifugation, and the supernatant fiuid was s;ved for
sialic acid determinations. -The plateiets were suspended in Tyrode's
solution containing 0.35 Percent albumin. Values for total platelet
sialic acid (before neuraminidase treatment) and for sialic acid
_removed by neuraminidase treatment (sialic acid was not released from
platelet granules by neuraminidase treatment) were measured after

sulfuric acid hydrolysis as free N-acetylneuraminic acid using the

thiobarbituric acid assay of Aminoff (1961).

(5) Sodium periodate-- - . CoN
Platelets from two rabbits were washéd oﬁce and resuspended in

40 ml of washing fluid from which glucose was omitted. This suspension

was diQided into four 10 ml parts: 1 ml of NaIO4 was ;dded to each

,of the three parts; an equal Qolume of isotonic saline was added to the

fourth part as a control. The final concentrations of NalI0O, ranged from

4
0.1 to 1 mM; the final pH was 7.1 to 7.3. All four samples of

ﬁlatelet suspension were gently mixed and incubated at 22°C for 10
minutes. The reaction was terminated by adding 0.1 ml of a 1 M glucose

solution to quench the NaIOa. The platelets were washed once and

resuspended in Tyrode-albumin with apyrase.

Sodjum periodate” and godium Borohydride

" Four 10 ?1 saﬁples of a'platelet suspension were incubated
wlth NnTOA na déﬂcribed above. The platelets iIn en;h.nnmple wvere
reco;ered by centrifugation and resuspended in 10 ml of washing fluid.

\b

One milliliper’of_NaBHA was added to each of the three samples of N



65

resuspended platelets, and an equal volume of isotonic saline was added
to the fourth sample as a control. The final concentrations of NaBlll0
ranged from 0.5 to 5 mM; the final pH was 7.5 to 7.6. All four samples
were gently mixed and incubated at 22°C for 30 minutes. The platelets
were then centrifuged and resuspended in Tyrode-~albumin with apyrase

as described above.

Platelet survival

The in vivo survival of washed rabbit platelets modified by
various treatments was measured by a modification of the method of
Reimers et al. (1973a)using platelet suspensions labeled with 61Cr.
Control experiments were done with platelets that had not been treated,
but had been subjected to the same washing and resuspending procedures.
The radioactivity of samples of whole blood was determined by the method

of Aster and Jandl (1964). ,

Preparation of antiserum to rabbit platelets

’ The antiserum was raised in sheep and was kindly provided by

pr. J. Gauldie, Department of Pathology, McMaster University.
Approximately 200 ml of rabbit blood, ﬁooled from six animals: was

’
collected into 2% EDTA-0.33% saline (9 parts of blood to 1 part
anticoagulant).r Platelet-rich plasma was centrifuged at 2300 g for
15 min and the platelet pellet was resuspended in 5 ml of 0.85%
saline at a platelet count of 5,000,000/mm3. The platelets were
disrupted bylsonication and the sonicate was stored ac'—20°C in 0.1 ml

aliquots. For injection, an aliquot was thawed, mixed with 0.1 ml

of complete Freund's adjuvant, and.injected subcutaneously. into a
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sheep; this was repeated once a week for 6 weeks. At 7 weeks, the shtep
was bled and the serum was prepared, heated for 30 min at 56°C to
destroy complement, and stored at -20°C. The ;resence of antiplatelet
antibody was confirmed by the formation of a precipitin line against a

sonicated rabbit platelet suspension on an Ouchterlony plate.

Production of thrombocytopenia

Thrombocytopenia in rabbits was produced by whole_biood
irradiation with a cg§iuﬁ source (930 rad, 465 rad on each side for 14.5
min). During irradiation, both sides of the necks of the rabbits were
shielded with a lead ribbon to prevent radiation damage to the blood
vessels. The rabbits were given injections of 1 ml penicillin-streptomycin
(Derapen-C, with dihydrostreptomycin, Ayerst Laboratories, Montreal
Canada) 24 and 48 hr after irradiation. Seven days later the rabbits
received an intravenous injection of 0.3 ml of sheep antiserum to
rabbit platelets, 12 to 16 hrlbeforé the bleeding time studies were to
be done.

Platelet counts and bleeding time determinations

¥

One hour bé{ore the bleeding time studies, samples of blood
were taken from the ear veins of the thrombocytopenic rabbits and the
platelets were count;d by the method of Brecher and Cronkite (1950).
Platelets that‘had been modified with various treatments (or control

platelets) were then injected intravenously into the thrombocytopenic

rabbits. Each rabbict regeiveg 1010 platelets in a volume of 5 ml

(the weights of the rabbits were similar (mean * S.E.M., 2527 2 4i g).

+
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Thirty m%nutes later the rabbits were anesthetized with sodium )
pentobarbital, the jugular veins were exposed and each was arranged
above a small trough. Blood samples were taken by cardiac puncture
for platelet counts and for measurement of the percentage recovery of
1Cr—iabeled platelets injected. Then a puncture wound was made in a
jug;lar vein with a 23 gauge needle. The wound site was observed until
bleeding ceased and the time was recorded. To prevent accumulation 4}
blood at the wound site, a flow of 0.85% saline was directed into the
trough below the exposed jugular vein. The bleeding time was then
measurgd again in the same way by puncturing the other jugular vein.
Statistical considerations. In experiments with thrombocytopenic
rabbits the relation between the platelet count and the bleeding time
has been found to resemble an exponential function (Hirsh, J., and
Senyi, A.F., unpublished observation). Therefore, the bleeding time
values were transformed-to logarithms before determining the mean for
each experiment.’ The significance between any two of the three means
was determined 59 a two-way analysis of varilance. This analysis also
provides the best common estimate of the standard deviation. This was
then used to devélop the 99% confidence intervals for each of the two
treatment means and the control mean. The calculated means and

confidence intervals from the transformed data were then transformed

back to the origlnal scale.
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A.

DEVELOPMENT OF A METHOD FOR MEASURING PLATELET

ADHERENCE TO COLLAGEN-COATED GLASS TUBES
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The results reported with collagen—-coated glass tubes were ,//
obtained while I was working in the laboratory of Dr. M.A. Packham
at the University of Toronto. This earlier work was continued in
khe laboratory of Dr. J.F. Mustard at McMaster University where
methods of measuring platelet adherence to collagen-coated glass rods
and to everted aortas were developed.

1. Adherence of platelets to a collagen-coated glass tube

Previous work (fackham et al., 1969; Jenkins et al., 1973) has
shown that it is possible to coat glass tubes with proteins and to
measure the number of radiolabeled platelets adherent to these surfaces.

The first experiments with collagen-coated glass surfaces were
an extension of these early studies and involved the use of glass ;ubes
coated with acid soluble collagen. ?uspensions of 51Cr-labeled

platelets, or 14C-serotonin labeled platelets were placed in the tubes
f

and the tubes were rotated for a fixed time, rinsed, and the radioactivity

that remained adherent to the tubes was measured (Cazenave et al. 1973b).
A number of the conditions required for quantitative measurements of
platelet adherencé to the surface were established 'in these early
studies. Therefore, a summary of these experiments will be presented

as -an introduction to the results obtained after the method was

modified to measure adherence of platelets to collagen-coated glass
cylinders rotated in a platelet suspension. The method was later
adapted |to the. measurement of platelet adherence to the subendothelial:

structures of the everted rabbit aorta (Cazenave et al. 1975).

N

[ O U
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(a) Collagen—ébgted surface

When a glass surface was exposed to acid soluble collagen, and
rinsed with Tyrode solution, fibrils of polymerized collagen adhered
to the surface and could not be removed by further rinsing. Electron
microscopic examination of the fibrils showed typical 640 ; cross-
striations. These fibrils were destroyed by collagenase treatment
(Cazenave et al. 19735).

Platelets did not adhere to collagen—coated tubes that had been
incubated (30 minutes, 37°C) with collagenase (Type II1I, Sigma Chemical
Co., 60 ug per milliliter in a modified Tyrode solution containing 5 mM
calcium, but no magnesium, pH 7.4). These tubes were rinsed twice with
a modified Tyrode solution (no calcium or magnesium) before addition of

the platelet suspension (mean adherence: uncoated tube - 2,800 per mm2

2
collagen-coated tube - 58,800 per mm collagen-coated, collagenase-

4
treated tube - 3,900 per mm2

(b) Comparison of adherence of platelets from pigs, rabbits

and_humans

Eal

The adherence to the collagen-coated tube was similar with
y ,

platelets, labeledtéith 14C--serotonin from pigs, rabbits, or humans

(Table 1). Because pig blo;d was most readily available in large

amounts, most of the earlier ‘experiments were done witﬂ pig platelets.
Wwith pig platelets, it was noticed that occasionally some

w
batches of platelet suspension would not adhere to the collagen-coated

v

tubes. This was usually associated with platelets prepared from blood

&
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>

that has been difficult to collect at the slaughterhouse. The results
from experiments in which the adherence of the control platelets was
less than 5,000 per mm2 were discarded. This value is about 10% of
the adherence o? control platelets prepared from most of the blood
samples.

(c) Comparison of radioactive labeling methods

Pig platelets were washed and resuspended in Tyrode sslution
containing 0.35% albumin and apyrase. Samples of platelet suspension
were transferred to collagen-coated tubes and the tubes were rotated
end-over-end for 10 minutes in most experiments. Apyrase was included
in the suspending medium to degrade any ADP lost from the platelets and
thus to prevent aggregation and to prevent the contribution that the
synergism with ADP would make to the release reaction induced by
collagen (Packham et al. 1973).

| Single platelets adhered to the collagen fibers. Microscopic
observation of collagen:;oated glass surfaces that had been exposed to
platelets and of the residual platelet suspension after exposure
showed that aggregation of the platelets had not occurred on'the surfgces
or in the platelet suspension (Figure 2), Thus the method made it possible to
measure platelet adherence to collagen in the absence of platelet

aggregation.

(1) Labeling Pilg Platelets with [lACJ—SHT, 51Cr or [3H]-DFP

To ascertain that the labeling procedure had no effect, under

thé conditions used, on the adherence of platelets to collagen, three

[ UL Y

T vt
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Electron micrograph of washed pig platelets adherent to a collagen—
coated glass surface. Shadow casting technique x 4200.

el




methods of labeling platelets were evaluated. Pig platelets were
labeled in suspensioﬁ with 1['C—-serort:onin, which is transported
actively into the amine storage organelles and is releasable with the
contents of the amine storage organelles (Holmsen et al., 1973)..

N »
SlCr (as sodium chromate) is the label most commonly used in the study‘
of platelet survival. The chromate ion 1s transported across the
platelet membrane possibly by an active mechanism (Tsukada and Steiner,
1970) and probably reduced inside the cell to the chromic state.
In human platelets, 20 percent becomes bound to platelet stroma (Aster
and Enright, 1969) and 80 percermt binds to low molecular weight,
dialyzable compoﬁnds, possibly nucleotides (Steiner and Baldini, 1970).
Kattlove and Spaet (1970) have reported inhibition of platelet function
with concent;ations of chromate greater than 10 pg/ml. In the present
experiments, the final concentration of chromate used for labeling
platelets was about 0.1 pg/ml. DFP irreversibly labels the active
serine group of serine esterases and inactivates these enzymes. A
review of the factors affecting platelet labeling with all these
isotopic labéls has been given by Aster (1971).

The adherence of radioactivity to the collagen-coated 5urface'

was similar when washed pig platelets were labeled with [lAC]—SHT or

51 3
Cr or [ H}-DFP. Under these conditions very little radiocactivity

R

appeared in the §upernatant fluid, indicating very little or no release

of the platelet granule contents or loss of cytoplasmic or membrane

components (Table 2).
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In an experiment in which platelets were labeled with both

C-serotonin and 51Cr, adherence to the collagen-coated surface was
57,400 & 5,600 per mm2 measured with 51Cr-labeled platelets (radioactivity
lost into the suspending fluid being 3.3 * 0.4 percent) and 53,200 t 3,900
per mm2 measured with l['C—serotonin-labeled platelets (radioactivity
released being 2.7 ¢ 0.1 percent). These results and those reported in
Table 8 (experiment 2; 22°C) excluded the possibility that the 1l‘c—
serotonin-labeled platelet adherent to collagen might release lac—

serotonin which could then be taken up by platelets still in suspension.

These results showed that when platelet adherence was measured at 22°c,
there was not much release and thus lac-seroconin could be used as a
platelet label.

By this method, adherence of radiocactively labeled platelets to
collagen-coated surfaces could be measured in the presence of
physiologic concentration of divalent cations (2 mM Caz+; 1 mM Mg2+),
in an artificial medium and the composition of the suspending medium
varied. Various plasma proteins could be added and anticoagulants were
avoided.

The functions and properties of the platelets are similar to

those of platelets in plasma (Ardlie et al. 1971; Mustard ct al. 1972b),
Doery et al. 1973; Kinlough-Rathbone et al. 1977). Washed rabbit
platelets survive normally when injected into rabbits (Reimers et al.
1973a).

14 51
(11) Adherence of Free C-serotonin and Cr to Collagen

1
The adherence of AC—serotonin in platelet-free suspending
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fluid (32,300 c.p.m. per milliliter) to a collagen-coated SUEEéée was

51

0.8 + 0.1 percent of the total counts per miank. with Cr (as sodium

chromate) in platelet-free suspending fluid (5,300 c.p.m. per milliliter),
the adherence was 0.6 *+ 0.2 percent. In contrast, when a platelet
suspension was tested in which the platelets were labeled with lhc—

serotonin (29,800 c.p.m./ml of platelet suspension) the percenE

adherence was 17.6 ¢+ 1.3%; when they were labeled with SlCr (4,800

c.p.m./ml of platelet suspension) the percent adherence was

20.8 ¢+ 2.3%. 1t was concluded tkhat these radioactive compounds did

N
not adhere significantly to the collagen-coated surface if they were

not contained within platelets.

(Li1) Comparison of Changes In Platelet Count and Radiocactivity

The number of platelets remaining in the suspension corresponded
to the percentage of radioactivity remaining $n the platelet
suspension after rotation. It was found that the extent of adhere;ce
was 12.6 t 0.7 percent, whereas the decrease in the number of platelets
and in ghe radioactivity of the platelets suspension were 24.9 and
26 percent, respectively. These observations indicate that in this type
of experiment about half of the platelets that become adherent to the
collagen~coated surface are loosely bound and are dislodged by the
standard rinsing procedure. The possibility that the results were due
to release of lqc—serotonin from platelets adherent to the collagen

and reuptake by platelets in suspension seems unlikely, because in a

later experiment (Table 8) in which platelets were doubly labeled with

— —
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4 51
C-serotonin and Cr, both labeling methods gave the same estimate of
the number of adherent platelets at 22°C.

(iv) Effect of Repeated Transfers to Collagen-Coated Tubes

The possibility that a selected population of pig platelets
adhere to the collagen was considered. An experiment was done to
investigate whether, after 10 minutes of rotation, any platelets that
could adhere to collagen remained in the suspension. The platelet
suspension was transferred, after a 10 minutérrotation, to a fresh
collagen-coated tube and the rotation procedure repeated. This
procedure was repeated twice more. The percentage of platelets adhering
was approximately the same in each collagen-coated tube (Table 3),
although after 4 transfers and rotation procedures, the'amount of
released radioactivity rose to 13 percent, probably indicating

platelet damage.

2. Establishment of optimum conditions for assessment of platelet

adherence to collagen-coated-tubes

(a) Effect of Apyrase

. The effect of different concentrations of apyrase in the platelet
suspending medium was investigated with 51Cr—labeled pig plaQelets.

There was no statistically significant difference in the values for
adherence with the different concentrations of apyrase (Table 4).

1f, however, apyrase were omitted from the suspending medium,

aggregation was observed and hence adherence of single platelets could

not be measured. An apyrase concentration of 2 pl per milliliter of

platelet suspension was chosen for further experiments. This
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TABLE 4

Effect of apyrase on the adherence of washed pig
platelets labeled with Sler to collagen-coated
tubes. '

—

Apyrase Number of platelets per mm2
(pl/ml) - ; (mean * S.E.)
2 58,600 + 5,600
5 42,300 £+ 3,400
10 56,600 + 2,500
20 43,400 + 4,500
50 37,800 * 12,900

Each value was the mean of 5 replicates.

oy
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concentration of apyrase was chosen because it blocked platelet

aggregation induced by 2 uM ADP. Thus the apyrase would degrade any

x

ADP lost from the platelets and prevent any synergism between the ADP

and collagen in inducing the release reaction (Packham et al. 1973).

\
(b) Effect of Platelet Count

The effect of the number of platelets in the suspending medium
was examined with 14C—serotonin—labeled pig platelets. The number of
platelets adhering to the collagen-coated surface was direcﬁly
proportional to the concentration of platelets in the suspending medium
(Table 5). However, when the platelet count was above 700,000 per cubic
millimeter, aggregates were sometimes observed. Therefore, to ensure
that adherence of single platelets was_béing studied, a platelet count
of 700,000 per cubic millimeter was chosen for further experiments with
the collagen-coated tubes. (The optimum platelet count was also
determined for the other procedures used to measure platelet adherence

(see section IB)).

(¢c) Effect of Rate of Rotation
N ?ﬂ?ﬁ

The effect of the rate of<&ndyover-end rotation of the collagen-
coated tubes containing platelet suspensions was investigated over a
range of 15 to 120 r.p.m. (Table 6). -Aggregation was never observed
at 15 r.p.m. but at speeds above 15 r.p:m. aggregation was often
observed. At speeds at which aggregation occurred, adherence was
greater but was undoubtedly the result of combined aggregation and
adherence. Little release of radioactivity occurred at 15 r.p.m. but

slightly more release was observed at higher rotation speeds. Therefore,
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TABLE 5 '

Effect of platelet count on the adherence of washed pig
platelets with l4c-serotonin to collagen-coated tubes.

i

S )

Number of platelets per mm3 Number of platelets per mm2
in suspending medium (mean * S.E.)
300,000 6,700 * 300
500,000 14,600 = 800
700,000 21,600 + 300
900,000 . 30,800 * 800

Each value was the mean of 5 replicates. 4

During rotation of the platelet suspension, C radioactivity
released from the platelets was less than 3 percent at all
platelet counts. . :

PR
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a rotation speed of 15 r.p.m. was chosen as the standard method.

(d) Effect of Time of Rotation

The length of time the p%gtelets were rotated at 15 r.p.m.
affected the extent of adherence (Table 7). Because of the possibility
of loss of laC—serotonin from the platelets adherent to the collagen~
coated surface, during the longer periods of rotation and reuptake of
this laC-serot&@im by platelets still in suspension, the experiment was
done with SlCr—labeled platelets. With these platelets, the extent of
adhgrence increased up to 10 minuées, but did not change appreciably
with l;nger times of rotation (Table 7). Therefore, a rotatépn time of
10 minutes was chosen as the standard method. Microscopic eighination
of the platelets adhering to the"collagen-coated'SU;face after 10
minutes of rotation showed that the surface was far from being completely
covered by the platelets. Most oflthe\platelets appe;red to be
adherent to the collagen fibers rather than to the spaces between
them. Piatelets adhere to collaéen és spiny elements with long
pseudopods apparently attached to the collagen fibers (Figure 2 ).

Thus, it is not possible to ascertain the number of platelets that would
form a monolayexr on the coilagen fibers. .

(e) Effect of Temperature

The extent of p1a£elet adhesion to the collagen-coated surface
was least at 5°C and greatest at 37°C. Because of the possibility that
t?mperature might affect release or reuptake of 14C—serotonin an
experiment was done with plgtelets doubly labeled with 14C—serotonin

and Slcr. The extent of adherence was similar with both isotopes.

_
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TABLE 7

Effect of length of time of rotation on the adherence
of washed pig platelets labeled with -1Cr to a
collagen-coated tube.

Time of rotation Number of platelets per mm2 ;
(min) (mean * S.E.) :
H
{
1 11,500 * 600 =
2 21,000 ¢ 800 !
5 ' 36,700 * 1,100 { .
10 t 51,200+ 2,000
20 48,700 * 300
30 - 40,000 *+ 11,200

Each value was the mean of 5 replicates.
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There was no aggregation at 5°C or 22°C, but aggregates were occagioﬁally
. L S

observed at 37°C. There was more release from the platelets at 37°C

than at the lower temperature (Table 8). Although 37°C is a physiologic

temperature and increésing the concentration of apyrase would have avoided
platelet aggregation, this temperature was not chosen for the initial
experiments reported with coll;gen—coated glass tubes. This choice was
made for convenience because of thg lack of a readily available -
temperature controlled room at 37°C. &

(£) Effect of pH

The effect of the pH of the suspending medium on the adherence
of 14C-serotonin—labeled pig platelets was studied in 4 separaté
experiments. At pH values of 5.7 and 6.5, adherence was much lower
than at pH 7.35. Tha amount of releasé was no greater than 2 percent

-

except at pH 8.0 where the extent of release was 4.0 percent and
aggregates were observed after rotation (Table 9). Ther%;ore, pH 7.35

was chosen as the standard condition.

(g) Effect of Divalent Cations

) «
When pig platelets were suspended at pH 7.35, in a medium

containing magnesium (1 mM) but no calcium, the extent of adherence of
the platelets to the collagen;coated surface was less when compared

wlth the adherence fn a medium containing 2 mM calcium and l‘mM magnes fum
(Table 10). When EDTA (pH 7:3) was added to the suspending medium

containing calcium and magnesium, the pH fell to 6.8 and very few

platelets adhered to the collagen-coated surface. Therefore, experiments

.
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TABLE 9

Effect of pH on the adherence of washed plg platelets
labeled with l4C-gerotonin to a collagen-coated tube? ..

Number of platelets per mm2

Percent ' of total

pH . l4c-released
(mean £ S.E.) (mean * S.E.)

5.7, 1,800 £ 100 0.08 + 0.0
6.5 10,900 + 600 1.1 *+ 0.1
7.35 26,700 & 1,700 2.1 + 0.8
8.0b 43,100 * 2,000 4.0 * 0.7

7
a) Each value was the mean of 5 replicates. Typical of

4 experiments that gave similar results.

b) Platelet aggregation after rotation.
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were done in which the pH of the EDTA or EGTA to be added was adjusted

so that after the chelating agent was mixed with the platelet

suspension, thé pH was 7.3 (Table 10). The presence of EDTA or EGTA

did not completely prevent adherence of pig platelets to the collagen—/}N
coated surface, but the chelating agents greatly reduced ;dherence.

The small amounts of radiocactivity released or lost from platelets

were also decreased by the presence of EDTA or EGTA. EDTA completely
prevented the adherence of human platelets to the collagen—c(i(&d
surface at pH 7.3, (Table 10).

To establish that EDTA was affecting the platelets rather ;han
the collagen, collagen—coated tubes were filled with 9 mM EDTA solution
at pH 7.35, allowed to stand for 10 minutes, and then rinsed 4 times
with modified Tyrode solution (no calcium or magnesiumi. Adherence
of laC—serotonin—labeled pig platelets in the usual medium containing
1 mM magnesium and 2 mM calcium was 41,200 ¢ 1,100 platelets per mmz.

The similarity of these values indicates that EDTA had little or no

effect on the collagen-coated surface.

to quantitate plaselet adhere collagen-coated glass tubes. The
absence of fibrinogen and the addition of apyrase to the suspension of
washed platelets prevent aggregation, judged by microscoplc examination
of the collagen-coated surface and the platelet suspension. Under these

conditions, with the use of apyrase, very little release of

radiocactivity from lI‘C—E;’erotonin-'labeled platelets occurs.
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When the platelet suspension was rotated for 10 minutes,
increasing the concentration of apyrase in the suspending medium
25-fold did not reduce the extent of adherence. This observation
indicates that in the standard medium containing a low concentration of
apyrase, adherence of platelets to the collagen-coated surface was not
caused or increased by ADP released or lost from the platelets into the
medium, Platelets exposed to low concentratioﬁs of collagen in the
presence oﬁ enzymes that convert ADP to ATP or AMP, undergo very little
release (Packham et al. l97j). If extensive release is to occur when
platelets are exposed to a low concentration of collagen, the
synergistic effect of the combination of released ADP and collagen is
required. When the contribution of any ADP released or lost from
the platelets is prevented by the action of apyrasd} low concentrations
of collagen cause little release of granule contents (Packham et al.
1973; Kinlough—Rathbone et al. 1977). It appears, therefore, that
5lCr—l.abeled platelets and 3H—DFP—labeled platelets, the adhefence was
similar to that observed with lz'C--serotonin—labeled platelets, indicating
that all these methods of platelet labeling provide a similar measure
of the e;Lent of adherence of platelets to collagen.

P An experiment was done with platelets doubly labeled with

1l’C—serotonin and SlCr to ensure that in the experiments with 1(.C—

serotonin, platelets adhdrent to the collagen did not release lAC—
jétaken up by platelets still in suspension.

serotonin which would b

At 22°C, the calculated values for adherence were the same with both

’



labeling methods. Therefore, it was concluded that release of

-

4C—serotonin and reuptake had not occurred because if it had occurred,
the estimare of adherence with l['C—sero(:onibr\'x would have'been lower
than with 51Cr, which does not undergo uptake. Furthermore, the
decrease in the number of platelets in the élatelet suspension after
exposure to the collagen-coated surface corresponded to the decreasec
in the radicactivity in the platelgt suspension when the platelets
had been labeled with.l4C—serotonin.
51Cr is not reieased from platelets at any temperature, and
any that may be lost through Rlatelet lysis 1s not taken up by other
platelets. 51Cr is mainly a cytoplasmic marker and it dé;s not modify
plateiet function at the concentrations used in these experiments
(Kattlove and Spaet, 1970). Loss of SlQr krom platélets into suspending
medium'parqllelé loss of the enzyme lactic dehydrogenase and indicates
platelet lysis (Kinlough-Rathbone et al. 1976a). Finally 51Cr-labeled
plate;etg can be used for in vivo studies. Thus, it was concluded that
lCr appears to be the best platelet label for the experiments. However,
4C—ser‘otonin can also be used, parficularly when a measure_of the
amount.- release oé grénule contents is required. The use of 3H—DFP
has sev hé;,disﬂﬁcsﬁtages. DFP is a powerful irreversible inhibitor
of serine esterases. Thus, DFP can inhibit enzymes on the platelet
" surface which are involved in the platelet release reaction (Henson and
Oades, 197£). ﬁigh concentrations of DFP have been shéwn'(Mustard

et al. 1967b) to, inhibit aggregation induced by thrombin, collagen and

antigen-antibody pomplexes and to prolong primary hemostasis and

!

e —

e <



95

platelet survival. However, the concentration of DFP used to label
the platelets was much lower than the concentrations that affect
platelet functions.

Some of the platelets were removed from the collagen surface
by the standard rinsing procedure, whereas others remained and must be
assumed to be more tightly adherent. The method that has been developed
méaghres these tightly adherent platelets. The method appears to be
applicable to washed platelets prepared from pigs, rabbits, or humans.
The conditions chosen were a platelet count of 700,000 per cubic
millimeter, a rotation speed of 15 r.p.&. for 10 minutes, room
temperature, and a pH of i.35.

The”reason for the very low percentage of the platelets that
adhered at 5°C may be either that they were in an unsuitable configuration
at that temperature, or that adherence requires an active metabolic
process. These findings are in agreement with those of Turitto and
Baumgartner (1974), who have demonstrated a marked decrease of platelet
adherernice to the subendothelium of a rabbit aorta when examined at
4°C. They suggested that the effect could be due to a diminution of
platelet diffusivity or to a decrease in the rate of platelet
attachment to the surface. ~

The finding that platelets which wexre capable of adhering to
a surface freshly coated with collagen remailned In suspension after
10 minutes of rotation indicates either that.the amount of collagen

on the surface was insufficient to bind all the platelets readily or

= Aty e R
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that under the conditions of rotation, only some of thé platelets

came in contact with the collagen in a maﬁner which resulted in
adherence. Although the extent of adherence of platelets to the collagen
varied from one experiment to another, within each experiment

the replicates Qere in close agreement with each other and indicated

that the tube coating was fairly consistent. Thus the variatdon

appeared to be dependent on the platelet preparations.

" Because the collagen does not completely coat the glass surface
the question arises whether some of the platelets are adhering to the
glass. It was previously shown (Packham et al., 1969; Jenkins et al.,
1973) that when washed platelets are exposed to uncoated glass surfaces
very little adhesion occurs. If the surfaces are coated with albumin,
the extént of adhesion is even less than to ;ncoated glass surfaces
and is about 1,350 platelets per mmz. Since the plaCelét suspensions
used in the present experiments contained ;lbumin which would probably
coat any glass surface that was not coated with collagen, and the extent
of adhesion to the collagen-coated surfaces averaged 44,8G0 o 75,600,
platelets per mm2, it is evident that the technique developed measures
the adherence of the platelets to the collaggn rather than to the
(q}bumin—coated) glass. Additional evidencedthat the platelets were
adherent to the collagen fibers rather than té the glass surface,

o
was provided by the experiment in which collagenase was used to remove

collagen from the surface. This treatment reduced the number of

adherent platelets to the same values as observed with uncoated surfaces.

Using a different test system and washed human platelets suspended in a
[+4 - B
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glucose-free medium containing EDTA, Lyman et al. (1971) have freported
that albumin (45 to 50 mg per milliliter) supports adhesion of

washed platelets in Ringer-EDTA to collagen fibers, whereas at 10 mg
per milliliter, albumin had no apparent effect, The platelet-suspending
medium contained albumin at a concentration of 3.5 mg per milliliter
which would not be expected to enhance adherence of platelets to '
collagen, although it.ﬂas a protective effect on the platelets in
suspension (Mustard et al., 1972; Rossi, 1972; Doery et al., 1973;
Tangen et al., 1973; kinlough—Rathbone et al, 1977). )

The omission of calcium from the platelet-suspending medium
usually reduced the extent of adherence of platelets to the
collagen-coated surface, but did not inhibit adherence completely.

This observation indicgtes that calcium may have a role in the adherence
of platelets to collagen.

The same effect could be achieved with EDTA or EGTA. When the
divalent cations in the suspending medium were chelated with EDTA,
adherence of platelets to the collagen-coated suéface was strongly
inhibited but the inhibition was not complete with pig platelets
provi&ing the pH was 7.3 in both media (with and without EDTA); with
human platelets, EDTA inhibited adherence almost completely. With .
pig platelets there was a stronger Iinhibitor effect on the extent of
adherence when EDTA was present at a lower pH (6.8). This.ls In

keeping with the finding that less platelets adhere at low pH. This

”

observation emphasizes the need to control the pH when:EDTA is used

as a chelating agent. Kinlough-Rathbone et al. (1973) have shown
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A

that EDTA inhibits the collagen—iﬁduced release reaction of pig platelets;

part of this effect could be caused by inhibition of platelet
adherence to collagen; Baumgartner et al. (1971) have shown that
chelation of calcium causes diminished adherence to the subendothelium.
Our findings are in conflict with previous results reported that
adherence of platelets to collagen, measured in an EDTA-containing
system (Spaet and Lejnieks, 1969), is not calcium dependent. Washed
platelets are used and they are suspended in a phybiological, isoosmotic
medium, at pH 7.35.and containing glbumin. The suspending medium
contains physiological concentrations of calcium and magnesium. Because
apyrase is included in the suspending medium to degrade any ADP that
is released or lost from the platelets, adherence.occurs without
demonstrable platelet aggregates forming in the suspending fluid or
on the surface. ' .
The principles of this method of studying piafélet adherence to
collagen allow the effect of drugs and other compounds to be studied in
the absente of anticoagulants, in a medium containing calcium and
magnesium.that appear to be involved in adherence. In addition it is
possible to alter the proteins and othér constituents of the medium.
Quantitation of measurement of radiocactivity is more rapid and
less subject to error than counting the number of plate}ets, and the
extent of release or loss of platclet constituents can be determined
as well as adherence. The method has the additional advagtage that
adherence can be measure& in the presence of divalent cations at

physiological concentrations, because aggregation is avoided by the use
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of apyrase rather tham EDTA. 1In all of the other method$ reported,
adherence has been measured in the presence of EDTA (Hovig et al.,
1968; Spaet and Lejnieks, 1969; Lyman et al., 1971; Gordon and Dingle,

1974; MacKenzie et al., 1974; Brass et al., 1976; Castellan and éteiner,

1976). ¢
4, Summary

An isotopic method has been established to quantitate the
adherence of washed platelets to collagen-coated glass surfaces. In

: ) .
these early studies a number of principles have been established and
have laid the ground work for the development of new methods of
measuring platelet adherence to collagen-coated glass rods or to
subendothelium of'aorta using a rotating probe device.

Using acid soluble collagen it is ﬁ?ssible to *coat a glass
surface with fibrils of polymerifzed collagen (Elsdale et Bard, 1972)
ﬁo which platelets will adhere. 1The adherénce of platelets to the
fibrils of collagen is specifically abolished if the collagen is
hydrolysed by collagenase.

Adherence of labeled platelets to collagen can be quantitated
over a large surface area by cognting radioactivity.

The system can be set up so that it measures adherence to

°

collagen. This involves selecting an.appropriate platelet

3

concentration, rogating speed .and the presence of apyrase to degrade

any ADP that is formed.

Slcr ds the label of choice and measures adherence to collagen-
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&
coated surfaces without loss of the label into the suspending medium.

4 .
C-serotonin can also be used, but the conditions must be such that
’

there is very little release when the platelets adhere to collagen.

Omission of calcium from the”s spending medium or chelation
of dival;nt'cations with EDTA or EGTﬁitnthits strongly platelét
adherence to collagen. These results suggest that methods that
measure platelet adherence to collagen %7\the presence of EDTA are
opened to question.

The platelet suspending medium can be modified readily. Proteins,
drugs and compounds modifying platelet function can be added and testéd

for their effect on platelet adherence to collagen.

5. Limitations of the Method \

| Although the'adherence of single platelets to a collagen-coated
tube could be measured quantitatively and the effect of various drugs
and inhibitors were studied (Cazenave et al., 1974 and c), the method
has a number of limitations. The principal disadvantages are:

(a) The air interface may lead to denaturation of proteins

in the%edium or on the platelet surface.

(b) The flow characteristics of the system are unknown and

cannot be degscribed or readily controlled.

(c) Although red blood cells could be added to the platelet

suspending medium, the air ingerface and undefined flow

conditions would make it difficult to interpret their effects

on platelet adherence. It seems desirable to study platelet

adherence in the presence of red cells because red cells have

- bt Smean e
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AY
shown to have a major enhancing effect 9f adherence of piateieCS'
to a vessel wall, by increasing physically platelet diffusiyity
(Goldsmith, 1972; Turitto and Baumgartner, 1975).

(d) The method is technically difficg;EJ;nd time-consuming.

™~
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B. DEVELOPMENT OF A METHOD FOR MEASURING PLATELET ADHERENCE

TO COLLAGEN-COATED GLASS RODS USING A

ROTATING PROBE DEVICE

102 ~ x :



103

The rotating probe devisg was developed to measure platelet
adherence to collagen-cbated glass rods‘under controlled conditions.
This would avoid some of the problems of the collagen-coated glass
tube. It was also éur aim to develop a method that could be adapted
to measure platelet adherence to subendothelium of an everted rabbit
aorta.

1. The rotating probe device.

The rotating probe device consists of 2 metal probes rotating
in 2 test tubes containing samples of a platelet suspension. The
speed of rotation is controlled (see Methods section and Feuerstein
et al., 1975).\ The metal probe can be fitted with a glass rod or an
everted segment Of rabbit gorta. The glass rod can be coated with
various proteins, including collagen. The test -tubes are immersed in a
temperature controlled water bath. The number of adherent 51Cr—
labeled plate;ets can be estimated by counting the segments of glass or
aorta in a gamma—counter.

The fluid dynamic characteristics have been described by
Feuerstein et al. (1975). Flow stream lines in the test tube are
circular (Couette flow) and there is no convective transport.

To standardize the technique using the rotating probe device,
collagen;coated rods were used for most experiments. .Some modificationé

of the conditions were dlso tested with everted segments of damaged

aortas from rabbits.

o
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2. Establishment of optimum conditions for assessment of platelet

adherence with the rotating probe device.

A number of principles were established during the development
of the method for meaéuring quagtitatively platelet adherence to
collagen-coated tubes (se; section I, A} and were used with the rotating
probe device. The‘glass ;ods‘w;rcho;ted with acid soluble collagen.
Washed platelets, labele@‘yith ?lQ; were suspended in a medium :
containing physiological concentrations of calcium and magnesium.

Apyrase was added to the suspending medium to prevent ADP-induced

platelet aggregation by degEsding any ADP released in the medium:

£

Although these conditions were not designed.to block activation of the
arachidonate pathway, it is unlikely that significant productié%r;ii
the aggregation-inducing intermediates of this pathway occurred since

platelet aggregate formation on the surface did not occur (see

paragraph 4(c) later in this section).

During the development and use of this method, it became
R
~ N .
evident that the extent of platelet adherence was dependent on several

' !
conditions in addition to those that had been investigated in the early
. g

studies with the collagen-coated tubes. The main conditions studied

are:

(a) Rate of rotation of the probe; .

o o fuajndas s A A

—

(b) Length of time of rotaéion of the probe'in the platelet ,
susgfnsion; ;

(¢) Platelet count;

(d) alSumin concentration;

(e) Hematocrit.
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L
The aim of the development of this method was to establish conditions
which gave reproducible measurements of platelet adherence so that the
effects of modifications of the platelets, addition of inhibitors to
the platelet suspension, or modifications of the suspending medium
could be studied. Therefore, the effects of the five conditions
listed above were not examined exhaustively, but only insofar as it
was necessary for the development of the method. °
Because of the principles established previously (see section
I, A) the conditions that were kept constant throughout most of these
experiments were:
(1 Apyrase concentration
_Apyrase (see Materials) was added to the suspending medium at a
concentration of 15 ug per ml. This concentration of apyrase was able
to inhibit the‘aggregation of platelets induced by 2 pM ADP.

2) ~ Temperature of 37°C. This was chosen because it 1s the
normal'temperature at which platelets circulate in vivo. It was easy
IR
(:: do the experiments at 37°C with ghis ;:gfédure. The work did not
hive to be done in a warm room at 3%°C since water baths in which the

temperature was controlled at 37°C were readily available.

3 The standard suspending medium. This was Tyrode solution
which contains approximately physiological concentrations of Ca2+
(2 mM) and Mgz+ (1 mM). |
(&) pH 7.3. This is approximately the normal pH of the blood.
(5) Albumin. All of the suspending media used contained albumin.

The effects of variations in albumin concentration were tested.

o et L ————
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(6) Rabbit platelets were ugsed for most experiments because this
nade it possible to test the effects of platelet modifications in vitro
and in vivo.

a The platelets were labeled with 51Cr.

In the first experiments, the albumin concenfration in the
suspending fluid was 0.35% and red blood cells were not included. The
probe was rotated for 10 minutes in the platelet suspension and the
rotation speed was usually 200 rpm. The platelet count was 700,000
per mm3. The effects of modifications of all of these conditions were
examined, although all possible combinations of variations in the
conditions were not explored. During the course of these experiments,
it was found that a high albumin concentration reduced the variation
in the number of adherent platelets. It also became apparent that the
hematocrit had a major influence on the extent of adherence. Since
platelets in vivo interact with surfaces in the presence of a high
albumin concentration and a 40% hematocrit, it seemed advisable to
study adherence under these conditions. Thus many of the later
experiments were done with 4% albumin in the suspending medium and a
40% hematocrit. However, some preliminary experiments of each type
were usually done with 0.35%Z albumin and without red cells for reasons
of economy and simplicity.

(a) EFFECT OF RATE OF ROTATION OF THE PROBE

The effect of rate of rotation of the probe was tested under

several conditions of platelet count, albumin concentration and hematocrit.
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When platelets were suspended in a medium containing a low

- albumin concentration, 0.35% and at a high platelet count of

- v

700,000 per mm3, increasing the speed of rotation of the probe from
20 to 200 rpm increased the number of platelets adherent to collagen-

coated rods (Table 11). \Qt a rotation speed of 325 rpm, platelet

-

aggregates were observed in the suspending fluid and on the surface.
As a consequence, adherence could not be estimated. The effects of
variations in albumin concentration and hematocrit were studied at a
rotation speed of 100 rpm and 200 rpm with a platelet count of
300,000 per mm3 (Table 12). Albumin concentrations of 0.35% or 4%
»

were used and hematocrits of 0, 10, 20 and 407 were examined. In all
cases, adher;nce was greater when the probes were rotated at 200 rpm
and platelet aggregates were not seen on the surfaces when they were
examined by scanning electron microscopy. Ther;fore, a rotation
speed of 200 rpm was chosen for most of the experiments. In these
coﬁhitions, the surface was not saturated with platelets. At the
higher albumin concentration, fewer platelets adhered to the surface.

Finally, we examined the effect of increasing the rate of
rotation fro& 50 rpm to 700 rpm on the adherence of platelets suspended
in a medium containing 4% albumin and 300,000 platelets per mm3.
In all these experiments the number of platelets adherent after 10
minutes of rotation was measured. Adherence was tested in’ the absence

and also in the presence of red blood cells (Figure 3). In the absence

of red blood cells, increasing the speed of rotation of the probe

e em—— -



Effect of the rate of rota

TABLE 11

tion on the adherence of
labeled rabbit platelets to a collagen-coated glass roda,

108

SlCr-

Rate of rotation

Number of platelets per mm2

(r.p.m.) (n) (mean * S.E.)
20 (10) 5,600 * 500
s, - (10) 13,100 + 1,300
100 (10) 48,800 * 6,500 .
150 (10) 122,000 * 20,800
200 - (10) 178,600 * 36,700
325D (10) 450,300 * 42,900

) .
a) 0.35% albumin. No red
700,000 per mm3.

blood cells. Platelet count was

b) Presence of platelet aggregates on the surface and in

the suspending: medium.
!
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FIGURE 3.

Effect of rate of rotation and hematocrit on the adherence of lCr—
labeled rabbit platelets to a collagen—-coated glass rod.

SlCr-—labeled platelets were suspended in Tyrode solution containing 4%
albumin, apyrase and Hepes buffer. Platelet count was 300,000 per mm”.
Adhesion to collagen-coated glass rods was measured after rotation at
speeds ranging from 50 to 700 rpm for 10 minutes at 37°C. Then the
collagen-coated rods were rinsed at 200 rpm for 5 minutes at 37°C in a
CaZ* free Tyrode solution containing 10 mM EDTA.

@ —@®ecxperiment performed at 40% hematocrit. Each point is the mean of
8 segments of glass coated with collagen, the vertical bar is one S.E.M.
The line was calculated by linear regression analysis (y = 419 x + 586).

O—Qexperiment performed at 0% hematocrit. Each point is the mean of
8 segments.

O—COinsert: same experiment as above (abscissa: rpm x 102; ordinate:
platelets per mm?2 x 103).
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FIGURE 4.

t

Effect of time of rotation and hematoecrit on the adherence of SlCr—
labeled rabbit platelets to a collagen-coated glass rod.
51Cr—labeled platelets were suspended in Tyrode solution containing 4%
albumin, apyrase and Hepes buffer. Platelet count was 300,000 per mm3 .,
Adhesion to collagen-coated glass rods was measured, in presence of
various hematocrits, after rotation at 200 rpm for times ranging from.
1 to 60 minutes at 37°C. Then the collagen-coated rods were rinsed at
200 rpm for 5 minutes at 37°C in a caZt free Tyrode solution containing
10 mM EDTA. Each point and bar is the mean and S.E.M.

A, 0% hematocrit (number of segments of glass coated with collagen,
n = 8)

B. © 10% hematocrit (n = 24)

C. 207% hematocrit (n = 24)

D. 40% hematocrit (n = 24)
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increased the number of platelets adherent to the surface up to a

plateau value of: about 6,000 platelets per'mm2 which was reached at a
speed of about 200 rpm. The addition of 40% red blood cells increased
markedly the number of plateiets adherent to the collagen-coated glass
.rods. .The number of -adherent plateiets increased linearly from 50 to
700 rpm (Figure 3). At a speed of 200 rpm, 112,200 * 3,800 platelets
were deposited per mm2 of collagen-coated surface in the presence of

40% hematocrit.

(b) IEFFECT OF TIME OF ROTATION OF THE PROBE

_ The effect of timé of rotation of‘the probe on the number of
platelets adhering to.a collagen-coated rod was determined for rotation
times ranging from 1 to 60 minutes. Platelets were suspended at a
platéiet count(of 300,000 per mm3 in a medium coﬁfaining apyrase and
4% albumin. The effect of various hematocrits was also examined
(Figgré 4). ‘In the absence of red cells, there was little platelet
»adhe;ence and after 10 minutes of rotation a plateau level (about

8,000 platelets per mﬁz) was reached. The addition of red blood cells

éo the platelet suspension greatly increased (by l4jtimes) the number
of plateleté adhe%ent at 10 mi"tes at the 3 levels of hematocrit

(10, 20, 40%) examined. The increase in.platelet adherence'yas linear

for 20 minutes. Maximu& adherence was obtained after 20 minutes at

10 and 20% hematocrlt and qf 30 mluutes at 40% hematoerit. “The

magnitude of éhegmaximum was erenﬂent on the hematocrit level, being

less at'loi heﬁatocri;,and higher at 407 hematocrit.



114

(c) EFFECT OF PLATELET COUNT

Platelet adherence was measured at platelet counts of ?00,000 )
or 700,000 per mm3 (Table 135. The conditions studied were 0.35% or ,’
47 albumin and 0 and 407% hematocrit. With all combinations of albumin
concentration and hematocrit, adherence was much greater at;t;g‘higﬁer
platelet count. For most of the studies without red célls, a platelet
count of 700,000 was used wherea; at 40% hematég}it,.a\platelet count
of 300,000 per mm3 was chosen. This lééter'numbér is within the
-normal range of platelet counts in rabbits and platelet aggregates did
not form at this lower platelet count whereas in the presence.of red
cells at a platelet ecount of 700,000 per mm3, some aggregates were j

observed.

(d) EFFECT OF ALBUMIN CONCENTRATION

Effects of albumin concentrations of 0.35% and 4% were studied -

under various conditions.‘ At both platelet counts tested (300,00Q,and

700,000 per mmay and at 0, 10, 20 and 40% hematocrit, feyer‘piételets

-

adhered to the collagen-coated rods when the ﬁlbumin c0pcentrétion in

e

the medium was 4% than when it was 0.35% (Tables 12 and 133. In the
system without red blood cells, the variatioﬁ among'replicate samples
was less with 4% albumin than with 0.35% albumin (TableﬁJli and 13).

(e) EFFECT OF HEMATOCRIT

The effect of red blood cells pn'plagélet'adherenceﬂwas :
recognized during»the'course/of thése experiments and was investigated

in some detail.
y |

-
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At a platelet count of 300,000 per mm? and a rotation épeed‘of
200 rpm, ;dding red blood cells increased the number of platelets that
adhered to the gollaééﬁ—coated rods (Table 12). At an albumin concen-
tration of 0;35% twicé as many platelets adhered in the presence of
10% red blood cells as adhered in their absence. Under these conditions

nd with this concentration of albumin, increasing the hematocrit to

20 \or/40% caused only a small increase in the number of adherent
platelets. At an albumin concentration of 4%, under these conditions i
of platelet count and rotation speed, maximum adherence was not'obserygd

uﬁtil the hematocrit was raised to 202 (Table 12 and Figure 4). The

numbers of platelets adherent at 20% and 40% hematocrit were similar.

3. Evidence that platelets adhere to the collagen fibers deposited

on the glass surface.

When a glass surface was exposed to acid-soluble collageg and
then rinsed’with modified Tyrode solution at pH 7.35, collagen‘polymerized
in the form of a network of fibers adherent to the glass surface.

Scanniné electron microscopic examination of tﬂe su;fac; revealed
that individual platelets were adherent to the collagen fibers,
Platelets  which had interacted with collagen had lost their disc
shape and had long, thin Qseudopods that appeared to ﬁe adherent aléng
the length of tbé collagen\éibers. In section I, A, we have demonstrated
that platelets di& not adhe;e to, a collagen-coahed tube that had beeﬁ

incubated with collagenase. A similar experimeﬁt was performed with

the rotating probe device. Collagen-coated glass rods were incubated

s

o ——————
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(2 hours, 37°C) with collagenase (50 units/ml in a modified Tyrode
solution containing 5 mM CaClZ, but no magdeéium {pH 7.4): The rods’
were rinsed in fresh medium and platelet adherence to them was

measured. Platelet adherence to the surface treated with collagenase

.
t

was virtually abolished (Table 14).
Most, if not all, the .adhering platelets weré bound to the
collagen on a collagen—~coated glass surface and very few were

adherent to the glass-coated with the albumin which was in between the

collagen fiber network. In fact, when a glass surface was coated with

albumin, adhesion of plateigfs té the surface was much less than
adhesion to a collagen-co?téd surface. This was deﬁongtrated in the
presence or in the absencefsf/;ddition of red blood cells and when the
platelets were susﬁ!hded in a medium containing 0.35% or 4% albumin.

(Table 15). . . ¢

4, Evidence that platelet adherence is measured in the absence of

aggregate formation.

~Thr9e approaches were used to obtain evidence that platelets

.

adhered individually rather than as aggregates.:

(a) SCANNING ELECTRON MICROSCOPY (SEM)

Adhesion experiments were done with collagen-coated glass rods
in platelet suspensions containing 4% albumin and at 0, 20 or 40%
A ~ ! .
hematocrit. .The density of platelets adherent to about 50 mmZ of

surface was examined by SEM. Platelets were seen to be adherent to the

collagen fibers by'long pseudopods. No platélet thrombi were seen.
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TABLE 14
Effect of coliagenase treatment of the collagen-coated glass rod on the
adherence of 51cr labeled rabbit platelets. .
' Number of platelets per mm2
Surface exposed (n) (mearh * S.B.) P
b v
collagen-coated rod (10) 159,600 ;\5,400
, N
\
collagenase—d;eated rod (10) 2,900 + 100 <0.001
2y /‘Lﬁ 1

Platelets were resuspended in Eagle's MEM containing 0.35% albumin, apyrase
and 10% hematocrit. Platelet count was 500,000 per mm3./(Collagen-coated
rods were incubated with 50 U/ml collagehase for 2 hours at 37°C as
described in the text. Adherence to the )rods was measured after rotation
at 200 rpm.for 10 minutes at 37°C. .
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TABLE 15

Effect of hematocrit on the adhefence of SlCr-labeled rabbit
platelets to an albumin-coated’glass surface.

/7
Experiment Hematocri (n) Number of platelets per mm

No. *)_) " (mean * S.E.).

1. 0 (8) 500 * 400
10 (8) 4,100 * 900
20 (8) 1,400 = 300
40 (8) 8,300 + 300

2. 0 (8) 900 * 200
10 (8) . 1,400 * 300
20 (8) 1,500 + 500
40 (8) 5,000 * 800

Platelets were suspended in Tyrode solution containing 0.35% (Exp.
1.) or 4% albumin (Exp. 2.), apyrase and Hepes buffer.
Adherence was measured after rotation

count was 300,000 per mm3.
es at 37°C.

of the albumin—coated rods at 200 rpm for 10 migut
rods were rinsed at 200 rpm for 5 minutes in Ca +
solution containing 10 mM EDTA.

free Tyrode

Platelet
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(b) REMOVAL OF ADP FROM THE SUSPENDING MEDIUM

« In the early experiments with the collagen-coated tubes, it
waspfgund that increasing the apyrase concentration did not have a
significant effect on the number of adherent platelets (Section 1, A).
The effect of omitting apyrase from the suspending medium was studied
with coigagen-coated rods (Table 16). The amount of radiocactivity on
the surface was significantly greater than in the system in which
apyrase was present and aggregation did not occur. Furthermore, in the
system without apyrase, if the platelets deposited on the surface were
exposed to 10 mM EDTA (which causes deaggregation of platelet aggregates)
the number of radioactive platelets on the surface was reduced to the
same number as that found when the platelet suspending fluid contained
apyrase (Table 16).

(c) EFFECT OF EGTA, EDTA OR PGE; ON PLATELETS THAT HAD ADHERED

TO COLLAGEN-COATED GLASS RODS

It was reasoned that if platelet aggregates formed on the

surfaces under the influence of ADP released from the plate}ets or
‘ !

5 formed by the platelets, it should be

possible to break these aggregates by rinsing and rotating the probe

PGGZ,'PGH2 and thromboxane A

in a medium free of platelets, free of calcium, and contaigling PGE

(10 yM) or EDTA (10 mM) or EGTA (10 mM).

1

Deaggregation experiments

Experiments were done to ensure that EDTA, EGTA or PGE1 in the

concentrations used above for rinsing the collagen-coated rods would

o ——

o~ e =
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deaggregate platelets that had aggregated on the surface. Collagen is

thought to induce platelet aggregation by two mechanisms. One is through

the release of ADP, the second by the formation of the prostaglandin .

2 from platelet arachidonate.

Therefore, the effect of PGEl, EDTA or EGTA on platelets aggregated by

endoperoxides PGGZ, PGH2 and thromboxane A

ADP, sodium arachidonate, or collagen was studied (Figure 5).

Aggregation of washed rabbit platelets induced by 5 uM ADP was
followeé by aeaggregation. However, 1f 10 uM PGEl, 10 mM EGTA or 10 mM
EDTA were added at tﬁg/;;ak of aggregation, deaggregation occurred
sooner and the platelets recovered their disc shape sooner. Sodium
arachidonate (25 uM) induced rabbit platelet aggregation and the
release reactioﬁl At this doncentration, aggregation was not followed
by deaggregation. But, {f fGEl‘(lo‘uM) or EDTA (10 mM) were aaded at
the maximum of aggregation, rapid deaggregation occurred and Ehe

platelets gradually regained their disc shape. In a thir® series of

experiments aggregation was induceﬁ by a suspension of collagen or by

acid soluble collagen. "Addition of PGE1 (10 uM), EGTA (10 mﬁ) or EDTA

(10 mM) 2 minutes after maximum aggregation caused a decrease in light
transmission. Addition of modified Tyrode solution to a control

—
suépension was not followéd by any change for 10 minutes. Thus, these

' deaggregation experiments .show that PGE EGTA or. EDTA are able to

‘l’
deaggregate pf;LcluL aggregated formed by ADP, sodlum arachldonate or;
collagen.

If platelet-to-~platelet aggregation had occurred on top of

. -
. .

b

>
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FIGURE 5.

Aggregation of rabbit platelets with ADP, sodium arachidonate, or
collagen and deaggregation with EGTA, EDTA or PGEl.

Aggregation studies with rabbit platelet suspensions were performed as
described in the Methods sectioem

~
¥ addition of the aggregating agent: ADP 5 uM or SODIUM ARACHIDONATE
25 uM or COLLAGEN suspension. - ,

Vv addition of the deaggrégating agent (EGTA 10 mM or EDTA 10 mM or
PGE]} 10 uM) or TYRODE solutipn. The seécond addition was done
1 minute after the first one\in the case of ADP or SODIUM ARACHIDONATE
and 2.5 minutes after COLLAG ’

R
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platélets adherent k; the collagen, a drop in [51Cr]platelet-bound
radioactivity on tﬂe collagen—;gated glass surface shouid have occurred
when the rods with adherent platelet; were rinsed in&EDTA, EGTA or PGEl.
This did not occur (Table 17), indicating that the method measures
adherence of individual platelets to collagen. Rinsing for -5 minutes

with EGTA, EDTA or PGE, did not reduce the number of platelets adherent

1
to collagen when the suspeﬁding medium contained 0.35% or 4% albumin
and when the hematocrit was 0, 20 or 40%.

The'evidence from these th;ee approaches substantiates the
conélusion that the rotating probe qethod deveioped in this study éermits,

the measurement of the adherence of individual platelets to surfaces

%ithout the formation of aggregates on the surface.
5 ’ J
. Summary _ !

Using principles established previaqusly to measure platelet
adherence to collagen—coafed tubes, a new meéthod was developed to
measure platelet adherence to collagen—coéted glass rods rotating in a
platelet suspension. This new method has many advantages over the '
previous one while retaining the useful features of the earlier method.

~

(1) Platelet adherence is measured to a segment of glass, coated

with collagen fibers, rotated in a platelet suspension. The
probes supporting the glass rods are rotated at a reproducible
speed, under con;rolied flow conditions (Couette flow).ﬂ,

(11) Platelets areilabeléd with SICg. 51Cr is the label of choice"

.
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_because it is not lost from the platelets when they adhere to
collageh. If releasé of graﬁule contents 1s to be ﬁonitored

| 4C-serotunin can be used. The use of a r;dioigotopq has advantages
over the mofphometric technique. The. isotopic technique is

simpler, faster . and more reproducible, platelet adherence over

large surface areas is measured, avoiding bias‘ip selection‘of

the area to be examined. The isotopic method does not prevent

the use of morphometric evaluation in conjunction with it. !

(111i) Flateleté are suspended in a physiological medium at pH 7.35,
containing albumin and a normal concentrat{on of divalent
cations. The presence of divalent cations at normal concentrations
is importanc becaﬁse divalent cations promote ;iatelet
gdhéEénce‘to collaéen (see section I, A). Apygése is dincluded
| .

" to prevent platelet aggregation due to released ADP and:the'
,syﬂefgistic effect between released ADP and cﬁilagen thch
results in'thenreléasé reaction.’ ) -

(iv) The use of an artificial medium 'to stpend\tbe platelets has
several deantages. The lack of clotting factors Prevents
generaLioH of thrombip, theicomposition of the suspending
medium cgn.be changed as appropriate, and the effects of drugs
can_be tested without the effects of anticoagulaﬁts and -
chélating agents. ‘

“(v) Increasing the albumin concentraéion f;om 0.35% to 4% decreiigs{/"\“\\

)

plajelet adhereqce to collagen and gives “less variability

3

-
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. among réplicéte saﬁples.

Factors governing the extent of platelet adherence

The number of adherent plaﬁelets‘was shown to depend on

(A)- The rate of rotation of the probe .
(b) The lenéth of time of rotation

(c) The albumin ‘concentration

(d) The hematocrit

(e) The platele; count.'

Under the conditions chosen for the experiments, it was .

demonstrated that SlCr—labeled plateletslwere not .adherent as aggregates

to the surface since agents that cause deaggregation did not reduce the

5 .
amount of lCr that was associated with the surface. <

’
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. \¥ The response of plood to injury of the vessel wall is a
fundamental mechanism in the development of arterial thrombosis and
atherosclerosis. Nérmal endothelium is a non—thrombégenic,surfabe.
Platelets will interact with the vessel wall Af the endothelium is
modified or if it is damaged or removed, thus exposing the subendothelial

~

tissue.

The principies e;tablished to measure quantitatively platelet -
adﬂerence to a collagen-coated gl;ss rod under(controiied flow
conditions (section I, §) were adapted to measure adherence of platelets
to\the surface of aé everted rabbit aorta. T,

The interactiong of platelets with the constituents of a rabbit
jﬂzhoracic aorta were studied with tife rotating probe device. An everted
thoracic aorta was mountedxon the probe and was rotated at 200 rpm for

51C

10 minutés in a suspension of rabbit platelets labeled with r. The

suspending medium described in the previous section was used.

Uith anbeverted aorta on tﬁe rq;atiqg probe ;t is possible to
test the interaction of platelets with théhbarious,constituents of the
aortic wall: 1i.e. with .the endothelium a;d with the subendothelial’
tissues. | .o - iR

1. ENDOTHELIUM

Rabbit aortas were pr%pared for study as described in 'Methods.
A rabbit aorta could be evertéd og éxprobe without ;ajor damage to the <

endothelium. Scanning electren micrographs of segments of the aortas

showed an apparently intact endothelial layTr over most of the surface

=g
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although a few damaged areas were visible (Figure 65.‘ When this
surface was rotated in a suspension containing 51Cr—labeled platelets,
very few platelets become éssociated with the surface. Micro;copic
examination showed that'the few platelets that interacted with the
vessel, did so at points whére‘the endothelium had been damaged

(Figure 7). The inclusion of red cells in the platelet suspension
caused only a 3light enhancement in platelet adhesion (Table 18).

Thesé results are in agreegsnt ;}fh earlier observations that platelets
do not adhere to normal endotheliumﬂ(Jdrgensen, 1971; Gimbrone, 1976).

‘2. SUBENDOTHEL IUM

When the endothelial lining.of an artery is damaged, the sub-
endothelial tissue is éiﬁosed. Platele§s adhere readily to basement
membrane, microfibrils and collagen fibers of the subendothelium
(reviewed in Stemerman, 1974). We have.used: two metﬁods of damaging
the endothelial lining of the rabbit thor?cic a;rta. (1) Endothelium was
removed by passing an inflated balloon catheter through the aorta ip
situ. This method did not damage the internal elastic lamina. (2’
Alternatively,‘everted dortas were damage¥ by scraping their surfgpé
wich a scalpel blade. With ghis Fechnigue, tﬁe damage was deeper than
witﬁ the balloon catheter. Many more plateleés adhered to the damaged
aorgic surface than Fp‘the non;damaged endothelium (Table :8).
Treatment of the surface of a ballooned aorta with collagenase
almost abolished completely platelet -adherence to the

surface (Table 19). This observation is similar to the findings

that collagen and possibly basewent membrane are the principal
: ‘ \
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FIGURE 6.

Scanning electron micrograph of the undamaged endothelial surface of an
everted thoracic aorta of a rabbit. The surface had not been exposed to

a platelet suspension. x 1450. .
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FIGURE 7.

Scanning electron micrograph of the undamaged endothelial surface of an
everted aorta of a rabbit. The surface has been rotated at 37°C for

10 minutes at 200 rpm in a platelet suspension containing apyrase, 4%
albumin and 40% hematocrit. The platelet count was 300,000 pex mm3. Few
platelets adhere to the undamaged surface. x 3,100.
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TABLE 19
Effect of collagenase treacmeﬁt of the subendothelial surface exposed
by passing a balloon catheter in a rabbit thoracic aorta, on the
adherence of °lcr-labeled rabbit platelets.
Number of platelets per mm2 ]
Surface exposed (n) (mean * S.E.) F
ballooned aorta (10) 110,200 ¢ 1,100
collagenase~treated (10) 2,000 * 200 <0.001

ballooned aorta

Platelets were resuspended in Eagle's MEM contailning 0,35% albumin, apyrase
and 107 hematecrit. Platelet count was 500,000 per mm3. Everted segments
of ballooned aortas were incubated with 50 U/ml collagenase for 2 hours at
37°C as described in Methods. Adherence to the aorta was measured after
rotation at 200 rpm for 10 minutes at 37°C.
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structures in the subendothelium with which the platelets interact
(Stemerman, 1574). The adherence of platelets to ballooned or scraped
aortas was‘coﬁpared at Qarious hematocrit. In the absence of red cells,
adherence to an aortic surface damaggd by scraping was significantly

greater than to a s&rface damaged with a balloon catheter (Table 20).

-

S
between the adherence to the aortic surfaces damaged in the two different

At 10%, 20% and 402 hematocrit, there was no significant difference

w;ys (Table 20). . )
An experiment_wgs donhe to examine the a@hefence of erbit_
platelets, suspended in Tytode solution with apyrase coﬂiaiuing 4% albumin
and 40% hematocrit, to the surface of a ballooned everted aorta. After
adhesion,vthé ségmenté of aorta‘were rinsed in EDTA_(lO mM). Scanning .
electrén micrdscope observation of lafge'surface°areas showed that
single platelets or'a_ﬁonolayer of plételets were adhefent to the
éubendothelial-tiss;e,'but t;rombi were not present (Figure 8). Sometimes

platelets were present in a cluster, which was not broken up by EDTA and

appeared to represent the complex interaction of platelet pseudopods

- with the collagen fibers in 3-dimensional space (Figure 9).

\

3.7 THROMBIN_BINDING TQ THE VESSEL WALL

~

In vivo thrombin formatfbn'dh'éh;Ag;;face of endothelial cells
codl& be a factor causing platelet pdherenée to the vessel wall without
loss of cndothclial cgils. Tablé 21 shows thé results of an experlment
in théh ihe,suiééte of a noﬁ-damaged agrta was expoéed‘fg‘thrombip and

then rinsed. Thrombin-treatment of the aorta caused enhanced adherence
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Effect of hematocrit on the adherénce of ° Cr-labeled'rabbit

&

TABLE 20

51

P

platelets to a damaged norta?,
: \
T ' ; 2
Surface ' |. Hematocrit (n)b Number.of platelets per mm
exposed %) (mean * S.E.)
Scraped 0 (22) 58,500 + 7,500
aqrta 10 (7) 75,600 "+ °19,600
, 20 (%) 173,600 t 29,500
40 %) 167,100 + 35,000
Ballooned 0 ¢4) 12,700 + 2,800
aorta 10 - . (13) 61,300 * 13,500
20 (5) 186,100 + 28,300
40 - (9) 142,300 + 19,200
a) 51Cr=-1abe1ed platelets were suspended;in Eagle's"MEM containing

0.35% albumin, apyradse and-Hepes buffer as described in
Materials and Methods.

rpu. for 10 minutes at 37°C.
50 rpm-for 15 seconds at’37°C in Ca**

b) Number of experiments.

Platelet count was 700,000 per mm™.
Adhesion to damaged aorta was measured after rotation at 200
Then the aortas were rinsed at
free Tyrode solution.
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FIGURES 8 and 9.

Scanning electron micrograph of the ballooned surface of an everted
thoracic aorta of a rabbit. The surface has been rotated at 37°C for

10 minutes at 200 rpm in a platelet suspension containing apyrase, 47
albumin and 40% hematocrit. Then it was rinsed at 200 rpm for 5 minutes
at 37°C in a Ca2* free Tyrode solution containing 10 mM EDTA.

Figure 8. x 3,000. :
Figure 9. x 7,600. Cluster of platelets.
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of plateﬂets to tge non~damaged endothelium was érevented by heparin.
Similarly, exposure of the damaged’ aortic surface to thrombin increased
‘the adgerence of platelets and caused f;rmation of platelet aggregation
on the surfaée; this was also inhibited by high concentrations of
heparin (Table. 22);:
4. ! suMMARY
The adherence of‘rabbit platelets to an everted rabbit thoracic
aorta” ean be measured quantitatively in vitro uﬂder controlled flow
conditions. }
| Adherenée is ﬁeasured with a rotatiﬁg probe device. .The method
is an adaptation of the method developed to measure adherence of Slbr-

labeled platelets to a collagen-coated glass rod, in a system containing

albumin, divalent'cations.and apyrase. The rabbit thoracic aorta can be

everted on a metal probe without major damage to the endothelial lining

of thg vesgel wall, Alternatively, the aorta can be damaged by '
”fEﬁSQing the endothelium and thus eiposing the subendothelial connective
tissue. Few ﬁlatelets adhere to the surface of the undam;ged agﬁta
even if red cells are included in the suspending medium to increase
platelet diffusion ‘to the véssel wall.

Platelet édhergnce to the aorta is markedly in;reased if the
subendothelium is exposed. Platelet adherence to a scraped aorta is
greater than to a balloonéd aorta when tested in the absence of red
blood ce}ls; but it is similar when red blood cells increases platelet

adherence ‘to damaged aorta.
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, b ]
Platelets adhere to the damaged aorta as a single layer of

platelets, as demonstrated by scanning electrQ microscopy. In the

experimental conditions used, there was no platelet aggregate formation

Y
on the surface.. - o~

"

Exposure of the undamaged or damaged surface of the rabbit
aorta to thrombin increases the number of platelets®hich adhere to the

surface. Increased adherence caused by thrombin is abolished by high

. - -
concentrations of heparin. .

P

8.0

v

Ui % r{'




\ -
Al S 1 g

I1I. EFFECTS OF MODIFICATIONS OF THE PLATELET SURFACE ON ADHERENCE
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Cell surface proteins and glycoproteins have been implicated
in many interactions and events t%king place at the cell surface and
are of major importance in cell development, for cell function and in the:
control of cell growth.‘ The adhesion of platelets to collagen and to
vessel wall components obviously involves the platelet surface.

It has now been demonstrated that several proteing and glycoproteins
are exposed on the platelet surface. Three major platelet surface
glycoproteins can be labeled with radioactive iodine using the
lactoperoxidase system (Phillips, 1972). Proteolytic egzymes (thrombiq,
plasmlﬁ, chymotrypsin) can be used to treat platelets and they can be
recovered as'discrete cells. There is evidence that plasmin and
. chymotrypsin hydrolysélplatelet surface glycoproteins and some
investigators believe that thrombin may affect membrane glycoproteins.
In man, there are at least 2 hereditary diseases (Glanzmann's
th;ombasthenia and hernard-ng&éer syndere) whe;e an abnormelity of a
platelet surface glycoprotein has been correlated with a defect in
platelet function (Nurden and Caen, 1976). )

Because of the likelihood that platelet surface structures such
as glycoproteins may be involved in platelet adherence to collagen the
effects of various agents that would be expected to modify the
platelet surface were studied.

1. THROMBIN
Thrombin is an enzyme to which platelets may be exposed in vivo,

It has both proté%lytic and esterase activities but the precise
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~ .
mechanism by which it causes platelet shape change, éﬁgregation and the

release reaction has not been defined. Platelets can be treated with
thrombin in vitro so that they release most of the contents of their
amine storage granules and after this reaction they can be recovered

as discrete platelets., Some of the properties of these thrombin-
degranulated platelets are well established (Reimers et al., 1?76). They
are unresponsive to thrombin but they aggregate in response to ADP,
Collagen, sodium arachidonate or the divalent cation ionophore A23,187.
They survive normally in vivo but are not as effective as normal
platelets in hemostatic plug formation. The effect of thrombin treatment
of platelets on their ability to adhere to collagen-coated tubes or to
everted scraped aortas was studied (Table 23). Thrombin-treated platelets
were less adherent to collagen or to damaged aorta than control
platelets. The inhibitory effect on adhesion was present whether
platelets had been partially or completely degranulated. Adherence of
thrombin-treated piatelets was also less than that of the control

\\K
platelets when the albumin copcentration of the suspending medium was

O.3SZ'or 4% and the hematégiiﬁ\20z. This inhibition of adherence was

B

_‘)J ~ . *n d
not corrected by the addition'of fibrinogen to the platelet suspension
. ., .

. 1

.(Table 23). "It seems likely the thrombih&greated platelets are less
. >,

adherent because thrombin modifies the plat;}&p surface in some way.

2. . PLASMIN

X »

Platelets were treated with several types ot plasmin (Table 24)

using mild conditions in which little release and no aggregation
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occurred. Fewer plasmin-treated platelets than cqntrol platelets
adhered to collagen-coated surfaces or to the damaged aortas (Table 24).
This inhibitory effect of plasmin treatment was not corrected by the
addition of fibrinogen to the suspending medium. In fact, fibrinogen
reduced the extent of adherence in the control experiments.

Plasmin hydrolyses fibrinogen and fibrinogen has been shown to
be associated with the surface of plételgts. Addition of fibrinogen to
plasmin treated platelets restores their ability to aggregate to ADP
but not to adhere to collagen. These observations can be used to
support the hypothesis that platelet surface fibrinogen is not involved
in platéiet adhesion to collagen.

High foncentratiOns of plasmin hydrolyse all the platelet
glyéop;oteins that stain with PAS (Greenberg, personal communication).

3. CHYMOTRYPSIN ’

Rabbit platelets were treated with 10 U/ml chymotrypsin for
30 minutes at room temperature. This treatment did'not cause platelet
to release nor to aggregate, Chymotrypsin-treated platelets were
resuspended in Tyrode solution containing 4% albumin. These platelets
adhered significantly less than untreated platelets to collagen-coated
rods when the rods were rotated in a platelet suspension containing
red blood cells (at 10, 20 or 40% hematocrit) (Table 25).

Under these conditions, chymotrypsin hydroifses all three major

platelet membrane glycoproteins (Greenberg, personal communication).

4. NEURAMINIDASE

The treatment of platelets with purified neuraminidase devoid
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Qf proteolytic activity does not cause the platelet release‘géaction nor
aggregation (Greenberg et al., 1975). When platelets were treated with
neuraminidase to remove up to 35% of total sialic acid, platelet
aggregatidﬁﬂinA;;;§ by ADP, collagen, tlirombin, ristocetin, polylysine
and serotonin was either not affected or slightly zghanced.

The experiments reported on the effect of neuraminidase treatment
of platelets on their adherence to collagen and to damaged aorta were
done before the techniques were fully developed and. the effect of
adding red blood cells to the platelet suspension was not examined.

When up to 35% of total platelet sialic acid was removed, the
therence of pi;telets to collagen-coated tubes or to‘zamaged aorta
was not modified compared to untreated platelets (Table 26). These
results indicate that removal of terminal sialic acid, probably fr%p
platelet membrane glycoproteins, doesqnot alter;p;atelet adherence to
collagen.

-

5. SODIUM PERIODATE

NaIO4 was used“éo treat platelets as another means of modifying
platelet glycoprotéins although it is rengnized that this agent may
have other effects as well. It seems that under the conditions used,
NaIO4~o§idi;es thé terminal sialic acid of glycoproteins (Presant and
:,Parker,t 1976). T. effects of NaIOa ptgtreatment on platelet responses
N V/ to aggregatlng éﬁierelease-induciné age;ts were 1n sharp contrast to the
| slightly‘eqhanéiﬁg eﬁf;cts of neuraminidase treatmeEt. NaIOA pretreatment

) . M 1Y
reduced the response of platelets to ADP, collagen, thrombin,

éréthidonic acid and ionoghpie A23,187. NaBHL partially reversed the

~ " 3 \
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effect of NaIOa treatment on platelet aggregation responses (Cazenave
et al., 1976¢). NaIO4 oxidation of platelets reduced their adherence
to collagen and to the subendothelial structures of damaged aorta
Qﬁen adherence was measured at 4% albumin with hematocrits of 0, 10 or
20% (Table 27). This effect was in contrast with'the effect of removal
of sialic acid from membrane glycoproteins by neuraminidase. However,
when adherence to collagen was tested with a 407 hematocrit in the
platelet suspension, platelets pretreated with periodate adhered to
the same extent as the control platelets. The.reason for this finding
is not known.

6. SUMMARY
The role of platelet surface membrane glycoproteins in platelet
adherence to collagen or to the subendothelium is not understood.

Several agents have been used to modify the platelet surface and their

<

‘effect on platelet adherence to collagen and subendothelium has been
e#amined.

Modifications of platelets by pretreatment with thrombin,
plasmin, chymotrypsin or periodate is accompanied by a decrease in
platelet adherence to collagen.

Thrombin, ﬁlasmin or'ghymotrypsin hydrolyse membranc
glycoproteins exposed at the external surface and cleave glycopeptides
from them., Althdugh it is pecognized that these enzymes may have

additional effeqts that affect platelet adherence to collagen and the

subendothelium. In the case‘bf'thrombin or plasmin-treatment of .

~ ’
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platelecs, the decreased adherence to collagen is not‘gorrected by the
addition of fibrinogen. Platelet adherence to collagen and. to
subendothelium is not changed’if the surface sialic acid is removed by
purified neuraminidase.

In contrast, if the termiral sialic acid of glycoproteins

is oxidized by NaIOA, platelet adherence to collagen and to subendothelium

is decreased.



IV. PLATELET RECEPTORS AND PLATELET ADHERENCE TO COLLAGEN

e

-

155 .



"

156

The interaction of platelets with collagen is thought to
involve specific properties of the collagen molecules. These have been
recently reviewed by Michaeli and Orloff (1976). For example, 1t 1is
known that the quaternary structure is important in mediating platelet-
collagen interaction and that localized binding sites for platelets
exist on the ;Llypeptide chains of collagen. The nature of the platelet
surface "receptor" sites involved in adhesion to collagen is not
' establishéd. ‘Jamieson et al. (1971) suggestéﬁ that platelet:collagen
adhesion coula be mediated by an enzyme-substrate complex between
the platelet membrane enzyme collagen:glucosyl transferase and the
incomplete carbohydrate side qhgin of collagen. We have tested this
hypothesis by studying the effects of UDP and UDPG on platelet
adherence. B

We have also studied the effect of qu, a subcomponent of the
first compqpent (Cl) of complement, on platelet adhesion to collagen.
Clq is a collagen-like molecule andawas chosen for stud& because, due
to ité structural similarity to collagen it was hypéfheaized that it

5

yd
might interact with a collagen "receptor site" on :ké platelet surface.

1. Platelet adherence to collagen and the collagen:glucosyltransferase

hypothesis.

’ ’ l
Jamieson et al. (1971) have suggested that adhesion of platelets to

collager may be mediated by the formation of an enzyme-acceptor complex
. . !
between collagen;glucosyltransferase present on the platelet surface

and incomplete heterosaccharide chains present on the platélet surface
- .
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» and incomplete heterosaccharide chains present in collagen or basement

membrane: This hypothesis was an extension of Roseman's proposal (19705
.

that~glycosyltransfera3es may play a role in intercellular adhesion.
Jamieson et al. (197i) and Bosmann (1971) suggested that the
carbohydrate side ch§ins of collagen may be involved in the adherence
of platelets to collagen (and sulisequent release of granule contents
and aggregation) because they found that the platelet enzyme, collagen:
glucosyltransferaée, transfers éi ose épecificq}ly from UDPG to
incomplete heterosaccharide cha%ns%of cgflégen. " To test this
hypothesis, we studied the efféct of UDP and UDPG on platelet adherence
to collagen. Neither of these agents inhibited platelet adherence
(Table 28). Rlucosamine, added to platelet membranes or to platelet-
rich plasma, has been reported to cause parallel inhibition of the
collagen:glucosyltransferasé of platelet membranes and of platelet
adhesion to collagen (Jamieson et al., 1971). These experiments
apparently were based on an earlier oéservation of Legrand et al. (1968)
1ndicaﬁing that the presence of glucosamine during the polymerization
of tropocollagen interfered with its ability to adhere té platelets.
Legrgnd et al. (1968), however, found that glucosamine added to

* repolymerized collagen or to platelets was only weakly inhibitory.
We found that glucosamine (1 mM) did not inhibit adherence of platelets
to a collagen—goaqu surface when it was present during the reaction of
the platelets with the collagen-coated surface, nor when it.-was present

at a concentration of 10 mM during'the polymerization of the collagen

¢

~
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on the surface (Table 28).

These observations were interpreted as, an }ndication that
collagen-glucosyl transferase may not be involved in platelet-collagen
adherence. More recently, Jamieson et al. (1975) have suggested that
the interaction between collagen and ithe enzyme may be analogous to tﬁe
interaction of a lectin with the cell surface, so that donation of
glucose from UDPG need not be involved in the process of adhesion.

2. Clq and the collagen recepior of human platelets.

)
Human Clq, isolated in pure state after affinity chromatography

on lgG-Sepharose, inhibited collagen—inducgd aggregation and release of
l['C—serot:omin from pFelabeled human platelets (Figure 10). Platelet
aggregatio; induced by ADP or tgrombin was not inhibited by Clq

(Cazenave et al., 1976a; éuba and Csako, 1976). The adherence of platelets
to collagen-coated surfaces was inhibited by Clq when tested in a medium
containing 0.35% aibumin and 20% hematocrit (Table 29). 1In this
experiment Clq inhibited adnerence to collagen to some extent. Adherence
was 81.7% of the control value and the same batch of Clq reduced

platelet aggregation induced by collagen to 37% of the control value.

It is thus apparenc that the activity of this batch of Clq was much less
than the activity of the Clq used in the experiments illustrated'}n

Figure 10. The data are incomplete because no more highly active Clq

was available to repeat the adherence experiments. Thus, m;nomeric

Clq in concentration less than those occurring in plasma inhibited

. A
specifically the iygerackioﬁ of. platelets with collagen. Clq possesses

¢

-
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FIGURE 10.

Inhibition by human Clq of the aggregation of human platelets induced by
a collagen suspension. Human platelets labeled with l4C-SHT were
resuspended in Tyrode's solution containing 0.35% albumin and apyrase,
and the platelet count.was adjusted to 200,000/ul. Increased light
transmission indicates platelet aggregation. Curve A, control. At the
first arrow, 10 pl of EDTA-buffer solution (final concentration 9 uM)

was added to the platelet suspension and stirred at 1100 rpm for 1 minute
at 37°C; then 100 pl of collagen suspension were added at the second
arrow. After a short lag phase, the platelets aggregated extensively

and released 638% of their total ‘“C-serotonin content within 3 minutes.
Curve B, At first arrow, 10 ul of human Clq in EDTA-buffer (final
concentration of Clq. 18 ug/ml) was added to the platelet suspension and
1 minute later 100 pl of collagen suspension was added. The platelets
changed shape, as shown by the reduction of the amplitude of oscillations
and the decrease in light transﬁission, but they did not aggregate;

17% of the total 14C-5HT content was released.

)
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TABLE 29

Effect of human Clq on the adherence of 51Cr—labeled
human platelets to a collagen—coated glass surface@.

Number of platelets per mm2

Clq
ug/ml (n) (mean * S.E.) 2P
0 (10) 116,700 * 3,900
100 (10) 95,300 * 2,900 <(.001

al{_uman platelets were labeled with 5lCr and resuspended in
Tyrode's solution containing 0.35% albumin and apyrase.
Platelets were incubated at 37°C for 10 minutes with

5 x 1075 M EDTA-buffer (control) or with 100 ug/ml Clgq

in EDTA-buffer. Before the experiment was started,
homologous human washed red blood cells were added to
obtain a 20% hematocrit. The final platelet concentration
was 250,000/ul. Glass rods coated with repolymerized acid
.soluble collagen were rotated at 200 rpm in the platelet
suspension for 10 minutes at 37°C. The number of platelets
adherent to the collagen-coated surface was determined by
measuting the amount of 3lCr which became associated with
the collagen-coated glass rods. Practically no 51lcr (0.7%)
was lost into the medium, indicating that no lysis had
occurred. In this experiment, 100 pg/ml Clq reduced
platelet aggregation induced by collagen (1/2200) to 37%

of the control value.

161
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structural similarities with collagen and its activity is destroyed by
heat denaturation or collagenase. Aggregated Clq mimicked the effect of

collagen in causing platelet aggregation and release of serotonin

(Cazenave et al., 1976a).
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V. MODIFICATION OF PLATELET ADHERENCE BY INHIBITORS OF PLATELET FUNCTION
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The adherence of platelets to collagen-containing surfaces is
thought to involve several steps. First, platelets have to contact the
collagen fibers. It seems likely that platelets have specific collagen
receptors on their plasma membrane. The interaction of the collagen
receptor with specific parts of the collagen molecule is followed by a
number of undefined events which lead to the transmission of a signal
across the plasma membrane to the intracellular, metabolic machinery,
As a result platelets change shape and emit pseudopods, which may allow
more 1ntimate contact with the collagen fibril. The shape change is
probably dependent on the contractile system and controlled by calcium
ions. The shape change and organization of membrane receptors are also
thought to be in some way controlled by the state of microtubules and
microfilaments beneath the plasma membrane. Preliminary experiments
have been done to examine the effect of a number of agents and drugs
on the adherence of pig platelets to collagen—coaied glass tubes
(Cazenave et al., 1973b; 1974b,c).These experiments have shown that
a@herence was inhibited by agents that inhibit the platelet release
reaction (Cazenave et al., 1974b) or interfere with platelet contractile
processes that are responsible for shape change and pseudopsd formation
(Cazenave et al., 1973b; 1974c) .,

. Using the modifications of the technique that have already
been described, we have relunvestlgated Lhc.cf[chs of a number of these
drugs and compounds that are known to affect platelet function. Effects

on platelet adherence to collagen-coated glass rods and to the
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subendothelium of the rabbit aorta have been studied by the rotating
probe method.

We have selected drugs which may have potential clinical
applications. The effect of the drugs on adherence to collagen and to
the subendothelial surface werfe compared. The influence of albumin
concentration and of hematocrit on the effects of the drugs on platelet
adherence were tested. The ultimate goal was to us2 a system as
similar as possible to physiologic conditions to test the effect of
drugs on platelet adherence. The measurement of platelet adherence to
collagen—-coated rods in the presence of 4% albumin and 407 hematocrit
seemed to be such a system.

1. Inhibition of platelet adherence by compounds which chelate

+ +
divalent cations (Ca2 y Mgz ).

(a) EFFECT OF SODIUM CITRATE

When sodium citrate (12.9 or 21.5 mM; final pH 7.35) was added
to the suspending medium, platelet adherence to collagen and damaged
aorta was reduced. The sodium citrate concentration of 21.5 mM is the
concentration in plasma pfepared from blood taken into 3.8% sodium
citrate dihydrate, 1 part to 9 parts of blood. The inhibitory effect
of sodium citrate was present when the albumin concentration was 0.35%
or 4% and when Ehe hematocrit was 0 or 40% (Table 30).

(b) EFFECT OF EDTA OR EGTA

When EDTA (9 mM) or EGTA (9 mM) was added to the platelet

suspension, platelet adherence to collagen-coated glass rods and to
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aortas damaged by scraping or by a balloon catheter, was markedly
reduced.  The inhibitory effect of EDTA or EGTA was also demonstrated
when the albumin concentration of the suspending medium was 4% and
when the hematocrit was 20 or 40% (Table 30). In these experiments
with chelating agents, the pH was controlled so that the final pH

of the platelet suspension plus EDTA or EGTA was 7.35 (see Materials

section).
2. Inhibition of platelet adherence by non-steroidal anti-inflammatory
‘drugs.

(a) EFFECT OF ACETYLSALICYLIC ACID (ASA)

Preliminary experiments were performed with collagen-coated
glass tubes and have been published (Cazenave et al., 1974b). ASA, in
low concentrations, reduced the adherence of platelets to the collagen-
coated surface.

However, in an experiment with thrombin-degranulated platelets.
in which adherence was-decreased compared with that of the control
platelets, ASA had no further inhibitory effect on the adherence of
the thrombin-degranulated platelets to the subendothelial surface
(Table 31).

In another series of experiments, the effects of ASA on
platelet adherence to collagen-coated rods and to the damaged surface
of a rabbit thoracic aorta were examined with the rotating probe device,
under various conditions.

i. Influence of albumin concentration.

The inclusion of ASA in the suspending medium decreased platelet
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adherence to collagen-coated surf@ces or to damaged aorta whether the
platelets were suspended in a medium‘containiné 0.35% or 4% albumin
(Table 32).

Increasing the ASA concentration from 0.1 to 10 mM did not
increase the inhibitory effect of ASA on platelet adherence to collagen-
coated rods when tested in a medium gontaining 0.35% or 47 albumin

and 10 or 20% hematocrit (Table 33).

ii. Influence of sodfum citrate and of citrated plasma.

)

: The effect of ASA in media containing 0.357% percent and 47
e
albumin and in the presence of citrate, was examined (Table 34)..

v

When the platelets were resuspended in Tyrode solution containing

<o i -
L L4 -

eithet concentratf®mr of albumin, ASA caused a significant decrease in

>
the number adherent to the damaged aorta segments. ASA was also

@ - -
o
inhibitory in the presence of citrate, at either concentration of
v s
.albumin. o .
i, ' . . .
¥h contrast, when the platelets were resuspended in citrated

: &

platelet-free plasma, the number of adherent platelets was low and in

< - .
two out ofmﬁbree experiments ASA did not cduse a significant decrease
& o '

-

‘in the number of platelets_gdherent to the damaged aorta segments

o - \
(Table 34, pxpériments 3, 4, 5). -
M . »r

Lif, Influence of hematocrit. N
The effect of red blood cells on the inhibitory effeclL of ASA

on platelet adhereq&g was tested. ASA inhibited platelet adherence to

collagen when platelets were suspended in a medium containing 0.35 or

&
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adherence to collagen-coated surf@ces or to damaged aorta whether the
platelets were suspended in a medium‘containiné 0.35% or 4% albumin
(Table 32).

Increasing the ASA concentration from 0.1 to 10 mM did not
increase the inhibitory effect of ASA on platelet adherence to collagen-
coated rods when tested in a medium gontaining 0.35% or 47 albumin

and 10 or 20% hematocrit (Table 33).

ii. Influence of sodfum citrate and of citrated plasma.

)

: The effect of ASA in media containing 0.357% percent and 47
e
albumin and in the presence of citrate, was examined (Table 34)..
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@ - -
o
inhibitory in the presence of citrate, at either concentration of
v s
.albumin. o .
i, ' . . .
¥h contrast, when the platelets were resuspended in citrated

: &

platelet-free plasma, the number of adherent platelets was low and in

< - .
two out ofmﬁbree experiments ASA did not cduse a significant decrease
& o '

-

‘in the number of platelets_gdherent to the damaged aorta segments

o - \
(Table 34, pxpériments 3, 4, 5). -
M . »r

Lif, Influence of hematocrit. N
The effect of red blood cells on the inhibitory effeclL of ASA

on platelet adhereq&g was tested. ASA inhibited platelet adherence to

collagen when platelets were suspended in a medium containing 0.35 or

&
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4% albumin and in the presence of 10 or 207 red blood cells. When the
hematocrit was raised to AbZ, the inhibitory effect of ASA was lost at
4% albumin (Table 32). Because of the possibility that the inhibitory
effect of the drug was reduced by its b}nding to red cells and to
albumin, platelets in a medium containing 0.35% albumin were exposed to
10 mM ASA for 10 minutes, washed and resuspended in a medium containing
4% albumin and 40% red blood cells. Pl;telet adherence to the
collagen~coated surfaces was not inhibited as had been observed when ASA
was not removed from the suspending medium before adherence was tested
(Table 35). -

In another experiment, a high concentration of ASA (10 mM) was
incubated with the platelet suspension containing 4% albumin. At this
concentration, platelets treated with ASA (10 mM) did not form
malondialdehyde (malondialdehyde formation accompanies prostaglandin
endoperoxide formation from platelet arachidonate) when tested with
thrombin (1 U/ml) or a high concentration of collagen. At this
concentration, ASA did not inhibit platelet adherence to the collagen-
coated surfacé in the presence of a 40% hematocrit (Table 36).

Next, the effect of ASA on platelet adherence to a balloon-
damaged aorta was investigated in the presence of red blood cells. ASA
inhibited platelet adherence to balloon-damaged aortas in the presence
of 10% or 20% hematocrit. However, when the hematocrit was raised to

40%, the inhibitory effect of ASA was not demonstrated (Table 37).
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0

TABLE 37

Effect of hematocrit on the inhibition by ASA of platelet
adherence to the subendothelial surface of an aorta damaged
by a balloon catheter. :

Hematocrit ASA‘ (n) Number of platelets per mm2 p
(%) GiM) (mean + S.E.)
0 0 (20) 9,900 + 2,100
100 (20) 5,800 + 1,500 <0.10
10 0 (30) 57,300 + 7,900
10 (30) 24,200 ¢+ 2,2001 <0.001
100 (30) 22,900 ¢+ 1,200 <0.001
250 (30) 17,200 + 1,700 <0.001
20 0 (20) 153,100 * 16,300
100 (20) 81,400 * 15,100 <0.05
40 ) 0 (80) 112,200 2 9,400
100 (80) 114,800 + 6,900 <0.10
250 (80) 100,400 *+ 10,600 . + <0.,10

51Cr—labeled rabbit platelets were suspended in Eagle's medfum containing
0.35% albumin, 5 mM Hepes buffer and apyrase. ASA or control solution
was incubated for 10 minutes with the platelet suspension before addition
of the red cells. Platelet count was 700,000 per mm3. Adhekrence was
measured after rotation at 200 rpm for 10 minutes at 37°C. Statistical
significance was assessed by an analysis of varlance technique.

a2
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A
iv. Evidence that ASA inhibited adherence in the absence of aggregates

formation on the surface. .

?qrther experimengs were performed in the presence or absence

of red blood cells to demonstrate~that ASA inhibited platelet deposition

on collagen-coated glass rods by red:cing platelet adherence in the

absence of the formation of/gdatelet aggregates on the surface.

(a) Another AD{ removal enzyme system, CP/CPK was used. Platelet
adherencé to collagen was measured in the presence of the CP/CPK
system, which converted ADP to AfP. ,In these conditions ASA
inhibited platelet adherence to collagen—co;ted rods, when the
suspending medium was containing 0.35 or 4% albumin and in the
absence or presence of red blood cells (20% hematocrit) (Table
38). These results confirmed the results obtained when apyrase
was used to remove an& ADP lost from the platelets and demonstrated
that ASA inhibited platelet adherence to collagen under conditions
in whiéh plqtelet aggregate formation was unlikely.

(b) Adheg?nce of pl;telets suspended in a medium containing 0.35%
albumin (at-O and 20% hematocrit) or in a meddum containing 4%
albumin (at a 20% hematocrit) was measured~in‘the presence or
absence of lOO\uM ASA. The probes were rotated for 10 minutes
in the platelet suspension and then rinsed for 5 minutes in a |
platelet-free medium containing EDTA or EGTA. ASA inhibited
platelet adherence to collagen-coated gf;ss rods and this

:

effect was not lost when the tubes were rinsed with EDTA after

A



178

.mas nmaooo.OOMmmsucsouuwawumamAu

- .mEE 1ad Q00007 SEBM 1unod 319121eTd (9

*Dolf 3® seanujm QT 103 wda QO¢
Je po3E30a 919m SPOI pelbod uadeITOd Byl T-/N 0T NdD 3O 3IBYI puP U G SBAM J) JO UOTIIBIJUSDUOD Ayl (e

%02 3H
10°0> 00L°Z ¥ 009°T1E (8) W 01 viad 001 + utungye
006°T # 00€ ‘9% (8) We 01 V1a3 0 %% + °@poill 5T
100° 0> 00L°‘T % 008°9T (1) Wwe 0T viod 001 utunqie
000°S 7 008°LE (91) Wa QT VI92 . O %6€°0 + 2poafy QT
(*3*s § ueew) unpsu (W) unipauw *ON
d (u)
umm 13d s3sT23eyd Jo aaquny gutsuty VSV Sutpuadsnsay jusutaadxy

[

*eXdd/d0 wdisds Bujiiiaauod awizua ¥yl 3o
aoussaid ay3 uyl spoi psirod-uade(od 031 s3a723e1d 119qE1 vmﬁonmﬂupoﬂm JO 25uU313Yype 3yl U0 ysy JO 1I233133

g€ 3TAVL



179

the.10 minute rotation in the platelet suspension (Table 39). The fact
that the inhibitory effect of ASA persisted when the rods were
_ rinsed in a medium containing the chelating agent is evidence
that ASA inhibited adherence to collagen and did not exert its
effect by preventing aggregate formation on the surface. -

V. In vivo effect of ASA is due to a permanent platelet modification.

The inclusion of ASA (10 yM) in the platelet suspending gluid
decreased the number of placelet; adherent to the scraped endoth;lial
surface (Table 40). Experiments were done to determine whether the ASA
was affecting the aorta, the platelets, orwboth platelets and aorta
(Table 46). Scraped aorta segments were incubated at 37°C or 30 minutes
in modified Tyrode solution containing 10 uM ASA. The aortic segments
were rinsed four times in modified Tyrode solution and rotated in a
platelet suspension that had not been exposed to ASA. This ABA treatment
of the scraped aorta segments did not diminish the number of platelets
adherent to them, compared with segments that had not been exposed to
ASA. In contrast, when platelets were incubated for 15 minutes at.37°C
in a medium containing 10 uM ASA, washed once in fresh suspending medium,
and resuspended without ASA,. their ability to adhere to the scraped
aorta surface was significantly diminished (Table 40). Thus the
inhibitory effect of ASA is exerted on the platelets and not on the
damaged vessel wall.‘

The inhibitory effect of ASA was also apparent following its

administration by stomach tubes to rabbits under sodium pentobarbital
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anaesthesia (20 mg per kilogram) (Table 41). The rabbits were given
either 200 mg p;r kilogram or 25 mg per kilégram of ASA suspended in
water at times ranging from 1 hour to 17 hours before the Elood was
collected and the aortas removed. Control rabbits were given water

by stomach tube, Platelets in suspension prepared from blood obtained
from rabbits to which ASA had been administered were much less adherent
to the scraped aortic segments than platelets from the control rabbits.
With both types of platqlegs, the extent of adherence was unrelated

to whether or not the aorta had been exposed to ASA in vivo. There
was no significant difference (p < 0.4) between the adherence of
platelets recovered 1 hour or 15 hours after,administration'of 25 mg
pef kilogram of ASA. Washed platelets prepared‘from these rébbits 1
hour or 15 hours after administration of ASA (25 mg per kilogram) did
not aggregate upon the addition of acid-soluble collagen at a dilution
of 1/3,000, whefeas platelets from the conttol rabbits aggregated
extensively. . |

\
(b) EFFECT OF SODIUM SALICYLATE

Sodium salicylate inhibited platelet adherence to collagen-~coated

. glass rods only when used in high concentrations (1 mM). Sodium

éalicylate did noﬁ inhibit platelet adherence to the collagen-coated
glass rods when the suspendiné medium was containfng 4% albumin and
20 or 40% hematocrit (Table 42).

+(c) EFFECT OF SULFINPYRAZONE

Sulfinpyrazone inhibited platelet adherence to a collagen-coated
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surface or to an aorta damaged by scraping or by ballooning when measured
In a medium containing 0.35% albumin, at O, 10 or 20% hematocrit (Tables
43 and 44).

In contrast to ASA, sulfinpyrazone (250 pM) inhibiéed platelet
adherence to a balloon~damaged aorta when tested in a medium containing
0.35% albumin and 46% hematocrit (Table 44). However, when the albumin

-

concentration was 4% and the hematocrit 407, high concentrations of

P T IN

sulfinpyrazone (2.5 mM), enough to block completely malondialdehyde 3
formation in response to 1 U/ml of thrombhin, did n?t/inhibit adherence

"
to a collagen-coated rod (Table 36).

Sulfinpyrazone wa; given orally to rabbits (150 mg/kg) and
platelets were harvested 2 hours later. They were labeled with 5lCr,
washéd and resuspénded in a medium containing 0.35%Z albumin, apyrase
and no red blood cells. Scraped everted aortas were rotated for
10 minutes at 200 rpm in the platelet suspension. yPlatelets from
sulfinpyrazone-treated rabbits adhered to the damaged aorta to the

same extent as did control platelets, indicating that sulfinpyrazone

had to be present to have an inhibitory effect.

’

(d) EFFECT OF INDOMETHACIN

Indomethacin at low concentrations (10 to 100 uM) inhibited

| adherence to collagen-coated rods when tested in the presence of CP/CPK

in a meéium containing albumin (0.55 or 4%) and red blood'cells (0, 20,

40% hematocrit) (Table 45). When indomethacin was tested at concentrations

ranging ffom 0.5 to 100 uM, adherence to collagen-coated rods (4% albumin,
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TABLE 43

Effect of sulghinpyrazone on adherence of washed rabbit platelets
labeled with °1Cr to a collagen-coated rod.

“

Sulphinpyrazone (n) Number of platelets per mm2 P
(uM) (mean t S.E.)
0 , (10) ~ 120,200 * 10,100,
1 (10) 95,800 + 8,900 <0.1
10 (10) 71,100 ¢ 14,000 <0.01
100 (10) 29,500 * 3,000 <0.001

SlCr-labeled platelets were suspended in Tyrode solution cont%ining
0.35% albumin and apyrase. Platdlet count was 700,000 per mm~.

No red blood cells_added. Adherence was measured after rotation

at 200 rpm for 10 minutes at 37°C.
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20% hematocrit) was inhibited by about 30% in every case. 1In this
range of indomethacin concentrations there was a progressive inhibition
of malondialdehyde formation by platelets exposed to thrombin (Table
46) .

N .
In another series of experiments the effect of indomethacin on
platelet adherence to cgllagen was tested in a medium containing 4%
albumin and 40% hematocrit and compared to the effect of two other
anti—inflammakory drugs, ASA and sulfinpyrazone, tested in similar

conditions. At 40% hematocrit and 4% albumin, indomethacin inhibited

platelet adherence to collagen when low concentrations (1 or 100 uM)

were used. In contrast ASA (250 uM) and sulfinpyrazone (250 uM) did

-

not have any-inhibicory effeét on adherence (Table 47).

Platelets in a medium containing 0.357 albumin wereﬁgigosed to
100 uM inaomethacin for 10 minutes, washed and resusggéééﬂ in a medium
containing 4% albumin and 40% red cells. Placeletfﬁdﬁétencé—ththaﬂuk_\ T —
collagen-coated surface was inhibited to the same extent as had been
observed when the drug was not removed from the suspending medium before
adherence was tested (Table 35). These results demonstrated that
indomethacin inhibited platelet adherence to collagen at a 40% hematocrit
and that the effect on platelets persisted despite washing of the ’
platelets and resuspension fn fresh medium.,

Indomethacin was also tested at a concentration (L00Q- pM) which
was shown to inhibit completely malondialdehyde formation in response to

1 U/ml of thrombin. Indomethacin was compared with ASA (10 mM) or

sdlfinpyrazone (2.5 mM). These are concentratlons of these drugs which
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also completely inhibit malondialdehyde formation in response to

1 U/ml of thrombin. At these concentrations, only indomethacin

inhibited platelet adherence to collagen when tested at 4% albumin and
407 hematocrit (Table 36). These results (Table 36) and the results
reported in Table 46 demonstrated that the method of measuring

adherence to collagen measured adherence and‘its inhibition independently
of the inhibition of the release reaction and of the formation of |
endoperoxides and thromboxane A2 fr;m_platelet arachidonate.

3. Inhibition of platelet adherence by metabolic inhibitors.

Iodoacetate markedly reduced platelet adherence to a coilagen-
coated surface. The addition of antimycin, an inhibitor of oxidative
phosphorylation, did not decrease significantly platelet adherence to
'collagen. A combination of ipdoacgtate and antimycin decreased

adherence to collagen more than iodoacetate alone had and the difference

was not significant (Table'48). -
4, Inhibition of platelet adherence by agents that increase cyclic
AMP levels. y

(a) PROSTAGLANDIN E

1

In published experiments (Cazenave et al., 1974b), we have
reported that prostaglandin El, in concentrations'less than micromolar,
strongly inhibited thé adherence of pig platelets to collagen.
Prostaglandin El, at low concent;ations (1 uM), also inhibited platelef

adherence to collagen in the presence of 4% albumin and 40% hematoecrit

in the rotating probe system (Table 49).
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TABLE 49
Effect of PGE; on adherence of washed rabbit platelets labeled
with 51Cr to a collagen-coated glass rod.

PGEy Number of Number of platelets per mm2 P*
(uM) segments (mean * S.E.)
/'/\‘1
0 10 153,300 * 2,700 ’
1 10 63,000 * 6,400 <0.001
10 10 78,400 *+ 1,300 <0.001
51

Cr-labeled rabbit platelets were suspended in Tyrode solution
containing 4% albumin, apyrase and 5 mM Hepes buffer. They
were incubated for 10 minutes with the inhibitor to be tested
or its solvent. Then the red blood cells were added to give a
final hematocrit of 40%. The final platelet count was 300,000
per mm3. The collagen-coated glass rods were rotated in the
platelet suspension containing 40%Z hematocrit at 200 rpm for
10 minutes at 37°C. The rod was then rinsed at 200 rpm for
5 minutes at 37°C in modified Tyrode solution containing 10 mM
EDTA.

*Compared with control.



195

(b) PYRIMIDO-PYRIMIDINE COMPOUNDS

In previous experiments (Cazenave et al., 1974c), 4 pyrimido-
pyrimidines (RA 8, RA 233, RA 433 and VK 744) were tested for their
effect on the adherence of plg platelets to collagen—coaqea tubes. Of
the 4 compounds tested, RA 433 was the most effective inhibitor of
platelet adhcreuce to collagen. RA 8 had the least effect on adherence.
The effect of RA 8 and RA 433 on adherénce was examined using the
rotating probe device (Table 50).

RA 433 and RA 8 were strong inhibitors‘uf adherence to collagen
in the presence of 407 red cells. RA 8 effect was less effgctive when
there were no red cells in the medium. RA 8 also inhibited platelet
adherence to a ballooned aorta in a medium containing 47 albumin and

20 or 40% hematocrit.

5. Inhibition of platelet: adherence by reserpine.

Platelets in suspensions prepared from rabbits given reserpine
intraperitoneally were less adherent than control piatelets to collagen-
coated glass shrfaces or to the subendothelium of the rabbit thoracic
aorta (YTable 51).

The presence of reserpine (0.2 to 10 uM) in the platelet-
suspending medium reduced the number of platelets that adhered to
collagen-coated glass surfaces or to-the subendothelium of the rabbit

thoracic aorta (Tavle 52).

6. Inhibition of platelet adherence by the antibiotics penicillin G

and cephalothin.

We have previously (Casenave et al., 1973a) demonstrated that

v
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penicillin G diminished the extent of adherence of washed human, rabbit
or pig platelets to a collagen-coated surface.

Cephalothin, at low concentrations almost completely inhibited
platelet adherence to collagen-coated glass -rods when tested in a‘
medium containing 0.35% albumin and in the absence of red cells (Table
53). |

High concentrations of peniciligh G (13.6 mM) or cephalothin
(13.6 mM) markedly reduced platelet adﬂérenﬁe to collagen-coated glass
rods in a medium containing 4% albumin and 40% red cells (Table 53).

A similar inhibitory effect of penicillin G or cephalothin was
demonstrated with damaged aortas (Table 53).

Both penicillin G and cephalothin at concentrations of 6.8 or
13.6 mM inhibited the adherence of platelets to the surface of everted
rabbit aortas that had been damaged with either a balloon catheter or
by scraping (Table 53). These iﬁhibtiry effects were appgrent in
medium containing 4% albumin, and 40% red cells, or 0.35% albumin and
10% red cells. At a concentration of 1.36 mM the antibiotics inhibited
adherence to the scraped aortic surface when the platelets were suspended

in the latter solution (Table 53).

7. Inhibition of platelet adherence by methylprednisolone.

Methylprednlsolone, at high concentrations (1.5 mM and 15 mM)

was a strong inhibitor of platelet adherence to collagen~coated glass
. .
rods rotated in a medjum containing 0.35% albumin and no red blood cells
)

-

(Table 54).
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TABLE 54
Effect of methylprednisolone on the adherence of rabbit platelets
labeled with 51Cr to collagen-coated glass rods.

Methylprednisolone ( );‘ Number of platelets per mm2 p
(mM) n A (mean * S.E.)
i
0 Yooy o 173,400 + 29,000
1.5 (10) 12,400 + 1,200 <0.001
15 (10) 9,900 + 2,600 <0.,001
<

SlCr-—labeled platelets were resuspended in Tyrode solution containing
0.35% albumin and apyrase. The final platelet count was 700,000 per
mm3. No red blood cells added. Adherence was measured at QOQ”rpm for
10 minutes at 37°C. ,

&

——

e
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TABLE 55

Effect of methylprednisolone oﬁ the adherence of rabbit platelets
labeled with 31Cr to a ballooned aorta.

Methylprednisolone (0) Number of platelets per - p
(M) (mean * S.E.)
0 (12) 117,900 ¢+ 9,900
0.025 (12) 42,100 + 8,100 <0.001
0.25 (12) 29,700 £ 10,900 <0.001

SlCr—labeled platelets were resuspended in Tyrode solution containing ~—
0.35% albumin, apyrase and 40% hematocrit. The final platelet count

was 700,000 per mm3. Adherence was measured at 200 rpm for 10 minutes
at 37°cC. ’
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TABLE 56

Effect of methylprednisolone on the adherence of rabbit platelets with
5lcr to a collagen—coated glass rod.

Methylprednisolone (n) Number of platelets per mm2 P

(mM) (mean ¢ S.E.)

0 (8) 118,800 * 5,100

0.25 (8) 100,100 ¢ 3,900 <0.02
1 (8) 94,000 + 2,400 <0.001
2.5 (8) 77,800 ¢ 1,700 <0.001
5 (8) 49,400 ¢+ 1,000 <0.001
10 (8) 19,600 & 3,000 <0.001
i5 (8) 11,400 + 600 <0.001

51

Cr-labeled platélets were resuspended in Tyrode solution containing

4% albumin, 5 mM Hepes buffer, apyrase amd 40% hematocrit. The final
platelet count was 300,000 per mm-. The collagen-coated glass rods were
rotated at 200 rpm for 10 minutes at 37°C. The rods were rinsed at

200 rpm for 5 minutes at 37°C in modified Tyrode solution containing

10 mM EDTA.

-~
>
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FIGURE 11.

Mcthylprednisolone (MP) inhibition of the effects of collagen on washed
rabbit platelets labeled with lic-serotonin. Platelet count was 500,000
per mm3. MP or saline (SAL) was added 30 seconds before the addition of

a collagen suspension (COLL). MP 5 mM inhibited shape change, aggregation
and the release of l4C-serotonin (shown on_the right of the curves as

% of total 14C in the p%stelets) induced by collagen.
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Similarly, methylprednisolone at a lower concentration (0.025.
mM and 0.25 mM), strongly inhibited adherence to the surface of an aorta
damaged by a balloon catheter. This inhibitory effect was demonstrated
in a medium containing 0.35% albumin and a 40% hematocrit (Table 55).

High doses of methylpredniselone inhibited platelet adherence
to collagen at 40% hematogfiz. The degree of inhibition increased with
the dose of methylprednisolone (Table 56). Methylpredniéoizne in high
doses (5 mM) inhibited collagen—induc&l shape change (Figure 11).

This doseqrelated effect on adherence was in contrast with that of
indomethacin. Increasing inéomethacin concentration did not increase
the degree of inhibition of piatelet adherence (Table 46).

8. Summary.

A number of drugs, yhich may have clinical relevance, has been
examined for their effegt on platelet adherence to collagen or to
subendothelium. The ;otating probe device was used and measurements
of the adherence of 6lCr—labeled rabbit platelets were performed under
controlled flow conditions. The most rigorous test éf the effect of
a dr?g was to ﬁpasufe adherence in the presence of 4% albumin and 40%
hematocrit. Héq@%er, this system is costly for a screening procedure
and can be replaced by a low albumin concentration (0.35%) andAno red

»

cells. Using such conditions, no drug would be missed due to false
L4

negative results. .

The results obtained with collagen-coated glass rods or

¢

everted damaged aortas were in agreement, indicating that a collagen-
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coated surface can be used in screening procedures. This is hardly

surprising since collagen and collagen-like material appears to be

the principal materialhin the vessel wall with which platelets interact.
Chelation of calcium ions by addition o% EGTA, EDTA or sodium

citrate markedly reduced platelet adherence to the surfaces. This

indicates that there is a major problem in studies of platelet.adherence .

in plasma containing anticoagulants.

) Platelet adherence to collagen and subendothelium was inhibited
by non-steroidal anti-inflammatory drugs (ASA, indomethacin,
sulfinpyrazone), metabolic inhibitors, pyrimido-pyrimidines (RA 8,

RA 433), inhibitors‘of sﬁape change (PGEl, methylprednisolone),
;eserpine and antibiotics (penicilIin G; cephalothin).

The inhibitory effect on platelet adherence was influenced by
the hematocrit and the albumin concentration, for example, thé
inhibitory effect of ASA on plaéelet adherence was lost when the
hematocrit was raised to 40%.

Sulfinpyrazoné inhibited plateiet adherence to a ballooned
aorta‘z}th'0.352 albumin and 407 hematocrit. .However, when 47 albumin
and 40% hematocrit were uséd, sulfinpyrazone did not inhihit adherence
to a collagen—-coated rod. Using these later conditions (4% albumin,
40% hematocrit), low concentrations of indomethacin inhibited adherence
io collagen.

The degree of inhibition of adherence to collagen by ASA,

sulfinpyrazone and indomethacin varied whereas all these drugs

. -
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completely inhibited malondialdehyde formation.

The pyrimido-pyrimidines (RA 8, RA 433), PGE,, methylprednisolone

1
and the antibiotics (penicillin G, cephalothin) were effective inhibitors

of adherence to collagen when tested Qith 4% albumin and 40% hematocrit.

RA 8, RA 433 and PGE, increase platelet cyclic AMP levels, PGE, and

1 1
methylprednisolone inhibit platelet shape change and the antibiotics

are thought to coat the platelet surface. Thus a variety of treatments

inhibit the ability of platelets to adhere to collagen  and the

~

subendothelium.
-
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PLATELET ADHERENCE, BLEEDING TIME AND PLATELET SURVIVAL
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~

In previous sections (IiI and V) it was shown that a number of
platelet modi%ication; by various treatments affected platelet adherence
to collagen ur to subendothelium, tested in vitro.

There is no simple relationship between platelet function in vivo
and in vitro. Also, the factors that control platelet survival, primary

~
hemostasis as measured by the bleeding time, ardd platelet adherence to

collagen and to subendothelium are poorly unde:stoodt Several compounds
which inhibit platelet adherence to surfaces have been shown to prolong
platelet suivival. Harker et al. (1974) have shown that endotheliél
damage due to experimental homocystinemia‘cause shortened platelet
survival. Administration of dipyridamole to the animals corrects the
shoctened survival, probably by‘inhibiting platelet interaction with
the. vessel wall. ASA is a'potent inhibitor of platelet release
an& aggregation induced in vitro by collagen (Zucker and Peterson, 1970);
prolongs the bleeding time (Mustard and Packham, 1975) and does no#
proloﬁg platelet survival in'man (Genton et al., 1975). 1In vitro,
-the'inhibitory effect of ASA on platelet adherence to collagen and
subeﬂdothelium is lost at 40% hematocrit (Section V). 1In éontrast to
ASA, sulfinpyrazone inhibits platelet adherence to the subendothelium
(Section V) and prolongs shortened platelet survival in man (Steele gt
;l., 1973b; Smythe et’al.g 1965).

One of the reasons rabbit platelets were chosen for the

adherence studies was the possibility of correlating the in vitro

adherence results with in vivo tests of platelet function. We have
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studied the effects of a number of platelet modifications by drugs

and of modifications of £he platelet surface on platelet survival and

on the bleeding time from the jugular vein of rabbits. These studies

_have beeh‘done in collaboration with H.-J. Reimers, J.P. Greenberg, J. Hirsh
and A. Senyi.

1. Modifications of platelets and platelet survival.

We have studied the effect of several treatments of platelets,
which were shown in previous sections (III and V) to affect platelet
adherence to collagen and subendothelium on platelet survival in rabbits.
Platelets wexe modified in vitro by treatment with thrombin, neuraminidase
or sodium periodaée. The platelets were also treated in vitro with
penicillin G and methylprednisolone.

(a) Modifications of platelet membranes.

(1) Survival of thrombin-degranulated platelets (Reimers et al.,
1976) .

When thrombin-degranulated platelets were injected into nofmal
rabbits, 46 * 6% (mean * S.E.; n = 9) were recovered in the circulation
two hours after their inﬁ,'ion. In contrast, 87 * 4% (mean * S.E.; n=9)
of the control platelets were recovered within the circulation two hours
after their injection into rabbits; The difference is significant
(P < 0.001). The thrombin-degranulated platelets that remained within
the c&rcﬁlation at two hQ“ﬂs showed the same pattern of disappearance
aé the control platelets (Figure 12). It should be pointed out that

’

it may be the plasmin treatment used to recover the thrombin-degranulated



211

ol FIGURE 12,
N : AN

Survival of thrombin-treated platelets in the rabbit circulation. One

of three similar experiments in which thrombin-treated platelets or control .

platelets labeled with S1cr were injected into 3 rabbits in each group.
Whole blood samples for radiocactivity determinations were taken 2 hours
(initial value), 19 hours, 42 hours, 66 hours and 90 hours after the”
injection of the radioactive platelets. Radloactivity at these times
in whole blood samples was expressed as percentage of the radloactivity

measured in the first sample (taken at 2 hours).
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platelets that is responsible for the low percentage of these platelets
that circulate in vivo (Reimers and Greenberg, personal communications).

(i1)  Survival of neuraminidase-treated platelets (Greenberg

et al., 1975).

Neuraminidase~treated rabbit platelets, injected intravenously
P
inte rabbits were rgpidly cleared from the rabbits' circulation. If
8 or 10 percent of the total platelet sialic acid were removed, the
reinjected platelets weré not cleared immediately but were removed at
an accelerated rate over a longer period of time. Provided that 15
percent or more of the total platelet sialic acid wis removed, the

reinjected platelets were cleared in less than 1 hour (Figure 13).

(iii) Survival of periodate—treated platelets.
51

Cr-labeled rabbit platelets which had been pretreated ;ith
NaIOA were infused into the circulgtion of rabbits. Platelets
pretreated with 0.05 or 0.} mM NaIOa survived normally, butlplateleks
pretreéted with 0.5 or 1 mM.-NaIO4 for 10 minutes were rapldly removed
from the circulatiop (Figure 14).

Platelets that had been pretreated with 1 mM NaIO4 and then
with 5 mM NaBHA remained in the circulation almost as long as plateléts
that had been treated with 5 mM NaBH4 only, or the'control platelets
(Figure 15). The congrol plétélets had ngt been treated with NaIba or

'NaBH

! .
| .
procedures,

4 but had been subjécted to tlie samé washing and resuspending

-

¢
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FIGURE 13.
Effect of neuraminidase treatment on survival of 51Cr-—labeled rabbit
platelets injected intravenously into rabbits. The percentage of labeled
platelets remaining in the circulation at times up to 90 hours
after injection is shown.

Each line represents the mean values obtained gith one group of rabbits.
The eight control rabbits (@——@) received ~“Cr-labeled platelets that
had been subjected to all the washing and resuspending procedures but had
been incubated with acetate buffer instead of neuraminidase. Two rabbits
received platelets from which 8% of the total sialic acid had been removed
by neuraminidase treatment (O--~--), and two rabbits received platelets
from which 10% of the total sialic acid had been removed (& =~ =~ --4).

Four rabbits that received platelets from which 35% of the total sialic
acid had been removed by neuraminidase treatment (& ----1) cleared
all of the labeled platelets from their circulations before the first
blood samples were taken at one hour.
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FIGURE 14. ) .

Effect of NalQ4 pretreatment on survival of SlCr-—labeled platelets
injected intravenously into rabbits. The platelets were treated with the
concentrations of NaIO; shown on the figure for 10 minutes. The
percentages of labeled platelets remaining in the circulation at times up
to 90 hours after reinjection are shown. Each line represents the mean
value of separate measurements. (Eight rabbits received control platelets,
two rabbits received platelets treated with 0.05, 0.1, or 0.5 mM NalO,

and six rabbits received platelets treated with 1 mM NaIOa).
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FIGURE 15.

Effect of NaBH,; treatment of NalO,-pretreated platelets on their survival
in the circulation of rabbits. The platelets were incubated with 1 mM
NaIO4 or 5 mM NaBH4 or both. They were prelabeled with >lcr and the
percentage of labeled platelets remaining in the circulation at times up to
96 hours after reinjection are shown. Each line represents the mean

values of separate measurements (two rabbits for each treatment, except

the control values which are the mean values from 10 rabbits).” (This is
one of three similar experiments). - :
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(b) Modifications of platelets by drugs.

Rabbit platelets, labeled with 51Cr, were pretreated with drugs,

washed and resuspended in fresh medium. They were then reinjected

RS

intravenously into rabbits and their survival determined.

—

(i) Survival of penicillin G-treated platelets.

Pretreatment of platelets with penicillin G had no apparent

effect on their survival in vivo (Figure 16). It has been demonstrated

that the inhibitory effect of penicillin G in vitro was not removed by washing

and resuspending the‘platelets (Cazenave et al., 1976d, 1977a), indicating

that some penicillin probabliy .remained associated with the platelets in
vivo. Experiments by Brown et al. (1974) have shown that the effects
of carbenicillin, a derivative of penicillin, on platelets persist

for the life of the platelets in the circulation.

(i1) Survival of methylprednisolone-treated platelets.

Suspengions of washed rabbit platelets were labeled with
SlCr, incubated with 0.9 or 4.5 mM methylprednisolone for 30»minutes,
washed, resuspended and injected into normal rabbits. Tests with
other samples of these methylprednisolone-treated platelets showed that
the washing procedure did not remove the inhibitory effect of
methylprednisolone on ADP, collagen or thrombin-induced aggregation
(Cazenave et al.; 1976). Methylprednisolone treatment had no
significant e%fect on the recovery of injected platelets at 30 minutes
[control (n = 9): 87 ¢ 3%Z; 0.9 mM methylprednisolone (n = 6): 84 *+ 4%;

4.5 mM methylprednisolone (n

]

6): 88 * 9% (mean * S5.E.);,-nor on their

o e -



217

FIGURE 16.
- »
The effect of penicillin G on survival of control washed rabbit platelets
and platelets that had been incubated in vitro with penicillin G (15 mM
for 20 minutes at 37°C) and xesuspended in fresh medium before infusion
into the rabbits. Platelets were labeled in vitro with 31Cr before

penicillin G treatment. Means and standard errors of the means are shown.

Four rabbits in each group.
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survival time (Figure 17) [control: 8L.6 * 1.6 hours; 0.9 mM
methylprednisolone: 85.2 + 3.7 hours (p < 0.7) 4.5 mM methylprednisolone:
83.5 t 4.4 hours (p < 0.3)].

2. Modification§ of platelets and venous bleeding time.

Y N

Rabbits were made thrombocytopenic by a combination of

irradiation and administration of platelet antibody. In these results
the bleeding time of a puncture wound in the jugular vein was markedly
prolonged (764 to 1220 sec). The prolonged bleeding time was corrected
to normal by infusion of normal rabbit platelets. We investigated the
effect of various modifications of platelets on their ability to correct
the prolonged jugular vein bleeding time of thrombocytopenic rabbits.

(a) Venous bleeding time upon infusion of thrombin-degranulated

platelets into thrombocytopenic rabbits.,

The combination of irradiation and platelet antibody caused the

platelet counts in rabbits to fall consistently to less than lO,OOO/mmB.

The platelet count remained depressed after injection of the antibody
" for at least 48 hours. Two hours after the infusion of thrombin-
degranulated platelets into thrombocytope#ic rabbits 38 t 5% (mean %
S.E.{ n = 18) of the gTatelets were recovered in the circulation. 1In
contrast, 71 * 5% (mean t S.E.; n = 17) of the control pi;telets could
be recovered 2 hours after the infusion. To obtain the same peripheral
platelet count, therefgre, the thrombocytopenic animals which received
éﬁ?omb{gfdegraﬁulated platelets were gi%en twice as many platelets as

-~

the\éhrombocytopenic animals which received normal control platelets.

m————ai .
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FIGURE 17.

Effect of methyiprednisolone Eretreatment of platelets on their survival
"in the rabbit circulation. JlCr-labeled platelets were incubated with

*. 0, 0.9 and 4.5.mM methylprednisolone, washed and resuspended in fresh

medium. Each line represents mean values of separate measurements (9
rabbits for the control group and 6 rabbits in each treatment group).
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-
The infusion of 15 x lO9 control platelets or 30 x 109 thrombin-

degranulated platelets raised the platelet count in the thrombocytopenic

animals from less than 10,000/mm3 to 76,000 = 7,000 (n = 7) when .
thrombin-treated platelets were infused, and to 81,000 * 5,000 when
untreated control platelets were infused. Control platelets shortened

thg bleeding time from a jugdlar vein puncture would from more than

900 sec to 124 1 23 sec. Thrombin-ddgranulated/platelets shortened

the bleeding time from more than 900 463 * 58 sec. The
difference between the mean value for the normal and thrombin-treated
platelets was statistically significant (p < 0.001) (Table 57).

(b) Modifications of platelets by drugs.

(1) Venous bleeding time upon infusion of penicillin G-

or cephalothin-treated platelets into thrombocytopenic

rabbits.

s

. The range ofvbleeding times of 41 untreated rabbits (mean

-

platelet count * S.E.M., 414,600 * 12,900/mm3) was 60 to 180 sec

. . » R
[geometric mean and (99% confidence intervals). 100 (73 - 136)sec].’

Bleeding time from puncture wounds in the jugular veins of thrombocytopenic

rabbits witﬁ platelet counts of 4,000 to l6,000/mm3 (mean * S.E.M.,
8,000 =+ l30/mm3) ranged from 764 to 1220 sec {geometric mean and (99%
confidence inte;ygls), 1012 (943-1098)sec]; these values were
determined in a separate group of 12 rabbits that did not receive
injections of plateieCS. ‘Platelets which had not been treated with an

antibiotic shortened the bleeding time of thrombocytopenic rabbits to
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within the range of bleeding times of untreated rabbits with normal
platelet counts (Table 58). Although the platelets that had been
pretreated with penicill%n G or cephalothin did shorten the bleeding
time from the puncture wounds in the jugular veins, they were much less
effective than the control plételets whichlhad not been treated with an

antibiotic (Table 58). Injection of platelets pretreated with penicillin

G shortened the bleeding time more than injection of cephalothin.

o

pretgeated platelets. The observed difference begwgen any two of the
three means was statistically highly significant (;/< 0.001). ‘

The mean platelet counts of the 21 throﬁbocytopenic rabbits
used for studies with the antibiotic—treaéed platelets are shown in
Table: 58. The mean platelet counts and the percentage recovéry of
SlCr-labeled platelets before the bleeding time determinations are
also shown: In no instance was there ; statistically significant
difference (p < 0.5) between the three groups of animals; thus, the

effect of the antibiotics on the bleeding time cannot be attributed

to differences in platelet counts or platelet recovery.

(11) Venous bleeding time upon infusion of methylprednisolone-

treated platelets into thrombocytopenic rabbits.

When platelets that had been treated with 1 mM methylprednisolong
were injected into thrombocytopenic rébbits, they did not corréét thé
bleeding time which rema}neq prdlonged to~6i7 seconds. In contrast,
the injection of control platelets did’correct the bleeding time to

norwal, 104 seconds (Table 59).
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In a second séries(of experiments? methylprednisolone (77 mg/kg)
was injected intravenously to thrombocytopenic rabbits, 90 min&ées before
the jugular sleeding wéé measuréd. Control thrombocytopenic rébbits A
received saline. _in control rabbits tge bleeding remained > 990 seconds.
The intravenous injecti;n(of methylprednisolone shortened the'bleéding , 1
time to*l7§ échnqiu(TaBle 60).
3. Summagz o

Rabbit platelets have been modified in vitro by various

freatments with enzymes S;hrombin, neuraminidase), chemicals (sodiumy
periodate) "and drugs (pénicillin G, cephalothin and methylprednisolone) {
and reinjected into rabbits to study their ability to surv{;e.in'the

circulation and to paréiciﬁate in hemogtasis. The effects‘of these |
platelet’modificétions were compared with their effects on platelet

adherence to collagen-coated glass and to the subendéthelium.

There was no apparent corréIation betééen the factors which
were found to influenge platelet ;urvival and platelet adherence to
collagEn and to the subendothelium. Thfombin, penicillin G or
meth&lprednisolone treatment of platelets decreased theirhability to
adQere to collagen but did not influence their survival. Removal of
platelet suff;ce sialic acid by neuraminidase or modification of it by
sodium periodate pauged the platelets to be cleared from thg circulation.
Thgs, platelet surface sialic acid may be an important determinznt ﬁf
plateiet survival. ' A

The measurement of platelet adﬂerence to collagen in vitro seems o



TABLE 60

Effect of intravenous injection of methylprednisolone on the
jugular bleeding time of thrombocytopenic? rabbits.

Number of Bleediﬂg timeP (sec)
Treatment
A determinations mean
Control 6 : >9300
Methylprednisﬁlone
6 17
(77 mg/kg) 3

a) Platelet count was 5,000 per mm3

b) Geometric‘mean. Difference between means P < 0.001.

226
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to bear some relationship to hemdétasis as qeasured in the bleeding time
studies. Treatment of platelets with throﬁbin,.penicillin‘c or
methylprednisolone decreased platelet adhierence to collagen and to the

subendothelium and depressed the ability of platelets to participate in

hemostatic plug formation.
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The interaction of platelets with the components of the vessel
wall is o;\%fy importance in hemostasis, in the initiation of
thrombosis and in the development of atherosclerosis and its
complications. The first step in the ihteraction of piatelets with the
vessel wall is platelet adherencé to exposed components of the
subendothelium, of which collagen fibers are the most thrombogenic
(Stemerman; 1974; Baumgartner et al., 1976). Two principal methods,
morphometric and isotopic, have beeh used to study the adherence‘of
platelets to collagen, other protein-coated surfaces or subendothelium.
These methods have been applied in vivo and in vitro. Somé of these
previogg‘attempts’to quantitate platelét adherence have met with several
difFficulties. Among some of the difficulties encountered were the need

to use agents, such as EDTA or sodium citrate, to chelate calcium and

~ thus prevent thrombin generation in the system. In addition, although

EDTA made it possible to measure adhesion in the absence of platelet
aggrégétion, it prevented an assessment of the role of divalent cations
in platelet adhes;on to collagen. The morphometric techniques involving
consuming and are associlated

C

with problems of selection of the appropriate sections. This technique

preparation of histologic sections are time

gives a semi-quantitative evaluation of the interaction of platelets
with the vessel wall.
For the above reasoﬁé, we have looked for an in vitro test for

measuring the adherence of platelets to collagen—containing surfaces

when no platelet aggregates are formed on the surface or in the suspending

PR

-y

i
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medium. Platelets are labeled with radioisotopes and the adherence of
platelets to the surfaces is quantitatively estimated by counting the

platelet—bound radiocactivity associated with the surface.

i
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I.

DEVELOPMENT OF THE ROTATING PROBE DEVICE TO MEASURE PLATELET

ADHERENCE TO COLLAGEN-COATED GLASS AND TO EVERTED AORTA

231
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2

The development of quantitative isotopic methods to measure
platelet adherence to collagen-containing surfaces has culminated in
the rotati;g probe device. Tgis was possible because of previous
work done when I was working in the laboratory of Dr. M.A. Packham at
the University of Toronto (Cazenave et al., 1973a, b; 1974 a, b, c).
During theselégfly studies an isotopic method was established to
quantitate the adherence of washed platelets to a collagen-coated
glass tube. The method had advantages and disadvantages which have
been already discussed (Results, Seqti;n I, A). It was demonstrated
that, using radioactively labeled washed platelets, platelet adherence
to a collagen~coated surface could be measured in the absence of
platelet aggregation in a medium containing albumin, apyrase aﬁd
physiological concentrations of divalent cations. This early method
was useful because it established some of the conditions required to
measure quantitatively platelet adherence to collagen-coatéd surfaces.

The rotating probe device was developed to measure, under
controlled conditions, the adherencé of platelets to'collagen—coated
glass rods (Results, section I, B) or to segmencg‘of everted
éﬁoraéic aortés of ;gbbits (Results, section II). In addition to Ehe
advantages described for the collagen-coated tubes (Results, section
I, A), the rotating probe device has advantages in the measurement of
platelét adherence, which solve some of the limit;tions of the previous
methogu The effect of various factors on platelet adher;nce could be

studied with the rotating probe device. Although all the problems were
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not solved, some principles have been established. Only a few variables
were studied in detail (albumin concentration, presence of red blood
cells and nature of the surface used).

1. Evidence that platelet adherence is measured in the absence

of pkatelet aggregation. - , £

The fundamental difference between the methods developed in this
study and other techniques for measuring'biatelet adherence (Hirsh et al.,
1968b;Hovig et al., 1968; Speet and/Lejnieks, 1969; Lyman et_al., 1971;
Blaisdell et al., 19745 Gordon and Dingle, 1974; Baumgartner end Muggli,
1276} Brass et al., 1976; Castellan and &teiﬁer, 1976; Dosne et al.,

. 1976) 1is, as indicated above, that adherence studiee are carried out

. in the presence of divalent cationms. ‘With collagen, there appear to

be twe'mechanisms (Packham et al., 1977) whereby platelet aggregation
can be induced: (l) the release of ADP; (2) the formation of the
intermediates of arachidonic acid metabolism, such as the prostaglandin

[

endoperoxides P662 and PGH2 and - thromboxane A2 In these experiments,'

the use of apyrase or CP/CPK removed the small quantities of ADP that

" might be released or lost from the platelets and thus prevented ADP-
induced aggregation. However, since compounda which inhibit cyclo-

oxygenase also appeared toﬂinhibit platelet accumulation on the surface,

-

At might be thought that some platelet aggregates could be formed

N

through the aetion of the prostaglandin endoperoxides and thromboxane

A2. However, agudies of the suspending medium and of the surface of the

collagen-coated glass and of theé subendothelium did not show the
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presence of platelet aggregatés. Moreover, with thrombin-degranulated
piatelets that can intéiact with collagen leading to the formation

of platelet aggregates through the prostaglandin endoperoxides aﬁd
thromboxane A2 (Reimers et al., 1976) thgre was no effect of aspirin
on the adherence of‘these platelets to the surface of the damaged
aorta. In tﬁg presence of aspirin, collagen-induced aggregation of
thrombin-degranulated platelets is completely inhibited. Thus it
appears that under the conditions of these studies, the extent of the
platelet-collagen interaction is not su%ficient to generate quantities
of prostaglandin endoperoxides and thromboxane Az‘that are adequate

to induce platelet aggregation. Finally, it was not possible to
decrease the extént of platelet adhesion to collagen-coated surfaces or
to the subendotlieliun aftér the initial interaction by using agents
wﬂich cause deaggregation of platelets p;eviously aggregatedlby ADP,
arachidonic‘acid or collagen. All this evidencg shows that the method
that has been developed makes it possible to study platelet interaction
with collaéen or the subendotﬂeliuﬁ of the vessel wall under conditions
described in this thesis in which the principal mea;urement is’platelet
adherence to the collagen—contqinihg surface in the-absence of
significant platelet aggregation. ) ) |

2. Effect of plasmaAproteiné. .

(a) Albumin.

Al

~ The effect of increasing the albumin concentration from

0.35% to 4Z was studied under various conditiong of platq}et:counttg?”'

. o>
- -
- .

PP A .,
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speed of rotation and hematocrit. 1In any condition the humber of

platelets aéherent to a collagen-coated glass rod or to a damaged
aorta was‘less when the albumin concentration was 4% compared to the
adherence measured with 0.35% albumi;. The reason for the inhibitory
Fffect of albumin on adherence of platelets to collagén-céntaining
surfaces is noi readi%y evident. Lyman et al. (1971) have reported
that albumin (45 -~ 50 mg/ml) enhance& platelet adherence to collagen.
I&_shouid be noted :that their test system was different and that the’
platelet suspending.medium contained EbTA and no glucose. Several
investigators (Mustard et al., 1?72; Rossi, 1972; Dogry et al., 1973;
Tangen et al., 1973; Kinlough-Rathbone et al., 1977) have demonsérated
that ‘albumin has a protective effect on piatelets in suspension. It is
also possible that albumin interacts witﬁ collagen fibers, masking
sife; that react with platelets and thus reducing platelet édherence
ts éollagenu - Upon exposure of glass and various pblymer surfages to
soluﬁioni cogtaining albumin, they become coated with a thin film of

albdmin (Bfash and Lyman, 1969; Vréman et al., 1971). Several authors

have demonstrated that albumin decreases adhesion to surfaces by

"coating the‘;urface'(Packham-et al., 1969; Lyman et al., 1971; Jenkins

‘et al., 1973; Mésoﬁ, 1972; Mohammad et al., 1976). Albumin has been

covalently bonded to polystyrene and the resulting surface has
demonstrated thromboresistancel(uaier et al., 1970). More recently,
Mohammad et al. 11936), have isolated a component from plasma, serum

or albumin (fraction V) which inhibited platelet adherence to glass.
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The component appeared to be a low-density lipoprqtein and was suggested
to be the factor.responsible for the adhesion-inhibiting effect of
albumin of low purity such as fraction V Pentex.

Nossel et al. (1971) have described in normal plasma a component
that inhibited platelet aggregation induced b; collagen. The pla;ma
component was destroyed at 56°C, migrated with the alpha globulins and
had a MW in the range of 330,000. It has not been further characterized.

(b) Fibrinogen.

The effect of adding fibrinogen to the suspendiné medium wa; not
invegtigated exténsively. Additi?n of fibrinogen did not increase
platelet adherence to a collagen—-coated rod, but actually slightly
decreased it. (The’reason for this efEect is not clear, but it is
possible that fibrinogen interacts with collagen, masking collagen sites
involved in the platelet-collagen interéction. It is now well established
that fibrinogen coats glass surfaces as a thin film (Vroman et al.,

1971) and that platelet adhesiod{to glass is enhanced by éibrinogen
(Packham et al., 1969; Zucker and Vroman, 1969; Mason’et al, 1971;
Vroman et al., 1971; George, 1972; Jenkins et al.; 1973; Mohammad et al.,
1974).

(c). Von Willebrand factor.

Weiss et a%. (1975) -have observed that platelets from citrated
blood of patients with von WilIgbraﬁd_disease adhere in smaller numbers
than‘norma} to the subendothelium of a rabbit aorta. Recently, these
authors (Weiss et al., 19765 have sgown,that the defect iA adhesion to
subendothelium could be corrected by addition of facéor VIII to the test
sys€2m. Although we have not investigated the role of factor VIII
in human platelet adherence to subendothelium in our éyskem, human

platelets were able to adhere to collagen and to subendothelium in the

———
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absence-of factor VLII. This importanf question of the role of von
Willebrand factor in platelet adhesion tgﬁthe subendothelium deserves to
be further investigated using the rotating probe device.

»

3. Effect of hematocrit.

One of the disadvantages of the use of the collagen-toated tubes
to measure‘adhesion of blatelets was the existence of an air-interface
associated with uncontrolled flow chgracteristics.of the system. The}e
is no air-interface with the rotating probe syséem (Feuerstein et al.,
1975).
5 The fluid dynamic characteristics of the rotating probe device
have been described by Feuers.tein et al. (1975). The flow is lamigar
with circular,streamiines (Couette flow). Ihe platelets are uniformly
transported to the probe surface by diffusion“alone without convection.

At the speeds used (50 to 200 rpm, corresponding to a shear rate of °
10 to 40 éec—l) there were no flow instabilities similar to Taylor
~vortices. |

When the hematocrit was raised, more platelets aghered to the
collagéﬂ-coated surfaces or the subendothelial structures. This finéiﬁg .
is in keeping with observations in other type; of flow éystems in which‘
tﬂé effect of red blood cells iﬁ causing increasea diffusion, ¢f platelets
to surfaces has been well demonstréted (Goldsmith, 1972; Leonard et al.,
1972; Turitto and Baumgartner, 1975), Baumgartner and Haudenschild (1975)

have reported that platelet deposition was significantly lower when the

subendothelium was exposed in a perfusion champer to platelet-rich -

"
.




238

plasma as compared to wholé blood; ;he addition of ADP to platelet- .

rich plasma did not increase the deposition of platele;s; We also

found that ADP did not increase platelet adherence to collagen-coated.
tubes (Cazenave et al., 1974c). éoldsmith_(l972, 1974) has established,
that in %low systems, red blood cells increaseﬂplateiet interaction withx
the vesagl wall by physical forces. Thg%QOtational motion and the
continuous sideways‘motioﬁs of the red cells resu%t in collision and
displacement of other blood corpusclés, including platelets. These
collisions tend to carry platelets to the wall. |

When the hematocrit level was kept constant, it was found that

platelet.adherenée to_céllagen was directly related to‘thq concentration
of platelets in the suspending medium and to the speed oi rotation when the
number. of platelets adherent to coHlagen was examined in the absence'of
red cells and at ;b, 20 or 407% hematocrit. After prolonged periods of
rot;tion (30 to 60 minutes), the number pf plateiets adherent had reached
a plageau level and rotation for longer times did not increase the
number;of adherent platelets. Thé maximum number of plateletSAadhereﬁt
was related to the hematocrit. For :xample, compa;ed to the detZ;minétioné
_wighout red cells, there were about 36 timég more p}atelets adherent io
collagen when the hem;tqcrit wasﬁ40%; 26 times at ZOZ.hematocrit and

16 times‘ét 10%Z nhematocrit. With the rotating prqbe device, ‘
.Feuerstein et al. (1975) and Brash.et al. (1976) have analyzed ;he N
reaction of pig blatelets with coilagen—coaied‘glass rods using a kinetic

model in which the difrusion and reaction rates of platelets at the

I
|
[
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surface are considered equal, This treatment has enabled them to
estimate a platelet diffusion coeffic‘lpt and a reaction rate constant.

They have concluded that the effective platelst diffusion coefficient

— A ¢

(D) is dependent on the presence of red cells, and reaches a maximum

at about 35% hematocrit (D, about 1.0 x 10-~7 cmZ/sec, compared with the
® . ’
Brownian motion diffusion coefficient in the absemce of red c¢ells of

10-9 cm2/sec). They estimated a surface reaction rate conﬁtant

(k = 8.4 x 10—5 cm/éeé), which is related to the energy of the colﬂ&sion
of a platelet with the surface and is important in determining the
!effectiveness of the platelet-surface interaption. They showed thatgche'
surface reaction rate constant was dependent on éhe hematocrit level
between 15 and 457%, but was not dependenf/on the shear rate. They also
.found that the level of surface saturation Ey plateiets, aiter a long
time of rotation of the probe, increased with increasiﬁ§ }ed cell

cogcentrétion; this effect is probably due to an increase <n surface

interaction energies.

. 4. - Surfaces dsed in studies of platelec adherence.

~

(a) Collagen-coated glass rods.

Segments of glass-rods were coated with fibrils of polymerized

collagen as pzeviously;dgscribed for ﬁhe glass tubes and then exposed to a

. |
suspension of platelets labeled with 51Cr. The inclusion of apyrase in

the system prevented ADPqigducea platelet aggregation and thus, the
adherence of individual-pl@teleﬁs to collagen could be measured. Although,
. Cy

\
~
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- the possibility exists that the arachidonate pathway may be activated in
this system, it seems reasonable to conclude that the extent of this

activation must be very small since aggregate formation was not

” -

observéd and rinsing the probes in PGEl
'

number of adherent platelets. -The system measured mainlyfadherence to

or EDTA ‘did not decrease tHe

collagen fibers‘on the surface because denaturation of the collagen

by hydrolysis with collagenase abolished platelet adherence. Another
possibility was that the system-would measure adherence to the parts of
nﬁe glass surface coated with the albumin.from the medium, which were

: nét covered by the collagen fibrils. 1In fact, scanning electron -
microscopic examination of the collagen—coatedﬂfurface sbowed a loose_
network of cqllagen fibers. The surface area covered by the qollagen’
fibrils was much smaller than the surface not covered by collagenm and
pgesumably coated with albumin from‘the—platelet suspending medium..
Most, if not all'tbe piatelets adherent to the cellagenfcoated rod were
associated with the fibrils of collagen as observed by microscopic |
examination Scanning electron microscdpy (Figure 9) revealed that the
adherent platelets had changed shape’ their long pseudopods were tightly
bound to the collagen. Experiments were also performed in which the
glass rod'was coated with 4% albumin. 'A?hesion of platelets~to'tbis
surface was vcry low and not incrcascd appreciably by the addition of
red blood cells to the platelet suspension. Tdis”demonstrated that
albumin prevented'adhesion to glassl' Theeeﬁobservations are in -

agreement with earlier findings by Packham et al. (1969) and Jenkins

et al. (1973), b, i S

he - B -
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‘ (§) Everted rabbit aorta.

Platelets fgﬁg?t normally adhere to the undamaged éndothelial

\ .
g
surface. In the present experiments, very little platelet adherence

~

was observed on everted aorta surfaces tpat were not deliberately
' damaged. However, the;e was some morphological evidence of endothelial
injury:in a féw areas on these aortic surfaces:

Interagtion of platelets with damaged vessel walié is of
importance in hemostasis and, thrombosis. Platelets will adhere to the
vesgel wall 1f the endothelium is altered or rimoved, exposing the
subendothelial surface. The components of the subendothelium involved
ére basement membrane, microfibrils amd collagen figers (reviewed in
Stegerman, l§74;‘Baumgértner et al., 1976; Baumgartner and Muggli, }976{.

(i) Subendothelium.

We have examined the interaction of platelets with everted
damaged aorﬁés with the rotating probe device. Two types of injury of
the endothelial lining were used. In earlier experiments, rabbit

thoracic aortas were everted on the probe so as to expose the luminal

mvﬁd

surface to the outside. The endothelium was then removed by scraping
it with a scalpel blade. This procedure severely damaged the aorta,

-~

‘. and exposed connective tissue below the internal elastic lamina. The

exposed surface contained numerous collagen fibers wifh,;heir typical .
. ‘ .

crogs-striation. In more recent experiments, the endothelium was

removed in situ by pagsing an 4nflated balloon catheter, u%ing a
. \ PR i

technique similar to the one described originally by Baumg%rfner~(1963)+
. \ .o

o

.- oA
r . -
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- This procedure was.more gentle than(scraping, gave a more homogenbus
exposedveurface and thus more reproducible‘results. Ballooning removed °
only the endothelium, exposing the subendetheliel tissue and left
intact the internai elastic lamina. Pl;telet adbefence to scraped-aortas
waFvsignificantly greater than to the baliooned:aorta surface. However,
the increased reactivity of the scraped aorta compared to the ballooned-
aorta was not apparent when tested in the presence of red blood cells.
ﬁicnoscopic obeervation of the two types of exposed surfaces demonstrated
more collagen fibers exposed at the surface in the case ot aortas
damaged bykscraping. This might explain the increased adherence of
platelets to scraped aortas. Baumgartner and Haudenschild (1972)
have presented evidence that collagen is the most thrombogenic conponent
of the subendothelial tissue, but their method measured-thrombus
formation rather'than the adherence.of single platelets. The effect
of collagenase treatment of everted segments of aorta damaged by
ballooning was studied on platelet adherence. Platelet adherence to the-
ballooncd~aorta was greatly reduced after the subendothellal surface |
had been exposed to collagenase for two hours (Stemerman et al. (1971).
 These observations indicate that collagen and or basement membrane
are the main component of the vessel wall ta which platelets adhere.
Baumgartner et Haudenschild (1972) and Baumgartner et al. (1976) also
observed that collagenase digestion of the subendothelium for 24 hours
markedly reduced plateLet adherence using a morphometric technique.

They obgerved more adherence after this time than was seen in the

.
i
3
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present studies but the differences in time of incubation a7ﬂ the type

of medium (citrated platelet-rich plasma) may acgount for the quanti ative
5 7

differences in adhesion. They have demonstrated that collagen fibers

are the most thrombogenic material, but are rarely encountered at the

subendothelial surface of ‘the rabbit aorta. The collagen fibers are

destroyed by collagenase but are resistant to trypsin. Quantitatively,

the most abundant component of subendothelium to which platelets can
adhere 1s basement membrane. The basement membrane is digestible by
collagenase, trypsin and c-chymotrypsin. The microfibrils of the
subendothelium are resistant to collagenase, but are digested b&
trypsin or a-chymotrypsin.. These micrefibrils are similar to the
microfié?iis around elastin described by Ross and Bornstein (1969).
Platelets can adhere to the microfibrils of the subendothelium (Ts'ao
and Glagoy, 1970), although it is not a goéd substrate for platelet

adhesion (Baumgartner and Haudenschild, 1972; Suresh et al., 1973).°

(ii) Endothelium.
The interaction of platelets with endothelial cells is still
a matter of dispute (Jgrgensen, 1971; Gimbrone, 1976). Our results

demonstrated that a rabbit aorta could be everted on a probe, exposing

‘the endothelium to the outside with minimal damage. Few platelets

adhered to-the endothelial surface when the segment of aorta was rotated -

in a suspension of platelets. These few adhering platelets may adhere
to subendothelial tissue exposed by damage of the endothelium, when the

' . |
vessel is everted. These results support the view that platelets do
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not adhere to normal endoéheiium'(Spaet and Erichson, 1966; Ashﬁord

and Freiman, 1967; Branemark and Ekholm, 1968; Warren and de Bono, 1970;
Ts'ao, 1970; Baumgartner, 1972). However, in many published electron
micrographs platelets appeared to be in contact with endothelial cells
and in ﬁany instances there Qas no evidence of endothelial d;mage. It
is possible that platelets were adhering to subendothelial tissue
exposed through a gap not demonstrated on the tissue section examined.

Tranzer and Baumgartner (1967) have demonstrated that ability of

' platelets to fill small endothelial éaps in the vessels in the iris

of eats.

It is also possible that the endothelium becomes modified if

thrombin is formed on its surface and bound to it. Our results indicated

that thrombin may bind to endothelial cells or to the subendothelial

surface exposed by a balloon catheter. Platelets will adhere to

‘endothelium that has been exposed to thrombin and this adherence can be

blocked by heparin. These findings aré in agreement with previous
observations which demonstrated that plateléts adhere to the surface of
endothelial cells in culture that have been exposed to thrombin

(Rafelson et al., 1973; Awbrey et al., 1975) and that adherence is

- blocked by heparin (Awbrey et al., 1975).

In vivo, thrombin formation on the surfacec of endothellal
cells could be a’factor causing platelet adherence to the vessel wall
without loss of endothelial cells. The data from Ashford and Freiman's

(1967) experiments are compatible with ihe hypothesis. They found

L
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that platelets adhered to the damaged endothelial surface of a vessel
wall when there was no morphological evidence of loss oéfendothelial‘
cells providing fibrin had formed at the site. Gregorius and Rand
(1976) have studied with tEe scanning electron microscope the effect of
the administration of high systemic doses of heba;i;hon sutured common
carotid arteries in rats. They observed that the endothelial surfaces
showed a decrease in platelet adhesion and a reduction in the deposition
of red blood cells, leukocytes and fibrin.

There are at least two ways in which thrombin can be .generated
in vivo: (1) minimal endothelial damage resulting in tissue fa;tor
generation and activation of the extrinsic pathway of coagulation
(Nemerson and Pitlick, 1972) leading to thrombiﬁ generatipn and fibrin
deposition (Ashford and Freiman, 1967); (2) during disseminated intra-
vascular coagulation. '

Local formation of thrombin and its binding to endothelial cells
could promote platelet adhesion and then the release of platelet
constituents, leading to the formati?n of a thrombus. Generation of di
thrombin and thrombus format;on could cause endothelial damage (Lough
and Moore, 1975), exposing the subendothelial tissue and causing more
platelets to adhere ;nd to release their consqitue;ts.

There arc sceveral other mechanisms that could modify the #on—
thrombogenic endotﬁelihm s0 as to render it attractive to ciréulating

platelets. Local generation of thrombin will also lead to fibrin

formation on the surface of endothelial cells (Ashford and Freiman, 1967).

¢
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Platelets can adhere to polymérizing fibrin, but not to fully polymerized
fibrin (Niewiarowski et al., 197&). Humoral‘antibodies (0'Connel and
Mowbray, 1973, Friedman et al., 1975), circulating im;uné complexes or
specific anti-endothelial antibodies could also bind to the endothe%ium /}
and thus promote platelet adherence. Hirschberg et al, (1975) have shown
in vitro damage to human endothelial cells by non-immune allogeneic
.lYmphocytes in the presence of anti-HLA antib&ﬁie#. Endothelial injury
has also been demonstrated after prolonged ischemia (Gertz et al., 1975)
and in rabbits following acute lipid mobilization after ACTH injection
(Maca and Hpak, 1974). T;ese mechanisms could play an importaét role

in inducing plateleﬁ—mediated vascular démage. Endothelial damage,
exposure of subendothelial tissue and platelet adherence to these

structures aré the first steps in thrombosis.

5. The rotatiggfprose device as a screening system for antiplatelet
Platelets are a major component of arterial thrombi (Mustard -

et al., 1974). Many drugs affect platelet function in vitro (Musta;d

and Packham, 1970; Mustard and Péckham, 1975). 0Only a few drugs have

been c;nsidered for ugse in clinical situations in man (Harker-.et al.,

1975; Mustard and Packham, 1975; Jobin, 1976; Weiss, 1976). It is

difficult té determine in in vitro tests the usefulness in thzomboembolfc

digorders of a drug that inhibits platelet function. Furthermore, there

is little coirelation between the effects of drugs on platelet function

in vitro and oh platelet survival in vivo or on the effects on the

s
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* clinical manifestations The rotating probe deviZA provides a technique
for testing the effects of antiplatelet drugs on plételet adherenc; to
.collagen and tozfﬁe ;;Behﬁothelium which maxbij relaf”ﬁ Eo the initial

events-of thrombus formation.

-

Ip’an atteﬁpt to approaeh more closely the in vivo situation,
some experiments Qere dong with 4% albumin, 40 hematocrit and 4
platelet count of 300;000{per mm3. Since many drugs are bound to
albumin. in the circulatidn;Pthe use of 4% albumin makes it possible to

estimate the concentration of such drugs which might be expected to

,

“inhibit platelet adherence in vivae. A hematocrit of 40% and a platelet
count of. 300,000 per,mm3 are in the physiological ranges. It seemed

desirable to examine the effect’ of inhibitory conditioms in the presence .

i

of the physical forces exerted on the platelets by the red blood cells.

T
.

A number of drugs were inhibitory when their effect on

-

adherence was examined at 407 hematocrit. Dipyridamole, RA 433, indomethacin,

a

penicillin G,»éephalothin ‘or methylprednisolone were good
; inhibitors of adherence to collagen or to subendothelium when tested

" with 40% hematocrit and 4% albumin. - In contrast, ASA or sulfinpyrazone
- ' » -\ -\
did not inhibit adherence to collagen under these conditions (40%

—~ hematoérit, 4Z albumin). Sulfinpyrazone, but not ASA, inhibitedwplatelet *

adhesion éo a ballooned aorta at 40% hematocrit and 0.35% albumin.

) Iﬁe repﬂlté obtained with these drugs at 40% hematocrit seem
to parallel some Ln‘ViVJ’effects'on platgleés." ror example, dipyridamole

p» ¢ has beéa\shgwn to gxqiong a shortened platelet survival to normal in man
. , ™ L L4 . 4 R

{
2
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and to be effective in cases of arterial th;ombosis \Genton et alﬂ,‘
© 1975). Our results provide evidence that dipyridamole and RA 433 aré
good inhibitors of platelet adherence go collagern’' in the presence of
407 hématocrit. The inhibitory effect of dipyridamole on.adherence to
collagen was gre;tet when tested in the presence o% red Slooé éells than"
in their\absencg (Cazendve et al., i9%4b).

In vitro, ASA igba potent inhipitor‘of the ;elease reaction ‘,
inducedlby collagen (O'Brien, 1968; Fleming et al., 1970; .Zucker and
not prolong platelet survival in man

1] -

and conflicting results:have been reported about 1ts effectiveness in

Peterson, 1970). However, it does

thromboembolic disorders (Genton et al., 1975).aGSuiﬁigpyrézone, a weak

{nhibitor of aggregation and release (Packham'et al., 1967). -

prolongs survival (Smythe et al., 1965; Steeie et al., 1973b) and clinical

stud}es have sho@n bénefit‘(Blakely)anleent, 1975; Kaegi et al., L9T?).l
SR

. . L
The apparent discrepanci‘is\g§tformanéé of ASA and sulfinpyrazome in vivo

and in v}tn6 led to an examination of their effects on platelet adhesipn
l U . . ‘
to! subendothelial structures of a rabbit aorta in a perfusion. system

(Davies et al.? 1975 ;pd pefsonal communication). The effects of ASA
and sulkinpyrazone on platelet adherence to a balloon-damaged aorta were.
examined in a perfusion system at a 10% hematocrit. Rabbitsplatelets
suspenggd in 0.35% alb&min were circulated at 150 ml per minuge-at-

50 pulses per minute us@ng a pegé%%ion pump. Perf;sion-%aéwéarried out _
‘for 10 minutes at a pressuré of 80'mm'6f'mercqny; Ix theselconditiong,
'sﬁlfiﬁp&razqne {250 uM) ;edﬁced thesﬁoh:by 61%, bué ASA (1.2 mM) was

_ ingfégééive. T ‘ B

L "‘
\-
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Baumgartner and Muggli (1974) did not observe an inhibitory effect
of aspirin on platelet adﬁerence but the conditions in their experiments
were different than in the present studies. Théy were measuring
platelet adhesion in wholé citrated blood to an everted rabbit aorta
using a perfusion chamber. In addition to the differences iﬁ flow
.conditions and hematocrit, their sysfem contained plasmin proteins and
sodium citrate. We have demonstrated (Cazenéve et al., 1975; and

N . .
Results, Section V) that in the presencg‘of'citrate and plasma proteins
ASA has 1it£le effect. Although the flow conditions in ghe perfusion
system used by Davies et al. (1975) might be close:.to those of
Baumgartner's Rerfugioﬁ chamber rather than to the-bemédypamiﬁ
conditions 'with the rotating probe deviée, the main differences from
Baumga;tner'; system are the presence of divalent cations and the
.abgence of plasma proéeins.

The contradictory efgects of ASA in ;dr experiments could be
due to‘diffefences in the test systems used (rotating probe q?vice and
pgrfused aorta) and rel;ted to flow conditions, presence of red cells,
and the nature of t£e damaged aortic surface e#posed (ballooned or
scraped). - o ' | Ct |

Experiments with ASA.and sulfinp}razéﬁk were ;hpeated with the

. . s
rotating probe system to elicit the ‘reason forﬁqﬁé difference in the

v 7

results obtained. ) . v
. . s
Initial experiments were desigmed to

test the hypothesis
1 i

that the difference im the agpirin effect observed was dué to the
1 . *

'
I
L]
1
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difference in subendothelial structures exposed by passage of'a\balloon
catheger”or by scraping. However, both A§A and sulfinpyrazone were
found to be equally effective in inhibiting adherence to balloon-
damaged or scraped surfaces. We next investigated Ehe effeqt of adding
#éd blooé cells to the platelet suépension containing'0.35% albumin,
ASA glOO,uM) or sulfinpyrazone (100 ﬁM) iphibi?ed platelet adherence

to %;lloon—damaged aortas in tﬁe presence of a 10% or 20% hematocrit.
However, when.the hematocrit wﬁs taised to 40%; the inhibitory egfect.
of ASA or sulfinpyrazone on platelet adhérence was not.éempnstrablé.

In a final experiment, high conceptrations of ASA (250 pM) and
sulfinéyrazoné (250 QM) were tested, at 40% hematocrit. Sulfinpyrazone,
but not AéA, sigqificéntly decreaséd élatelet adherence to a balloon-
damaged aorta. These fésults_imply that the conditions of tﬁe test
system were important to test the effects of drugs on piatelet
ggherencT to.a damaged aqrég. This may explainT at least partly, the
discrepant results obtained by several authors on the effect of ASA on

adhésion to collagen with the\condifions used in the adherence/ /studies.

- ASA inhibited collagen—-induced aggregation, but not platelet adherence

Qhen measured at a 40% hematocrit., This was further evidence that
s T

formation of platelet aggregates on the surface was not a major factor.

[ 4

. . . . o b
Increasing the red cell.concentration in the system, increased the

ﬁorcés driviﬂg piatelets to the wall. Irn these conditions sulfinpyrazone

was a better inhibitor of adhérence than ASA. .

There are ‘at least two possible explanations for the influence
ke . .
¥ Y . ”

« o+ . S,
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of the hematocrit on the effect of drugs on platelet adherence to
collagen and to the subendothelium. One explanation is that the
red blood cells aré interacting in some way with the drug, so that it
is not available to the platelets. This is unlikely because the drugs
were incubated for 10 minutes with the platelets before the red blood
cells were addgg ;nd in §ddition, the effect of ASA or indomethacin on
platelets is irreversible and persists despite washing of the platelets.
The other explanation is tnat the pregenée of red cells increases the
diffusion of platelets to the wall and the energy at which platelets
bind to it. Feuerstein et al. (1975) have obtained some evidence, using
a rotaiing probe system, that incréasing the hemétoc;it increases the
platelet reaction rate donstant.' It may thus be possible that some
drugs, ASA for example, are poor inhibitors of adherence when platelets
are colliding w;ch'the surface at high energy.

There is probably more than one mechanism of platelet
adherence to collagen. One of them (which is increased gy increasing
hemaiocrlt) is not blocked by ASA. There may 'be another which is

inhibited by PGE which would indicate that platelet shape change may be

l!

important in platelet adherence to collagen,
The preceding experiments have shown that the effect of red

L.
blood cells makes 'the testing of drugs .difficult. Furthermore, the
presence oﬁjalbﬁm;¢ or citrate lessens ‘the apparent effect of ASA on

!

platelet adherence 'to. surfaces (Cazenave-ef al., 1975). Since the

4

results of studies of platelet adherence to subendothelial surfaces

. . . ) d\ /rgv
.
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were similar to those with collagen~coated surfaces, the latter
technique is useful for exploratory studies of the effe;ts of agents
or conditions that‘modify platelet adherence.

The .conditions which appeared to be most suitable for testing
the effect of drugs on platelet adherence to céllagen—coated ro&s were
4% albumin, 40% hematocrit, a rotation speed of 200 rpm for 10 minuﬁes
and a platelet count of 300,000 per mm3. |

. For a simple‘screening,system, the conditions used in most -
experiments have been 0.35% albumin,uno red blood cells, a rotation
"speeg of 200 rpm f#{ 10 minutes and a platelet count of 700,000 per mm3.
Under these conditi;ns, the extent of platelet adherence to the surfaces
is sensitive to the presence of inhibitors of platelet reactions, to
modification of the platelet reactions and to modification of the
platelet surface. In no case have inhibitory effects been demons?rable
at 4% albumin, 40% hematqc¥it and a platelet count of 300;000 per‘mm3

thag were not apparent with the simpi;r system (0.35% albumin, no
red blood cells, 700,000 platelets per mm3). .The£e are s?veral
advantages to the simpler system: (1) the procedure does not require
the preparation of w;shed red blood celis; (2) the method'is less
expensive because of the lower coneentration of albumin’used. Tﬁe

low concenitration of albumin lessens the drug binding effect of albumin.

6. - Unique aspects of the rotating probe method.
The, methods developed ‘in the present study differ from those

used ‘by other investigators in a number of ways:

t
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Lo,

(a) Nearly all éhe_ocher studies have examined’the erence of
platelets in plasma or'whoie blood (Hireh‘et‘al., 1968b;H0vig et al.,
1968; Spaet. and LejnieKs,.1969; Stemerman et al., 1971; Baumgartner‘and
Haudenschilﬂz 1972; Lyman et ali, 1?71; ﬁaumgergner, 1?73; iaumgartner,
1974} Blaisdeil et al., 1974;vGordon and Dingle, 1974;£MacKenéie et aln,
1974; Muggli and ﬁaumgartner, 1975; Baumgartner et al., 1976; Castelian
and Steiner, 1976; boene et al., 1976). ‘This has'necessitateé\tﬁe uge
of anticoagulants wn;ch we found‘inhour preliminary experiments to

>

decrease platelet adherence to collagen-coated tubes and to the

!

subendothelium (Cazenave et al., 1975; Cazenave et el.,'l977b). Bauméartner
et al. .(1971) have also observed that chelating agents .diminish
platelet adherence to subendothelium. The use of suspensione of washed

platelets in the present study has made it possible. to study adherence

in the presence of phygiological concentrations of calcium and

magnesium without the complications intfoduced by the formatidn of
! ! \ !

thrembin . ' . -

‘ (b) Tne most extensive studies/pﬁ\platelet adherence eo the
subendothelium have been done by Baumgartner and his associates (1973; -
1976). Baumgartner and Muggli (1976D have recently reviewed

" in detail their technique of evaluating platelet interaction with
subendothelium. Tnis technique is different from the rotatin% probe

device in the following ways: (1) blood is perfused under co%trolled‘

laminar. flow conditions through an annular perfusion chamber‘en which

eveﬁted segments of ballooned rabbit aorta are mounted; (2) blood is

l/ . " -.. .- . " | :i
B ' |
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>

‘anticoagulated with 14 mM sodium citrate in plasma and perfused for

10 minutes at 37°C at various flow vélocities;‘ (3) platelet deposition
on the surface is evaluated'by a morphometric technifue on semi-thiq |
sections of the vessel. Four types.of platelet-surface interactions

are recognized: (a) surfaée' devoid of platelets, (b) surface covered

wdth platelets which are not spread out (contact), (c) surface covered

" with spread out platelets (adhesion), and (d) surface covered with

»

aggregates of more thané'ﬁﬁ in height (thromyx?; (4).Plasma proteins

and red b}obd céllé'aré present; and (5) platélet aggregation is not

pY:
. ?

-
¢, The conditions of the present experiments, particularly the

inclusion of‘apyrase in the susPending medium, have'égde it possible to
meaéure pge adhesion of individual platelets wit@yut the formation fgf
platelet)aggregates or appreciabig release of plaqélet granule contents.
This has facilitated the investigation of inhibitors of élatele;
adﬁe;ence without the complicétions,of inhibi;ion of platqlet‘éggregation
and the release reaction. ‘ °

n(c) The use of labeled platelets to quantitate platele&
adherence' has some advantages over the morphometric technique:

(1) It is much simpler and less time;consuming 50 many poré
sémpleé can be examined. ‘

y

. (g) Adherence to relatively large surfaces is measured. With
" . . -~ ~¥

the morphometric technique the area examined is small and

may not be representative of the entire sdrface. \

.~

- .
N‘\r—z )
.
’
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(e) The morphometric technique is limitéd to tissues or soft
materials which can belf}xed and sectioned for microscopic
) examination. The'methof develgped in the présent study ié‘
also applicable to solid surfaces coated with collagen or
other proteins. This has made ié possible to use collagen- ‘
coated rods as a simple'sﬁrface for screening inhibitors
of flatelet adherence, | |

Morphometricltechniques can be used in addition to platelet

labeling if it seems desirable.



II. MODIFICATIONS OF THE PLATELET SURFACE, PLATELET RECEPTORS AND

PLATELET ADHERENCE TO COLLAGEN.
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The glycoproteins of the platelet surface appear to be involved
in platelet adherence So sqrfaces. Three major glycoproteins with
"\tjppareﬁt molecular weights of 155,000 (glycoproteln I), 135,000
(glycoprotein II), 'and 100,000 (glycoprotein III) are exposed on the
surface of the human platelet (Nachman and Ferris, 1972; Phillips,
1972). Similarly the rabbit platele; plasma membrane has three major
glycoproteins (George et al., 1976b; Greenberg, personal communication).

4

1. Modifications of the platelet surface. &

We have examined the effect of enzymatic or chemical modifications

\
! \

of platelet surface membrane glycoproteins in order to gain some

insight in the membrane components possibly involved in platelet
adhesion to collagen or subendothelium. The use of rabbit platelets

allowed the study of the effect of these surface modifications on
platelet funttion in vivo.

(a) THROMBIN.
// The properties of thrombin-degranulated platelets have been

/descfibed (Reimers .et al,, 1973b;1976). "After treatment with high

| concentrations of thrombin (0.5 u/ml), single rabbit platelets can be

recovered that have lost most of their releasable serotonin and adenine

- ~

nucleotides. These platelets do not change shape or aggregate upon a

,sccond cxposurc to thrombin, They aggregate in response to the

calcium ionophore A23,187 in the absence of added fibrinogen '\
| ‘ e
e (Kinlouéh—Raﬁhbone et al., 1975), but aggregation to ADP or to sodifim

arachidonate requires the addition of fibrimnogen (Kinlough—RathBone
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et al., 1976b). Thrombin-treated -platelets can aggregate in response to
collagen. The agg;egatié; response is not inhibited by CP/CPK'but is
blocked by ASA or indomethacin (Reimers et al., 1976). From this it
has been concluded that thrombin-degranulated platelets are still
capable of forming metabolites from arachidonate and that these
metabolites can cause aggregation independently of released ADP.
Thrombin-treated platelets were less adherent to collagen-coated
sdrfaces and to the subendothelium than normal ﬁlatelets. The
inhibitory effect was dembhétrable in the pggsenée of 47 albumin and
20% ﬂematocrit. The addition of fibrinogen to the suspending medium
did not correct the inhiﬂ;tion. The addition of ASA did not decrease
further the ability of thrombin-treated platelets to adhere to a
damaged aorta. From these experiments a number of conclusions can be

drawn. (1) Thrombin-treated platelets adhere less readily to collagen.

this effect of thrombin is demonstrable when low concentrations of

‘

) .

thrombin '(that induce only a partial release reaction) or high
concentrations (that induce practically complete dqg;anglation) are
used. 2) Thrombin-treated platelets may Se less adhe;egt because
thrombin modifies the platelet surface. (3) The effect of ASA on
adherence of plateleté that have not been treated with thrombin is not
m?diatud in this system by inhibition of the cyclo-oxygenase (Roth and
Majerus, 1975) agd inhibition of the formation of e?goperoxides

\ » }
(Malmsten et al., 1975) and thromboxane A2 (Hamberg et al., 1975) because

thrombin-treated platelets.are st¥ll capable of generating prostaglandin

Il‘ "
[ €
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endoperoxides or thromboxane A2 from membrane arachidonate, but ASA does
not decrease their adherence to collagen. A possible interpretation

is that in this system endoperoxides and thromboxane A2 do not contribute
much to platelet adherence of either normal or thrombin—treéted
platelets. Thus, ASA would decrease platelet adherence by modifying a
surface component which is t&rombin sensitive. ASA has been shown to
acetylate a variety of proteans from plasma and platelets (Pinckhard

et al., 1968; Al-Mondhiry et al., 1970; Roth and Majerus, 1975; Rome et al.,
1976) . The availabyf evidence suggests that both proteolytic and binding
sites for thrombin are presént on the platelet plasma membrane (Phillips,
1974). Phillips and Agin (l974)>have demonstrated proteolysis of
glycoprotein II by thrombin by lacto-peroxidase iodination of the
platelet membrane. Binding éccurs at specific sites on the platelet
membrane (Ganguly, 1974; Tollefsen et al., 1974) and more recently
Okumura and Jamieson (1976a) have suggested that the surface receptor

for thrombin or ristocetin is a glycoprotein loosely bound to.the
membrane; tﬂey named it glycocélicin. Glycocaliclﬂ has structural similarities
with glfcoprotein I, but different accessibility to membrane labeling.
(Okumura and Jam.eson, I976b, Okumura et al., l976c)i The precise .
relationship between gly;ocalicin and glycoprotein I is not known.
dlycoprotein I is markedly reduced %n the BernardjSoulier syndrone
(Nurden ;nd Caen, 1975; Caen et al., 1976; Jenkin§ et al., 1976).

Platelets from patients with the Bernard-Soulier syndrome show decreased

adhesion to the subendothelium and do not aggregate with ristocetin

3
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s in the presence of plasma von Willebrand factor (Howard et al., 1973;
Weiss et al., 1974). It has been suggested that this surface membrane
glycoprotein I may be a potential feceptor for a component or
components of the subendotheliun (Nurden and Caen, 1975). It is not
known 1if ASA can acetylate glycoprqtein I or glycocalicin and thus
modify 1its interaction with the subendothelium.

. (b) BLASMIN.

The treatment of washed rabbit platelets with purified
ugokinase activated rabbit plasminogen or purified human plasmin did
not cause the platelets to release or to aggregate. This 1s in
contrast with the results obtained by Niewiarowski et al. (1973) using
trypsin-activated pig plasmin. Fewer plasmin-treated platelets
adhered to the subendothelium or to collagen than normal platelets.
Platelet fibrinogen undergoes almos£ complete degradation during the
action of plasmin Bn platelets (Niewiarowski et al., 1973). The

_ addition of fibrinogen to the platelet suspending medium did not reverse.
the adhesion defect. Niewiarowski et al. (1973) have shown that
platelets exposed to plasmin in vigro are less sensitive to collagen.
Similarly, platelets obtained from rébbits injected with streptokinase,
én activator of the fibrinolytic system, are less reactive to collagen
and it has been suggested that this effect may contribute to the
prolongation of the bleeding time that was observed. llirsh et al.
(1968&) have also demonstrated that streptokinase induces an hemostatic

)

defect in vivo, These effects of: plasmin seem to be related mainly

’

to an effect on the platelets. 'Im addition to its effect on platelet

]



261

fibrinogen plasmin has been shown to affect platelet membrane
glycoproteins. Matsuda et al. (1975) hgks shown that plasmin hydrolyses
a 100,000 molecular weight glycoprotein component of intact human

plasma membranes . Greenberg (personal communication) has demonstrated
that plasmin cleaves the three major surface glycoproteins from intact
rabbit platelets. Thus, it is possible that the decrease in platelet
adherence to collagen and'cO the gsubendothelium is related to a
modification of glycoprotein I by plasmin.

Other possibilities are that plasmin modifies other proteins
associated with the platelet surface besides glycoprotein I. Plasmin
undoubtedly hydrolyses platelet fibrinogen which can be detected on the
platelet surface (Tollefsen and Majerus, 1975) and in platelet ¢
granules. The fact that addi;ion of fibrinogen to plasmin-treated
platelets which restores platelet aggregation to ADP (Niewlarowski, 1973)
does not restore the ability of the platelets to adhere normally
to collagen-coated glass or to the subendothelium is not in favor of
a r;leﬁof placelét surface fibrinogen in adherence. Plasmin also
hydrglyses factor VIII (Pasquini and Herschgold, 1973) which has been o~
show£ to be associated with platelets (Howard et al., 1974). Von
Willebrand's disease is characterized by a decrease in factor VILI and
an impaired adhesion of platelets to the subendothelium. Although
human platelets do adhere to collagen and the subendothelium in our

system in the absence of plasma, the role of factor VIII in platelet
]

adherence deserves to be studied.
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(c) CHYMOTRYPSIN.

Chymotrypsin has been shown to cleave platelet membrane
glycoproteins, but in contrast to trypsin does not induce the platelet
release reaction and platelet aggregation (Davey and Luscher, 1967).
Chymotrypsin-treated platelets (10 U/ml or 192 ug/ml, for 30 minutes at
22°C) do not aggregate to ADP, collagen or thrombin (Greenberg et al.,
1976). Platelets treated with chymotp§psin in this way show reduced
adherence to collagen. Platelets treated with chymotrypsin and
analyzed by polyacrylamide gel electrophoresis show a reduced
concentration of glycoproteins I, II and III (Jenkins et al., 1976;
Greenberé, personal communication). In addition, chymotrypsin-treated
human platelets do not aggregate to ristocetin in the presence of human
plasma (Jenkins et al., 1976; Nachman et al., 1977). These results are
similar to those obtained with platelets frém patignts with the
Bernard—Soulie} syndrome, in which platelets have a decreased
concentration in glycoprotein I (Nurden and Caen, 1975; Caen et al.,
1976; Jenkins et al., 1976), do not aggregate to ristocetin (Caen et al.
1973; Howard et al., 1973; Weiss et al., l974)yand show a reduced
adhesion to the subendothelium (Weiss et al., 1974; Caen et al.,.l976).

Treatment with proteolytic enzymes has been used in the studies
reported in this thesis in an attempt to remove.cell surface components
which might be inyolved in platelet adherence to collagen or to the
subendothelium. Although thrombin, plasmin or chymotrypsin hydrolyse

specific peptide bonds in proteins; the identification of the protein



263

affected by the enzymatic treatment of intact platelets is complicated
by. the fact that the enzymes may have several substrates. Thrombin,
for example, modifies fibrinogen (Ganguly, 1972), factor XIII
(Kiesselbach and Wagner, 1966) ana thrombasthenin (Cohen et al., 1969;
Muszbek et al., 1976) in platelets.

A similar approach has been used with other cell systems.
Enzymatic treatment of fibroblasts with vari;us proteases has shown
that a 250,000 dalton glycoprotein is involved in cell-celi adhesion
(Zetter et al., 1976) and possibly in cell transformation (Hynes,

1974; Blumberg and Robbins, 1975).

(d) NEURAMINIDASE.

The treatment of platelets with purified neuraminidase devoid *
of proteolytic and phospholipase activity does noé cause the platelet
release reaction nor platelet aggregation. When platelets are treated
with neuraminidase to remove up to 65% of total sialic acid, platelet
aggregation by ADP, collagen, thrombin, ristocetin, polylysine and
serotonin is either not affected or slightly enhanced (Greenberg et al.,
1975). When up to 35% of total platelet sialic acid is removed, the
adherence of platelets to collagen or to subendilhelium is not
modified. This indicates that removal of terﬁlhal sialic acid from
exposed membrane glycoproteins does not alteﬁ platelet adherence to
collagen or the subendothelium. A large‘part of the surface sialic
acid of platelets is bound to glycoprotein I and glycocalicin (Pepper

and Jamieson, 1970; Lombart et al., 1974; Okumura et al., 1976c). In
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contrast to the effects of plasmin and chymotrypsin, which cleave
glycopeptides from membrane glycoproteins and reduce adherence to
collagen, removal &f terminal sialic acid from the surface glycoproteins
has no effect on platelet adherence to collagen.

(e) SODIUM PERIODATE.

Sodium periodate was used to treat platelets as another means
of modifying platelet glycoproteins. Under the mild conditions (low
concentrations of NaIOa, short exposure time) used, NaIO4 probably
oxidizes mainly the terminal sialic acid of glycoproteins since some
evidence has been obtained for such a site of action of periodate with
lymphocytes (Novogrodsky and Katchalski, 1972; Zatz et al., 1972;
Presant and Parker, 1976) and red blood cells (Blumenfeld et al., 1972;
Liao et al., ;973).

The effects of NaIOA pretreatment on platelet response to
aggregat}ng\and release~inducing agents are in sharp contrast to the
effects of neuraminidase treatment. NaIO4 pretreatment reduces the
response of platelets to ADP, collagen, thrombin, arachidonic acid
and ionophore A23,187. NaBHA partially reversed the effect of NaIOA
treatment (Cazenave et al., 1976c¢).

NaIOA oxidation of platelets reduces their adherence to
collagen and to subendothelium. The inhibitory effect of NaIO4
pretreatment on adherence to collagen is lost when adherence is
tested at a 407% hematocrit. This effect of hematocrit is similar to

\
the loss of inhibitory effect of ASA at 40% hematocrit. However,



265

the interpretation of these results is not clear. One possibil;ty
is that oxidation of terminal sialic acids of glycoproteins favors
their intramembraneous crosé:Iinking through the formation of Schiff bases
and thus modifigs their interaction with collagen. Another possibility
is that NaIO4 oxidizes lipid components of the membrane (Blumenfeld
et al., 1972, wnich are involved in®adhesion to collagen.
In conclusion, we have used various treatments, which probably
essentially affect glycoproteins, to modify the platelet surface.
Removal of terminal sialic aciu of membrane glycoproteins does not

affect platelet adhesion to collagen. In contrast, oxidation of the

sialic acid of membrane glycoproteins is associated with a decrease,

although in adhesion, this decrease is only demonstrable at low ’\\\

hematocrits. Since removal of sialic acid with neuraminidase does

not affect platelet adherence to collagen whereas treatment with

proteolyetic enzymes decreases adhesion, 1t seems likely that removal

of glycopeptides may be necessary to destroy the postulated collagen

receptor on the platelet surface. Plasmin or chymotrypsin affects

glycoprotein I and thrombin affects glycocalicin. The major lesion in Bernard-
Soulier syndrome involves a marked reduction in glycoprotein I. This is
associated with a reduced adherence of platelets to the subendothelium and a
poor aggregation response to ristocetin. The experiments reported in the
literature indicate that interaction of platelets with collagen and the subendo-

thelium may be mediated through glycoprotein I. Moire recent evidence gives\support
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to the possibility that glycopro&sin I may serve as a receptor or an
acceptor for a component of the sdgéﬂdothelium. Recently (Tobelem

et al., 1976) have isolated an IgG antibody from a Bernard-Soulier
patient who h;d received multiple transfusions. This antibody
agglutinated a panel of 25 control normal human platelets, but not the
platelets from 2 other patients with the Bernard—Souliér syndrome.
When this antibody was added to norhza human platelets in vitro, a
specific Bernard-Soulier-like defect was induced so that adhesion

to the subendothelium was impaired and aggregation with ristocetin and
bovine factor VIII was impaired while ADP and collagen aggregation
were not influenced. The authors concluded that the antibody is
directea against a specific platelet site, implicated in the interaction
of platelets with the subendothelium. The platelet antigen recognized

by the antibody could be the 155,000 molecular weight glycoprotein 1.

2. Platelet adherence to collagen and the collagen—-glucosyl-

" transferase hypothesis.

The biochemical basis of the adhesion of platelets to collagen .
is not understood ‘and the nature of the plateiet receptor involved is
not known, although accumulating evidence suggests thét platelet
membrane glycoprotein I might be involved.

Jamieson et al. (1971) and Bosmann (1971) have suggested.that '

v
platelet adhesion may be mediated by the formation of an enzyme acceptor

complex between collagen:glucosyltransferase present on the platelet

surface and incomplete heterosaccharide chains (galactosyl residues)

Ixd
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present in collagen or basement membrane.

However, we found thgt UDP or UDPG (Cazenave et al., 1974a)
did not inhibit platelet adhesion to collagen. These observations were
interpreted as an indication that collagen:glucosyltransferase may not
be involved in platelet-collagen adherence. More recently, Jamieson

et al. (1975) have suggested that the interaction between collagen and

¥

the enzyme may be analogous to the interaction of a lectin with the
cell surface, so that donation of glucose from UDPG need not to be
involved in the process of adhesion. The hypothesis concerning the
role of the platelet collagen:glucosyltransferase in adhesion to
collagen has received further criticism by Menashi et al. (1976).
These authors have pointed out that (1) the methods used (Jamieson

et al., 1971; Bosmann, 1971) to demonstrate the collagen:glucosyl-
and galactosyltransferase activities lack specificity; (2) the
platelet collagen:glucosyltransferase requires the collagen substrate
to be non-helical. When native triple helical collagen was used, no
glucosylation reaction was detected, as measured by synthesis of
l[’C—glucosylgalact:osyl—-hydroxylysine. These results are analogoug to
those reported for the collagén:glucosyltransferase involved in intra-
cellular glucosylation of procollagen. Thus it seems that following
vascular injury the adhesion of platelets to native collagen is
unlikely to be mediated by the collagen:glucosyltransferase. (3)
Finally, they questioned the observation of Barber and Jamieson (1971)
that the enzyme 1is primarily located on the outer surface of the plasma

membrane of human platelets. They found considerable enzyme activity
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in the cytosol fraction of pig platelets, as well as in platelet.
membranes, and also high amounts of collagen:glucosyltransferase
activity in plasma free of platelets. 1In a recent critical review, ,
Keenan and Morré (1975) concluded that there appears, at the present
time, to be no valid basis for the conclusion that glucosyltransferases:ﬁ
are located on the surface of mammalian cells.

If the collagen:glucosyltransferase were shown to be located on
the outer surface of the platelet plasma membrane the possibilit} would
remain that collagen:glucosyltransferase functions as a 'lectin"
specific for collagen (Jamleson and Smith, 1976), that can be modified
by acetylation with ASA. It is not known if glycoprotein I has collagen:
glucosyltransferase activity, nor if Clq inhibits the activity of this

enzyme.

3. Clq and the collagen receptor of human platelets.

Clq shares structural similarities with collagen (Mueller-
Eberhard, 1992; Reid, 1974) and its activity is destroyed by heat &
denaturation ;nd collagenase (Reid et al., 1972; Knobel et al., 1974).
Collagen also has been found to interact with Cl (Takahashi et al.,
1975) and to inhibit Clq fixation to immune complexes (Allan et al.,
1975).

The results of our experiments (Cazenave et al., 1976a) using
human platelet suspensions demonstrate that Clq inhibits platelet

adherence to collagen and collagen-induced aggregation. The reaction

was specific to collagen because Clq did not inhibit ADP- or thrombin-
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induced platelet aggregation. Suba and Csaké (1976), have confirmed these
results, demonstrating that Clq inhibited competitively and specifically
collagen—induced platelet aégregation in platelet—-rich plasma.

From these experiments, it can be concluded that Clq interacts
with a platelet surface component or receptor which interacts also with
collagen. The nature of the receptor is not known. Wautier et al.
(1974, 1976) have demonstrated an association of Cl with human platélets.
Pfueller and Luscher (1972) have postulated the existence of a Clg-like
receptor on the platelet surface for antigen-antibody complexes or
aggregated IgG, because release and aggregation induced by aggregated
IgG could be blocked by Clq. Wautier et al. (1976) have shown that
Cls is bound to the human platelet membrane and that the presence of
Clq is necessary for the aggregation of platelets by aggregated IgG.

It was suggested that Clq 1s attached to Cls by its collagen-like
moiety, which would leave ‘its non-collagen portion free to react with
aggregated IgG. The inhibition by Clq of platelet interaction with
collagen is in agreement with Wautier's observation a;h indicates that
collagen may interact with Cls bound to. the platelet surfaée. Recently,
it has been suggested (Chater, 1976) that collagen adhering to dog
platelets may activate membrane bound complement that may be involved
in the induction of the release reaction.

However, the nature of the Clq receptor remains to be
elucidated. One possibility is that Cls bound to the platelet membrane

acts as a receptor for Clq. Another possibility is that Clq binds to

glycoprotein I.

A
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These obse‘rvations may mean that immune complexes and aggregated
IgG, and collagen interact with common or closely related receptor
sites located on the platelet membrane. It may be that Clq plays an
important role in regulating platelet adherence to collagen of the

subendothelium (Suba and Csak8, 1977).
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In the preceding section we have discussed the presently
'
avaflable evidence that platelet adhesion to collagen is a highly
specific bfological interaction. Platelets have specific receptor(s)
on their surface which interact with polymerized collagen. There
is evidence that the platelet binding site(s) of collagen are
located on the helical portion of the molecule (Michaell and Orloff,
1976). The molecular nature of the platelet receptor for collagen
and/or for the subendothelium Is unknown at the present time.
Glycoprotein I in the platelet membrane appears to be involved in (
adherence, because: (1) platelet adherence s decreased when plateléthJ
are modified with proteolytic enzymes which hydrolyse glycoprotein
[; (2) platelet adherence to subendothelium is also decreased in
Bernard-Soulier syndrome, a congenital platelet abnormality with
reduced concentration of glycoprotein I; (3) and platelet adherence
to the subendothelfum is reduced when it {s measured {n the
presence of an antibody directed against glycoprotein I. .Using
agents that inhibit several aspects of platelet function, we
fnvestigated some of the factors involved (n platelet adherence to

collagen-containing surfaces.

1. Role of divalent cations.

The results reported (Results, Sectlons 1 B and V) demonstiate
that divalent cations are involved in the adherence of platelets to
collagen-coated glass surfaces and to the subendot“klium. Platelet

\
adherence to collagen and the subendothelium {s marRedly decreased

L

\



272

In the preceding section we have discussed the presently
'
avaflable evidence that platelet adhesion to collagen is a highly
specific bfological interaction. Platelets have specific receptor(s)
on their surface which interact with polymerized collagen. There
is evidence that the platelet binding site(s) of collagen are
located on the helical portion of the molecule (Michaell and Orloff,
1976). The molecular nature of the platelet receptor for collagen
and/or for the subendothelium Is unknown at the present time.
Glycoprotein I in the platelet membrane appears to be involved in (
adherence, because: (1) platelet adherence s decreased when plateléthJ
are modified with proteolytic enzymes which hydrolyse glycoprotein
[; (2) platelet adherence to subendothelium is also decreased in
Bernard-Soulier syndrome, a congenital platelet abnormality with
reduced concentration of glycoprotein I; (3) and platelet adherence
to the subendothelfum is reduced when it {s measured {n the
presence of an antibody directed against glycoprotein I. .Using
agents that inhibit several aspects of platelet function, we
fnvestigated some of the factors involved (n platelet adherence to

collagen-containing surfaces.

1. Role of divalent cations.

The results reported (Results, Sectlons 1 B and V) demonstiate
that divalent cations are involved in the adherence of platelets to
collagen-coated glass surfaces and to the subendot“klium. Platelet

\
adherence to collagen and the subendothelium {s marRedly decreased

L

\



273

{f CaZ+ ts omitted from the platelet suspenaing medium or {f
C32+ is chelated with EGTA. ED;A, ;hg>h che‘ates both Caz+ and
Ng2+, almost abolisﬁes platelet adherence to collagen dnd to the
subendothelium. A similar degree of inhibition of aaherence to
collagen is found when citrate is added to the suspending medium at

concentra&ions used to anticoagulate blood. Earlier investigators

(Hovig, 1963a,b; Spaet and Zucker, 1964; Hirsh et al., 1968b; Hovig et al.

1968; Spaet and Lejnieks, 19§9; Lyman et al., 1971; Gordon and Dingle,
1974; Baumgartner and Muggli, 1976; Brass et al., 1976; Castellan and
Stelner, 1976) used chelating agents and were not able to do control
tests without chelating agents to study platelet adherencz to collagen.
They were therefore unable to draw valid conclusions concerning the
possible involvement of divaient catfons {n platelet adherence to
collagen.

*

Experiments have been done with glass surfaces in which the
contribution o; divalent cations in the suspending fluid has been
agsessed. When plasma or proteins were present in the medium,
calcium was.found to be involved in the adherence of platelets to
glass surfaces (George, 1972; Mohammad et al., 1974, 1976) and to
fibrinogen-coated glass surfaces (George, 1972; Jenkins et al., 1973).
When platelets are resuspended 4f 4 medium deveid of proteins, they
become more adhesive to glass (Packham et al., 1969) and the presence

of either divalent cations or EDTA has no appreciable effect on

platelet adherence under these conditions (Mohammad et al., 1676).
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Anticoagui%nion with sodium citrate has also an effect on the

] ingeraction“of platelets with the subendothelium in flowing blood
(Bapmgartner, 1976; Bagmgartner et al., 1?76; Baumgartner and Muggli,
1976). The extent of platslet adhesion to the subendothelium, after
exposure to blood for 3 minutes, was similar when native blood (no
anticoagulant) or anticoagulated blooa)(lS mM citrate in plasma) was
used. However, generation of thrombin and fibrin deposition on the
subendothelial surfage occurred when native blood was used and thus
it is not possible to make meaningful comparisons with anticoaguiated
blood. In addition,‘gt concentrations of Eiira?e higher than 28 mM
in plasma, adhesion decreased and was virtually abolished at 91.5 mM
citrate in plasma.

Our results indicate that platelet auherence to collagen and to

I b4
the subendothelium is dependent on the presence of divalent cations.

1

Thus, the results from studies using methods which measure platelet
A/déherence using blood or plasma anticoagulated with citrate, EDTA or

EGTA are open to question. For example, the presence of anticoagulants

N

in plas&a modifies the effect of ASA on platelet adherence to a damaged

aorta (Cazenave et al., 1975). One of the main advantages of the method
reported in this thesis for meaéurihg platelet adherence* isthe use of

a platelet suspending medium containing physiological amou&ts of
.calcium and magnesium. Aggregation is inhibited by inclusions of

apyrase in the medium. The absence of plasma precludes the generation

of thrombin and the formation of fibrin. Anticoagtilation of blood

i
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with hirudin, an inhibitor of thrombin, would make it possible to study

platelef adherence in the pfesence of physiologlc concentrations of

divalent cations. The cost of doing so is prohibitive. Heparin,

which may cause the platelets to release and to aggregate (Zucker, 1975), 3
does not appe?r to be a suitable anticoaghlant. In high concentrations,

heparin inhibits collagen-induced aggregation (Rowsell et al., 1967).

2. Role of platelet shape change and contractile processes.

It may be that theére are several ways in which adherence to :
collagen can be prevented. One is by inhibition of the mechanisms
involved in platelet shape change and pseudopod formation. Plaﬁelets
contain a marginal bundle of microtubules believed to be important in
maintaining platelet disc shape (Hovig,'i968; Behnke, 1970; White,
1971B). Loss of microtubules leads to a loss of this discoid shape
(White, 1971a). When platelets interact with collagen they change
shape and form pseudopods (White, 1974). Pseudopod formation is a
contractile process and there is evidence that platelet microfilaments,
composed of contractile pfotein, are involved in this process (White,
1971a). Siéilarly, activation of the platelet contractile system
and platelet shape change (De Clerck et al., 1975) are
necessary for clot retraction to occur. Microtubules have been found
in association with microfilaments and with cell membranes and they
appear to be involved in §he control, distribution anq mobility of
some cell surface receptors (for review see Nicolson, 1976).

Microtubules and microfilaments are associated with cell membranes.
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This association is: (1) transient; (2) dependent on cell energy; and
(3) affected by drugs that disrupt cytoskeletal components.

We have investigated the effects on platelet adherence to
collagen of agents that cause platelets to ghange shape and we have
also examined a number of inhibitors of platelet shape change in response
to aggregating stimuli. These inhibitors are also inhibitory of
clot retraction and wouiﬁ be expected to affect the contractile

processes that could be involveﬁ’in shape change and pseudopod formation.

(a) ROLE OF ADP AND PROSTAGLANDIN ENDOPEROXIDES.

Collagen-induced aggregation seems to be caused by at least
two meqhanisps (Packham et al., 1977): él) the release of ADP and;
(2) the formation of endoperoxides and thromboxane A2. This second
reaction can be blocked by non-steroidal anti-inflammatory drugs.
Electron micrographic studies of platelets in contact with the collagen
fibers on the glass surface have indicated that platelet shape is
altered and long pséudopods stretch out along the fibers. Therefore, it
seemed possible that prevention of platelet shape change might inhibit
platelét adherence to collagen. 1In earlier studies we found that
adding high concentrations of apyrase to destroy the small amounts of
ADP that might be released from the platelets did not significantly
reduce the adherence of platelets to collagen. The addition of ADP
which caused the platelets that were not adherent to collagen to change
their shape, did not enhance the adhesion of platelets to collagen;

this was studied in the presence of EGTA which prevented ADP-induced
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aggregation (Cazenave et al., 1974c). We also demonstrated thaé high
concentrations of apyrase did not affect the adherence of platelets
to collagen in the presence of EGTA. 1It, therefore, does not appear
that the shape change which occurs when pla}eléts adhere to collagen
is an ADP-dependent process, although many of the inhibitors of ADP-
induced ghape change and aggregation inhibit platelet adherence to
collagen. The contribution of prostaglandin endoperoxides and

thromboxane A, to the shape change which occurs when platelets adhere

2
to collagen is more difficult to evaluate. The effect of collagen on
thrombin-degranulated plaéelets has been examined (Kinlough-Rathbone

et al., 1975; Reimers et al., 1976). It was found that collagen-
induced aggregation of degranul;ted plateleté was not inhibited by
CP/CPK (in concentrations that inhibited aggregation induced by 10 uM
ADP). However, acetylsalicylic acid or indomethacin blocked collagen-—
induced shape change and aggregation of these degranulated platelets

as measured by changes iﬁ light transmission through stirred
suspensions of platelets. This indicates that collagen can induce
shape change and aggregation through the prostaglandin pathway
independently of the release reaction. When platelet adherence to
collagen-coated rods is studied, ASA or indomethacin inhibits adherence
of normal platelets but not of thrombin-degranulated platelets. S:ane’4
thrombin-degranulated platelets can interact with collagen and form

thromboxane A, and since non-steroidal anti-inflammatory drugs can

2
block this reaction, but ASA did not decrease the adherence of

P
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thrombin-degranulated platelets it would appear that formation of
prostaglandin endoperoxides and thromboxane Az.is not involved in
platelet adherence to the subendothelium. l

A direct effect of anti-inflammatory drugs on cell membranes

has been reported. ASA has been shown to modify Iymphééyte function

(Coeugniet and Dirksen, 1976) by a direct effect on the plasma

membrane. Similarly, exposure of lymphocytes to indomethacin leads'to a

transient loss of the surface theta antigen (Bach, 1974). More
recently, Kinlough-Rathbone (personal communication) has examined the
adherence of platelets to collagen-coated glass slides by scanning

L e——

electron microscopy. She found that platelets adhered to collagen,

changed shape and formed pseudopods ewen in the presence of concentrations

of CP/CPK and indomethacin that blocked changes in oscillations of
light transmission through a stirred suspension in an aggregometer.

Thus .it appears that platelets can interact with collagen and undergo

shape change through a process that is presumably independent of the T

release of ADP and the formation of prostaglandin endoperoxides and
{

thromboxane AZ'

(b) ROLE OF CYCLIC AMP.

PGEl was found to be a strong inhibitor of the adherence of

platelets to collagen-coated surfaces and to the subendothelium. This
may be related to the Inecrease In cyclic AMP produced by PCEl g

(Bergstrom, 1967; Wolfe and Shulman, 1969). Caffeine and adenosine

are also known to increase cyclic AMP levels in platelets; the former

L3
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inhibits phosphodiesterase (Marquis et al., 1969), and the latter stimulates

adenyl cyclase (Mills and Smith, 1971). Caffeine and adenosine were
shown to inhibit platelét adherence to collagen-coated tubes (Cazenave

et al., 1974c). Pyrimido-pyrimidine compounds (which have be®en reported
to inhibit phosphodiesterase) (Mills and Smith, 1971, Vigdahl et al.,
1971) also inhibit platelet adhesion to coliagen. Most of the

compounds that increase platelet cyclic AMP levels have been shown )
to inhibit clot retraction. It may be that any compound which increases
the concentration of cyclic AMP in platelets affects the contractile
process and thereby inhibits the ability of platelets to change their
shape (Kinlough-Rathbone et al., 1970; Shio et al., 1970). Inhibition
of platelet shape change appears to relate to“a strong inhibition of
aﬁherence to surfaces in all test systems. PGE, also inhibits

1

granulocyte adherence to glass surfaces (Bryant and Sutcliffe, 1974).

(c) ROLE OF MICROFILAMENTS AND MICROTUBULES.

Another agent that is known to interact with contractilé protein
and inhibit clot retraction is cytochalasin B (Shepro et al., 1970;
White, 1971la,b; Haslam, 1972). It inhibits ADP-induced aggregation and
maintains platelets in their disc shape (White and Estensen, 1972;
Kay and Fudenberg, 1953; White, 1974). It was found to be an effective
inhibitor of platelet adherence to the coll;gen-coated surface
(Cazenave et al., 1974c).

. Incubation of platelets with colchicine has been shown to

inhibit ADP, thrombin, noradrenaline, or collagen-induced aggregation
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(Jobin and Tremblay, 1969; Soppittand Mitchell, 1969; White, 1369;
Sneddon, 1971). Shepro et al. (1969) showed that 10 mM colchicine
inhibited clot retraction but White (15%9) found thét the loss of
platelet capacity to retract clots was correlated with the extent of
platelet damage caused by high concentrations. In recent studies,
Chao et al. (1976) ﬁave demonstrated that colchicine at low
concentrations (0.01 - 0.1 mM) inhibits clot retraction. The formation
of pseudopods was impaired and no microtubules are found in the
pfesence of colchicine. Colch;cine reduces platelet adhesiveness to
glass (Soppitt and Mitchell, 1969). Colchicine (1 mﬁa was found to
inhibit platelet adherence to the collagen-coated surface, 'but there
were indications of some platele;ldamage (Cazenave et al., 1974c).
It is not known whether colchigine exerts its effect on adherence
through its ability to disrupt élatelet microtubules (White, 1969;
Sneddon, 197}) which some investigators believe 4are iﬁvolved in
platelet contractile processes and maintenance of the disc shape
(Shepro et al., 1969; White, 1969).

Lidocaine (20 and 80 mM) has been reported to inhibit ADP- or
thrombin-induced aggregation and clot retraction (O'Brien, 1961;
Aledort and ﬁiemetz, 1968; Feinstein et al., 1976). Local anesthetics
produce a wide variety of effects on biological membranes and may
also induce direct breakdown of microfilaments and microtubunles (Poste
et al., 1975). Seeman (1972) has reviewed the evidence that local

anesthetics such as lidocaine readily bind to biomembranes and

AP i g i s
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displace Ca2+ from phospholipid binding sites on the membranes; one
memb rane-bound Ca2+ competes with two amine (anesthetic) molecules.
Significant inhibition of platelet adherence to collagen-coated tubes
and of oollagen—%nduced aggregation in the aggregometer was only
apparent at concentrations of'lidocaine'of 2 mM or greater (Cazenave
et al,, 1974b). This concentration may be required before the
lidocainé“cad’iga%eie successfully for the Ca2+ binding sites on the
platelet mepbrane in the presence of 2 mM Ca2+ in the medium. Thié
effect on Aembrane Ca2+ is in heeping with the observations that EDTA
and EGTA reduce platelet adherence to cpllagen. ’

In addition to lidocaine, other agents with membrane
stabilizing proaerties (Seemaa; 1972) have been shown to inhibit
platelet adherence. These agents are lipid-soluble drugs, they bind
to and expand membranes and usually displace membrane bound calcium.
Platelet adherence to collagen or to the subendothelium has been shown
to dbe inhibited by sodium pentobarbital (Joist et al., 1973),
promethazine (Cazenave et al., 1974b), imipramine and related tricyclic
antidepressants (Cazenave et al., 1974 ; Mohammad and Mason, 1974),
methylprednisolone (Cazenave et al., 1976b),reserpine (Cazenave et al.,

1977c)and propranolol (Weksler et al., 1977).

(d) ROLE OF SULPHYDRYL GROUPS.

Although SH groups on the surface of platelets appear to be

involved in ADP-induced aggregation (Robinson et al., 1963; Harrison

et al., 1966), those involved in the release reaction and clot

PSS,
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retraction appear to be deeély placed (Aledort et al., 1968;

Harbury and.Schrier, 1974). On the basis of experiments with'NEM,

PHMB (p~hydroxy-mercuribenzoate), and PH&BS (p~hydrox y~mercurisulfonate)
in EDTA platelet-rich plasma, Al-Mondhiry and Spaet (1970) suggested

that an SH-containing substrate affecting the adhesion of platelets to

<
v -

collagen is probably also located beneath the plasma membrane of the
platelets. Our gindingé with the penetrating sulfhydryl group reagent
NEM support this conclusion (Cazénave et al., 1974¢). With washed,
prelabeled platelets in suspension, however, we found that a high
concentration of NEM (1 mM) caused release or loss of 14C--serotonin

and loss of SlCr indicating that some release and/or ly;is had occurred.
Zucker and Jerushalmy (1967) have also reported that high concentrations
of this penetrating sulfhydryl reagent cause the platelet release
reaction and sphering of platelets. Behnke (1970) reported disappearance
of microtubules and loc;lized ballooning of the plasmg membrane in
response to NEM. Thus, in high concentrations, thisf;gent appears to

be unsuitable for investigaticn of platelet functions.

In agreement with Al-Mondhiry and Spaet (1970) we found‘
(Cazenave etbal., 1974c) that PCMBS (a nonpenetrating sulfhydryl reagent)
did not inhibit platelet‘adherence to collagen after a 10 minute
incubation period. At the concentrations of PCMB‘that could be

'used in suspensions of washed platelets without causing loss or‘release
of platelet constituents, this penetrating sulfhydryl reagent did not

inhibit platelet adherence to collagen. Al-Mondhiry and Spaet (1970)

‘
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did not determine whether ¥elease or loss of platelet contents
occurred in their experiments, but the presence of plasma may have
reduced the effective concentrations of the sulfhydryl reagents.
Possibly the i;terhg} SH gfoups with which NEM reacts influence the
platelet contractile protein.

(e) ROLE OF METABOLIC ENERGY.

Platelets require energy to carry out their functions of

d -~

shape change, aggregation, re%gase, phagocytosis and clét retraction
(Mustard and Packham, 1970). The energy required to perform these
functions is provided by a critical level of metabolic ATP. Platelet
function can be inhibited if the le¥el of ATP falls below a critical
concentration although ihe adenyléte energy charge may have more
influenée than the ATP concentration (Mills,r}973). Maintenance of
the discoid shape of the platelets depends on metabolic energy which
can be supplied by glucose (Kinlough-Rathbone et al., 1970). It'has
been demonstrated that during ADP-induced shape change, ATP is
consumed (Holmsen et a%., 1574), the adenylate energy charge is
decreased (Mills, 1973) and the oxidation of [6—14C]—glucose to lI’CO

2
is increased (McElroy et al., 1971). Platelet adherence to collagen

»

is inhibited if glycolysis is inhibited by iodoacetate. Inhibition
o
of oxidatlve phosphorylation by antimycin does not inhibit adherence

to collagen. A combination of iodoacetate and antimycin was slightly
<

more effective than i%doacetate alone. These results are similar to

those of Bettex-Galland and Lischer (1960) who concluded that the

-
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energy for clot retraction is largely deriv;d from glycolysis. However,
more recently Mirer (1969) has demonstrated that the effect of the
inhibitors of glycolysis and respiration'on clot retraction was due to
a reduction in ATP concentration.

Interpretation of the mechanism of action of inhibitors is
compligated bf their many sites of action. For example, chelation of
divalent cations by EDTA inhibits adherencé to collagen, but also
inhibits glycolysis in resting platelets and in platelets stimulated by
collagen “(Loder et al., 1968). NEM, a sulfhydryl inhibitor, inhibits
adherence to collagen, but also inhibits glycolysis‘(Klebe, 1975)

and hence inhibits energy production.

3. Coating of the platelet surface.

Penidillig G, cepha\ thin and related antibiotics dinhibit
e '// ‘
, platefet aggregation and th
e -
/0f agents (Cazenave et al., 1973a, 1977a) . Among the agents which these

release reaction induced by a-wide variety

T~ .
antibiotics inhibit are some thgt do not act by inducing the platelet
release reaction. The antibiotics éfso inhibit the adherence of
platelets to collagen and to the subendothelium. 1t seems likely that
their inhibitory effects result from their binding to the platelet surface
and blockage of receptors on the platelet surface. However, since
serotonin~induced aggregaci%n ;nd serotonin ﬁptake are largely unaffected,
there must be some receptors on the platelet surface that are not blocked
by these antibiotics. It seems likely that the antibiotics become

associated with the platelets since their inhiﬁitory effects arexnot

.
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completely removed by washing and resuspending the platelets and have

been reported to persist in vivo (Cazenave et al., 1976d, 1977a). Coating
of the platelet surface by peniciliin G or cephalothin is not

surprising, because it has been shown that these antibiotics can form
stable conjugages with plasma proteins and with proteins of the red cell
membrane (Vanarsdel, 1970). §

In conclusion, at least three factors are involved in platelet
adhesion to collagen: divaléﬁt cations, shape change and metabolic
energy. Similar requirements have been demonstrated for the attachment
and spreading of otﬂer mammalian cells on various substrates. Adhesion
of fibroblasts to a culture dish coated with serum proteins or cellular
products requlres the presence of'divalent cations (Takeichi and Okada,
1972; Culp and Buniel, 1976). The cells can attach to a clean glass or
plastic surface in the absence of divalent cations (Ca2+ and Mg2+),
if serum-free nedium is used (Okada et al., 1974). Fibroblasts attach
and spread on a collagen substrate only in the presence of a collagen-
dependant cell attachment factor (Klebe, 1974). The cell attachment
factor purified from serum is a high moleculiar weight protein that
binds to collagen in the absence of divalent cations, but divalent

A \ cations are required for cells to attach to the collagen-cell attachment
factor complex (Klebe, 1974). Fibroblasc attachment to collagen requires
celiular metabolic energy and is décreased by inhibition of glycolysis

(Klebe, 1975).




IV. PLATELET ADHERENCE TO COLLAGEN, HEMOSTASIS AND PLATELET SURVIVAL.
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1. Platelet adherence to collagen and bleeding time.

The results obtained with the rotating probe device show that
adherence measured with this method bears some relation to the hemostatic
function of platelet;:bn vivo. However, these results are preiiminary
and more work is necessagy to evaluate completely the relationship.

The studies with platelets treated with thrombin, penicillin G,
cephalothin or methylprednisolone show that when adhesion to collagen
or to suEendo(helium i{s impaired, the platelets are not as effective in
hemostasis. However, the studies with platelets treated with thrombin,
p;nicillin G, cephalothin or methylprednisolone are complex to interpret.
In the case of the thrombin-degranulated platelets, they have no
releasable ADP (Reimers et al., 1976), their adherence to collagen is
decreased and they are unresponsive to thrombin. In the case of the
platelets treated with the antibiotics (Cazenave et al., 1977a) or with
methylprednisolone (Cazenave et al., 1976b), they have a diminished

v
adhesion to collagen and do not aggrégate to ADP, thrombin or collagen.
Thus when the effect of these treatments of platelets is examined (n

£

relation to hemostasis, the resulting impairment could be a summation

5
of all these inhibitory erfects.

(a) THROMBIN-TREATED PLATELETS.

. Thrombin-treated platelets that have lost their releasable ADP

can survive normally in the circulation of rabbits (Reimers et al., 1676).

The hemostatic properties of thrpmbin-degranulated platelets . were

examined in rabbits that had been made very thrombocytopenic (platelet

i
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count <« 10,000 per mm3). In these animals the bleeding time f{rom a
puncture wound in the exposed jugular vein was more ;pan 900 sec. Upon
infusion of untreated contfol platelets the bleeding time was shortened
to 124 sec. whereas thrombin-degranulated platelets only shortened the
bleeding time to 463 seconds. Thus, thrombin-degranulated platelets,
although they showed sdme activity in hemostasis, were far less effective
than untreated control platelets. There are at least three possible
explanations for this: (i) since the'in vitro experiments showed that
adherence of these platelets to tﬁé exposed subendothelial tissue of
aortas is diminished, it is likely that they do not adhere as readily

Lo the puncture wound site as control platelets; (2) the thrombin-
degranulated platelets are uqresponsive to thrombin (Reimers et al.,
1976); (3) these platele;s lack releasable ADP ang tge'release of ADP
froé platelets interacting initially with the wound site is thought to
contribute to the éccumulation of further platelets at this site, thus
buflding up the primary hemostatic blug (Mustard and Packham, 1971). It
seems likely that impairment of all these mechanisms contributes to the

diminished hemostatic effectiveness of the thrombin-degranulated

plazelets.

(b) PENICILLIN G AND CEPHALOTHIN-TREATED PLATELETS.

The diminished ability of platelets preincubated with penicillin

G or cephalothin to shorten the bleeding time of thrombocytopenic

rabbits is in kéeping with our observations from other studies of the

effects of these antibiotice on platelet function (Cazenave et al., 1973a, 1977a).

T M dans s . e
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We found that platelets incubated with penicillin G or cephalothin,

washed and resuspended in fresh medium responded less strongly to

aggregating and'release—inducing agents (ADP, collagen, or thrombin)

tﬁan control platelets. It seems likely that the antibiotics became

bound to the platelets. Thus, it is not surprising that platelet

function in vivo is inhibited by preincubation of the platelets with

,che}antibiotics in vitro. The impairment of the ability of platelets to ;

adhere to subendothelial structures and to react to aggregating agents

b e mmnw

would account for the observation that th; antibiotic-treated platelets
were much less effective than control platele%s in shortening the
bieeding times of thrombocytopenic rabbits.

» Thus, the effects of penicillin G and related antibioties on

the bleeding times of patients (McClure et al., 1970; Lacombe et al.,

-

1974; Roberts, 1974; Houbouyan et al., 1975) and volunteers (Brown et al.,

1974, 1975, 1976) given high doses of these dfugs is, at least in part,
attributable to the inhibitory effects of the antibiotics on the platelets.
Our results, however, do not exclude the possibilities-that the antibiotics

also affect the vessel wall and/or the plasma proteins.

(c) METHYLPREDNISOLONE-TREATED PLATELETS.
Methylprednisolone, in high concentrations, is a potent inhibitor

—  of platelet shape change, aggregation and release induced by ADP,

B e I e

thrombin or collagen. The cffect of methylpredalsolone on platelets
persists even when the platelets are washed and resuspended in a fresh

medium (Cazenave et al., 1976b). Methylprednisolone is also a potent

o
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inhibitor of platelet adherence to collagen and to the subendothelium.
Thus, it is not surprising that platelets which had been pretreated
with methylprednisolone washed, and resuspended in a medium not containing
the drug were much less effective than control platelets in shortening
the bleeding times of thrombocytopenic rabbits. However, metﬁylprednisolone
can affect the bleeding time through effects on the vessel wall “as well
as on platelets. Intravenous injection of methylprednisolone to severely
thrombocytopenic rabbits shortens the bleeding time to normal. Similar
results have been reported by Senyi et al. (1975) with hydrocortisone,
and have been interpreted as evidence for a direct effeét of the drug

7

on the vessel wall.

2. - Platelet adherence to collagen and platelet survival.

Platelet survival is one of the tests of platelet function that
shows a relationship to the clinical manifestations of arterial disease.
Shortened platelet survival and increased platelet turnover in subjects
who have had clinical manifestations of atherosclerotic disease have
been demonstrated by a nUmber'of investiéators (Murphy and Mustard,

1962; Abrahamsen, 1968; Steele et al., 1973a; Harker and Slichter, 1974).
There are drugs such as sulfinpyrazone, dipyridamole and clofibrate,
which prolang shortened platelet survival, decrease platelet turnover and
also'appear to decrease the incidence of thromboembolic complications.
These drugs have little effect on in vitro tests of platelet function at
the blood lev;ls achieved with therapeutic doses (Genton et al., 1975;

Mustard and Packham, 1975).

- o4
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There is also evidence that treatment of platelets with ADP
(Mustard et al., 1966) or thrombin (Reimers et al., 1973;1976) does not
influence platelet surviva%. Thus, it would appear to be importanf
to study whether altering the ability of platelets to adhere to surfaces
influences platelet survival.

(a) MODIFICATIONS OF PLATELET SURFACE.

The effect on rabbit platelet survival of agents that alter the //,_//’\
platelet surface, some of which'also cause the release of platelet ,
granule contents, shows that there is no correlation with platelet
adhesion to collagen or to the subendothelium.

(i) Thrombin-treated platelets.

When thrombin-treated platelets are infused into rabbits,
about 45% are recovered in the cinculation after 2 hours. This low
recovery has been shown to be caused by the plasmin used in the preparation
of thrombin degranulated élatelets (Reimers and Greenberg, personal
communication). These platelets that circulate show the same pattern
. of survival as normal platelets. Thus, thrombin does not appear to
damage or alter the thrombin-treated platelets that circulate after
reiﬁfusion into rabbits in such a way that their survival is shortened
(Reimers et al., 1973; 1976). 1t can be concluded that the release
reaction as such and any modifications of the platelet surface caused
by thrombin are apparently not factors that determine the lifetime of
a platelet.

(ii) Neuraminidase~ or periodate-treated platelets.

.NaIOA pretreatment altered the platelets so that they were less
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adherent to collagen and to subendothelial structures. This was in A
contrast to the effect of removal of surface N-acetylneuraminic acid .
which had no demonstrable effect on platelet adherence to these surfaces.

However, platelet survival was affected by either b;aIO4

pretreatment or removal of surface N-acetylneuraminic acid (Greenberg
et al., 1975) aﬁd the platelets were rapidly removed from the circulation
of rabbits into which they had been infused. These results indicate
that removal of sialic acid (as suggested by Gréttum and Jeremig (1973))
or alteration of sialic acid resulted in the recog;ition of the platelets
as "foreign'" by the reticuloendothelial system. The results
indicate that there is no correlation among alteration in platelet
function, platelet adherence to vessel surféﬁes,'and shortening of
platelet survival. NaBH4 apparently reduc€d the groups involved in this
recognition so that the platelets were no longer subject to rapid

removal from the circulation (Cazenave et al., 1976c). Removal of sialic

acid from red blood cells (Gattegno et al., 1974;

Jancik and Schauer, 1974; Durocher et al., 1975; Aminoff et al., 1976) and

from some serum glycoproteins (Ashwell and Morell, 1974) has been shown to
cause their rapid clearance from the circulation. ’Oxidation of sialic
acid of membrane glycoproteins of mouse lymphocytes has also been shown

to impair their recirculation in vivo and NaBHA reversed this effect of
oxidation (Zatz et al., 1972). Durocher et al. (1976) have demonstrated
that mild perlodate oxidatlon of rat red blood cells shortens thelr .

survival and that sodium borohydride partially reverses the effects of

¥

Rt T i

-

. A R 2 Y

————



293

periodate oxidation oﬁ survival.

The mechanism of clearance by the reticulo-endothelial system
of the platelets treated with neuraminidase or NaIO4 is not clear at
the present time. There are at least two possibilities: treatment by
neuraminidase and NaIO4 is such that the cells are recognized by the
reticuloendothelial system as "foreign." Neuraminidase cleaves terminal
s;alic acid residues of glycoproteins, exposing a galactose residue. It
has been shown that desialylated plasma glycoproteins are cleaved by the
liver cells thch have a receptor for the exposed galactose of sialoglyco-
proteins (Ashwell and Morreil, 1974). That such a mechanis; operates
for circulating cells is not known. The second possibility is that
neuraminidase or NaIOA.treatment exposes new antigenic determinants on
the platelets which are recognized by preexisting immunoglobulins. Then
these immunoglobulin-coated platelets could be recognized by the
macropuages of the reticulo-endothelial system and removed from the
circulation by phagocytosis. Although this second possibility is at the
present time speculative, there are 3 pieces of evidence in its favor.

(1) Treatment of cells with neuraminidase or NalO, creates new antigenic

4
determinants (Reisner, 1975; Schmidtke and Simmons, 1975). (2) The
serum of most mammalians and birds contains natural antibodies specific

fur the treated cellg (Moskowitz and Treffers, 1950; Kipnis and Sacks,

1955; Rogentine and Plocinik‘ 1974; Durocher et al., 1976). (3) NalO

4

treated erythrocytes of chicken are rapidly cleared from the circulation
of normal birds, but not of agamma'gIAbulinemic birds (Cazenave,
1 3

‘unpublished observations).

. et
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It is possible that naturaily c;rculating immunoglobulins which
react with altered membrane glycoprotéins may participate in the
recognition process of sen;scent or damaged plateléts by the reticulo-
endothelial system and thus may be one of the factors governing platelet
survival in the circulation.

(b) MODIFICATION OF PLATELETS BY PENICILLIN G.

Pretreatment of rabbit platelets with a high concentration of
penicillin G in vitro did not affect their recovery or survival in vivo
following reinjection.. Although penicillin G inhibits adhesion to
subendoghelium and collagen, inhibits ADP, thrombin and collagen-induced
aggregation and prolongs the bleeding time, it could not be demonstrated
that it affects platelet survival. These studies were done by infusing
5lCr-labeled penicillin-treated platelets into rabbits. It has been
shown that the effect of carbenicillin, a penicillin derivative, remains
throughout the lifespan of the platelets (Brown et al., 1974). This
may mean that platelet interaction with surfgces is not an important

\

determinant pf platelet survival. (It has a%ready been shown that
neither exposure of platelets to ADP (Mustaré et al., 1966), nor to
thrombin (Reimers et all, 1973b,1976) influences plafelet survival.)

It remains to be seen whether the penicillin antibiotics can
prolong shortened platelét survival.

There is'evidenee.from experiments with dogs that carbenicillin
and ticarcillin (two peAicillin derivatives) inhibit arterial thrombosis

induced by damaging an isolated segment of artery with proﬂése (Lyman

et al., 1976).
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Anothér possible mechanism of shortened platelet suryival is
the alteration of platelets when they take part in the response of the
blood to injury and then return to the circulation. Since it has
not been possible to show that thrombin (Reimers et al., 1973b,1976)
or ADP (Mustard et al., 1966) alter the platelets sufficiently to’
shorten their survival, it is important to.establish whegher platelet
interaction with surfaces can lead to platelet alterations that shorten
platelet surgival. When platelets interact with a release-inducing
stimulus the;‘form a collagenase activity (Chesney et al., 1974). Tﬂere
is~evidence that platelets ‘that adhere to a damaged vessel surface may
eve;cUa;ly leave the surface (Baumgartner, 1973). Harker\et al. (1976)
have injected homocysteine continuously into baboons. They demonstrated
that such a treatment induced a loss of endothelial cells with
subsequent platelet Interaction with the exposed subendothelial tissue.
Platelet interaction with the vessel wallpresulted in a shortened platelet
survival.’ Administration of dipyridamole produced a significant prolongation
of platelet survival and prevention of the development of vasculaf'lesions of
arteriosclerosis.,
Thus there are two lines of evidence about factors that may

influence platelet survival. Those derived from the studies in this
thesds that {ndlcate that modifficatfons of the platelet surface,
particularly sialic acid, lead to shortened platelet survival. -It
has recently been found (Greenberg et al., 1976) that removal of

platelet surface proteins and glycoproteins by chymotrypsin treatment

~
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also causes a rapid removal of the platelets from the circulation.
In all these studies we were unable to show a correiﬁtion between
treatments which modify platelet adherence to surfaces and changes
in platelet survival. The second line of evidence comes from the work
of Harker et al. (1976) and Ross and Harker (1976), in which they
found that damage to the endothelium by homocysteine, by hyperlipemia
or by balloon injury causes shortened pﬁgtelet survival. One would

/
expect in these studies that the explanation for shortened platelet
survival onld be plételet adhesion to the damaged vessel wall. Further
work would have to be carried out to determine the relative importance
of the subendothelium in influencing platelet survival versus

alterations in platelet membrane glycoproteins.
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SUMMARY !

The afm of these studfes was to develop a quantiltative method for
L)

measuring platelet adherence to collagen-coated surfaces and té the

(3

subendothelium in the absence of platelet aggregation and to study the
role of the components of thgfvéssgl“yail, the role of platelet

modifications and the role of' the composition of the platelet suspending

.

Y
medium on platelet adherence to these surfaces.

The aspects of this thesis which represent new developments and

|
v

have advanced our knowledge in relation to thrombosis and hemostasis are:

1. A quantitative method for ‘meisuring the adherence of individual

platelets to collagen-coated surfaces or to the subendothelium
P

\

been developed. The features of this method which are distinct f.0m

those used by other investigators and which are improvements over
" r

earlier methods are:. (a) Platelets are labeled with 51Cr. This label

.

is not released or lost from adherent platelets and allows accurate

N

quantigﬁtionigf adherence over a large surface area without any
possibilfty 6; the observer bias wﬁich is a drawback of the m;rphometric
teéhniqugs. (b) The platelets are suspended in an artificial medium

for the adherence measureéents. Thus tﬁg constituents of the medium can
be varied to determine their effects on platelet adherence aﬁd the
platelet count can be adjusted in any way that is required. (c¢) Platelet
adherence is studied in a medium containing appf%ximately physiological

concentrations of calcium and magnesiuh. (d) The adherence of single

plateiets is measured because apyrase is incubated in the suspending fluid

¢
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to degrade any ADP released or lost from the platelets. Platelet
aggregatés are not formed on the surfaces under the conditions used.
(e) The aﬁsenee of plasma permits platelet adherence to be studied
without the complications that would be introduced by the thrombin
generation and the formation of fibrin. (f) Adherence is measured at
37°C. (g) The surfaces to which platelets adhere (collagen-coated
glass rods or evérted rabbit aortas damaged by passage of a galloon
catheter or by scraping) are mounted on rotating probes. The rate of
rotation can be accurately controlled and is reproducible. Tﬁus,ithe

characteristics of flow around the surfaces on the rotating probes

~
N——
are constant. A

2, It was found that platelet adherence to collagen-coated
glass or to the subendothelium is greatly reduced in the absence of
divalent cations. This finding affects the interpretation of all
platelet adherence studies of other investigators which have been done
in plasma anticoagulated with EDTA or citrate, or in artificiél media
without calcium.

~

3.* The optimum pH for platelet adherence studies was found to

-be pH 7.35 under the conditions used. Adherence is less at lower pH

values and aggregate formation occurs at higher pH values.
| .
4, The albumin content of the medium was found to affect the
number of adherent platelets. Fewer platelets adhgred in a wedium

containing 4% albumin than adhered when 0.35% albumin was used. However,

at the high albumin concentration there was legs varilation among
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replicate samples.

5. The hematocrit also was shown to affect the number of
adherent platelets. Progressively, more platelets adhered at
hematocrits of 10, 20 and 40% than at zero hematocrit,

6. It was aobserved that platelets that became adherent to
collagen or the subendothelium were not readily dislodged. Rinsing the
surfaces to which platelets had adhered In solutions which cause
immediate disaggregation of platelets (EDTA, EGTA or prostaglandin El)
did not remove adherent platelets. This indicates that platelets
adherent to the subendothelium at injury sites in vivo probably remalin
on the damaged wall, even if platelet aggregates which initially form
on top of them are broken up and washed away.

7. It was found that when an endothellal surface which had not
been damaged deliberately was exposed to thromb%n and then rinsed before
platelet adherence was studied, many more platelets adhered to the
thrombin-treated surface than to an endotheliai‘surface which had not
been exposed to thrombin and this was blocked by Aeparin. This
observation may,indicate that local generation of thrombin in vivo could
result in platelet adherence to the undamaged endothelial surface.

8. After these investigatiOﬁévég;elwéll underway it was found
that some of the inhibitory effects of drugs or of‘modif}cations of the
platelet surface which were readily demonstrable at 0,35X% albumin and
zero hematocrit were not apparent at 4% albumin with a 40 hematocrit.

However, any drug or treatment which was inhibitory at 4% albumin and

. i Yt e ==
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407 hematocrit was also shown to be inhibitory at 0.35% albumin and zero
hematocrit. For initial screening tests the simgler system (0.357%
albumin, zero hematocrit) was found to be useful, but for final rigorous .
testing the more physiological system was used.

9. The effzgts on platelet adherence of modification of the
platelet surface with several enzymes and with sodium periodate were
examined. Removal of surface sialic acid with neuraminidase did not
affect the number of adherent platelets whereas treatment with the
proteolytic enzymes thrombin, plasmin or chymotrypsin decreased
adherence Q! 30 to 50%. Sodium periodate also was shown to reduce
platelet adhgrence at low hematocrits but not at 40% hematocrit.

16. ubp and UDPG were showfi’ to have no effect on platelet
adherence to collagen-coated glass surfaces. These observations are not
in keeping with the collagen:glucosyltransferase theory of platelet-.
collagen interaction but may be compatible with the later concept that
a lectin-like type of binding may occur.

11. A subcomponent of the first component of complement, Clq,
was found to inhibit collagen-induced aggregation but not aggregation
induced by ADP or thrombin. Clq also inhibited platelet adherence to
collagen-coated surfaces. These inhibftory effects are most probably
attributable to competition between €lq and collagen for the collagen
receptor on the platelet membrane since there are structural

similarities between Clq and collagen.
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12. Platelet adherence to the collagen-coated surface and to
the subendothelium was shown to be inhibited by a wide variety of drugs
and agents which inhibit platelet aggregation and the release reaction.
The components that were shown to be inhibitor} by the simple screening
system (0.35% albumin, zero hematocrit) were: (a) EDTA, EGTA and citrate.
(b) non-steroidal anti inflammatory drugs - acetylsalicylic acid, sodium
salicylate, sulfinpyrazone, 399 indomethacin; (c) the metabolic inhibitor
iodoacetate;( (d) agents that increase platele£ cyclic AMP levell -

prostaglandin E. and pyrimido-pyrimidine compounds; (e) reserpine;

1
(£) penicillin,p and related antibiotics; (g) methylprednisolone.

Of these inhibitors, only‘some were found to decrease platelet
adherence under more rigorous testing at 4% albumin and 40% hematocrit.
These were EDTA, EGTA, citrate, indomethacin, prostaglandin El’
dipyridamole, RA 433, penicillin G, cephalothin and methylprednisolone.

13. Experiments were done in which acetylsalicylic acid was
administered to rabbits. The ability of the platelets that had been
exposed to aspirin in vivo to adhere to the subendothelium from
aspirin-treated and normal rabbits was examined. It was shown that the
acetylsalicylic acid affected the platelets and not the vessel wall.

Although the inhibitory effect of acetylsalicylic acid on
platelet adherence was demonstrable in suspensions of washed élatelets
(0.35% albumin, zero hematocrit), it wa; not apparent when citrated

L4
platelet-rich plasma was examined. The lack of effect of acetylsalicylic

acid in theﬂpresence of citrate is in agreement with the findings of other

4
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investigators who used ;itrated platelet-rich plasma.

l4. The possibility of a cérrelation between the ability of
rabbit platelets to adhere to collagen-coated surface or the subendothelium
and platelet survival was investigated. Platelets treated with thrombin
surviyval for a normal length of time after infusion into recipient
rabbits whereas platelets treated with sodium periédate or neuraminidase
were rapidly cleared from the circulation. These observations indicate
that if platelets take part in reversible thrombus formation in vivo they
may survive for a normal length of time whereas if the sialic acid on
their surface is removed or altered they are recognized as "foreign"
and removed from the circulation. Platelets freaﬁéd with penicillin G
or methylprednisolone before infusion into animals survived normally.
These observations indicate that treatments which inhibit the ability o
of platelets to adhere to collagen or the subendothelium do not
necessarily affect their survival in vivo. . .

15. The possibility of a correlation between the ability of
rabbit platelets to a&here to a collagen-coated surface or the
subendothelium and their hematostatic effectiveness was investigated by
examining the effect of vérious platelet treatments on their ability to

shorten Eﬁe bleeding time from the'punctured jugular vein of thrombo-

- o
cytopenic rabbits. Thrombin-treated platelets did correct the bleeding
time to some extent but they were less effective than normal platelets.

(P%ételets that had been pretreated with penicillin G, cephalothin, or

methylprednisolone did not correct the long bleeding times of

/
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thrombocytopenic rabbits. Thus with respect to thege treatments, there
is a correlation between the ability of platelets to adhere to a
collagen-coated surface or the subendothelium, and their hemostatic
effectiveness. This is in accord with the earlier findings of other
investigators that platelet adherence to collagen in the vessel wall

is an early step in hemostatic plug formation.
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