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- ABSTRACT

-

-

Thé interaction of platelets with damaéed vessel walls
plays a role in the development of atherosclerosis and its
thromboeﬁgglic complications; The platelets that adhere to
injured veséels-release a growth factor that promotes the
migration of medial smooth muscle cells through the internal
elastic lamina into the subendothelial conpective tissue
where they proliferate and-form a neointima. < If a vessel is
exposed to repeated or continuous infury the process contin-
© ues and‘ultimately a fraﬁk atherosclerotic plague develops.

A éIE&ue.contains not only smooth muscle célléj but large
quaﬁtities df intracellular and extraceiiular lfbid and
cholesterol. .These plaques~can lead to disturbed flow, and
the development of thrombi, particularly in regions where
abnormai flow patterns.caused further endothelial cell injury
or desquamation. The purpose of the work reported in th%s
tﬁesis was to examine the factors influencing the response of
vessels to iqjury, since our understanding of;these should
contribute to our knowledge concerning the p;ocesses involved
in atherosclerosis and itgicomplications. Previoﬁs étudies
have examined the respoﬁsiveness of norﬁal vessels of young
animals to a single injury and may therefore have iittle

relevance to  jnjury of previously damaged or diseased

vessels. The present experiments were therefore designed to
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produce conditions likely to be found in. older vessels that

hl

have been exposed to previous injury. In these experiments
rabbit aortae were de-endothelialized with a-balloon catheter
and a smooth musclejéélljrich neointima was allowed to
develop over a 7 day period. The response of this surface to
a second injury with a balloon catheter was examined and
compared with the responsé of normal vessels to a single
injury. ?he'initial respanse to a second injury was very
different’ from the résponse_to a single injury. Whereas a
monolaver of platelets ‘accumulates af;er de-endothelializ-
ation, follqwing injury ¢f a smooth muscle cell—rigb
neointima, large platelet-fibrin thrombi-form on the inﬁuxeé
surface. The platelet-fibr@n thrombi are largely oriented in
the direction of blocod flow. Despite the fact that cocagula-
éion is activated {the-th:ombin that is generated leads to
fibrin fqrmation) the number of platelets (measured using
platelets prelabelled with 51Chromium) that accumulates on
. the injured aortic sufface is similar to the number that
accumulétes on a de-endothelialized.aorta, and the surface
that is initially very reactive to ciéculating'platelets
rapidly loses its ability to attﬁact fresh platelets. The
reasons “for the non-reactivity of normal endothelium and loss
of reactivity of both de-endcthelialized vessels and vessels

subjected to a second injury were explored. Although it has

been speculated that the PGI, produced K?fnormal vessels or
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injured vessels could account for“the lack of interaction of
platelets with these surfaces, thié did. not seem to be so, -
since inhibition of PGI, production by treatment of vessels
in vitro or in vivo with aspirin did not lead to platelet
accumulation on. undamaged vessels or enhance platelet gccumu-
lation on injured vessels. Similarily, products of the
lipoxygenase pathway that have been implicated as responsible
for the non-thrombogenicity of vessels did not appear to be
responsible for the lack of accumulation of platelets on
these surfaces, since inhibitors of lipoxygenase such és
ETYA(IS-hydroxy-S,8,ll,lB-eicososatetraenoic acid) or
NDGA(nordihyéroguiaretic acid) did not-influence the number
of platelets that accumulated on the vessels under the

conditions tested. To determine if factors other than

"(uplatelets could account for the lack of vessel wall reactiv-

ity, plateletﬁaccumulation in vivo on de-endothelialized
vessels or on vessels with an injured neointima was prevented
by treating animals. with injections of dipyridamole or with
constant infusions of PGI,. It was observed that 6 to 8 hours
of these treatments are required for the vessels to become

4
non-reactive; shqrter durations of treatment do ret -allow the

surface to develop its non-thrombogenic pﬁqperties. Thus,
the loss of reactivity of injured vessels do not require
platelet adherence to the injured surface. 1In addition, it

can be inferred- that plasma factors or material from circu-



lating red blood cells does not contribute to this eféect.
‘It may be that the loss of reactivity that develops over a 6
t6 8 hour period may be attributable to a factor(si elabor-
ated by injured vessels and this is an avenue worthy of

exploration.

Several general conclusions can be reached based on
the observations in this study. First, since injured vessels
rapidly lose their reactivity to circulating platelets,
repeaéed or continuous véssel injury is probably regquired for
the dévelopment of severe arterial disease. Second, since
activation of coégulation plays a major role in the response
to injury of previously injured vessels, treatment w{;ﬁ
anticdagulants could be useful therapy in some forms of-
arterial thrombosis. .Finally, since injured vessels lose |
their reactivity t§ platelets even when the initial inter-
action of plaéeiets with the injury site 1is prévented, it may
prove useful to administer drugs that inhibit platelet
adherence té damaged vessels for short periods only, for
exampie, after coronary bypass surgeéy or tiansluﬁfha% angio-

'plasty. This would allow "passivation" of the surface,
prevent the effetts.on smooth muscle cell proliferation of
growth factors released from adherent platelets, and reduce
the vessel wall thickening thatlcould‘COM§romise flow to the

F
tissues._
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CHAPTER I

GENERAL INTRODUCTION

l“-



~ N\ :

A

GENERAL INTRODUCTION

The endotgélial cells lining vessel walls form a
nen-thrombogenic su;face. Platelets do not adhere to normal,
intact endothelium (Baumgartner-et al.,C;gléi\Stemerman et
al., 1971), and coagulation factors are not activated when

~they come into contact with the surface of endothelial

cells. However, the subendothelium exbosed by vascular
injury is highly reactive to circulating platelets which
rapidly "adhere to and spread on the subendothelial connective

- ~
tissue. The adherent platelets form a non-reactive surface

on the vessel agg_there is little further platelet accumu-
lation. Although the surface exposed by the loss of many of
the adherent platelets by 2 days following the removal of the
endothelium appears morphologically similar to the subendo-
thelium, this surface is non-reactive to platelets.
. Among the granule contents released by the platelets
that adhere to a damaged vessel is a mitogen that stimulates
vascular smooth muscle cells to migrate and proliferate abo;e
the internal elastic lamina and form a thickened neointima
{Ross and Glomset, 1976). The intimal thickening decreases
lumen size and reduces -blood flow through a vessel.

Repeated injury to the surface of large vessels leads
to the development of atherosclerotic plagues (Moore, 1973).

The surface of a diseased vessel can be highly thrombogenic.

Mural thrombi composed of platelets and fibrin form on the



)‘r

serface of diseased véssels, particularly on the surface of
rdptured pléques and in areas of disturbed flow, 'such as at
sites of stenosis. These thrombi.can become dislodged and
embolize in the distal circulation prﬁducing tissue ischemia
and infarction. Thus, platelet response to vascular injury
contributes to intimal thickening and the development of
atherosclerosis, and plateletﬁéntéraction with diseased
vessels is involved in the formation of mural thrombi and the
resulting thromboembolic complitations of atherosclerosis
incluéing myocardial infarction and strokes, major causes of
morbidity and mortality.

Since fibrin éorms cn the surface of reinjured or
diseased vessels, it appears that the properties of this
surface must be different from those of the exposed subendo-

»

thelium where there is little evidence of fibrin formation
1 .

(Stemerman, 1973; Groves et al., 1979). Since platelets are
;timulated_by thrombin that is generated following the activ-
ation of coagulation ;‘:md interact with polymerizing fibrin,
it appears likely that the activation of coagulation follow-
ing injury of a previously injured or diseased vessel would
enhance platelet accumulation on the vessel surface. 1If
coagulation continued to be activated by the injured vessel,

the surface would likely remain reactive to platelets. Since

-

I observed in previocus studies that normal vessels lose their
reactivity to platelets follewing a2 single injury under

conditions where there is little evidence of fibrin formation



(Groves et al., 1979), and since™the activatién of coagula-
tion at the surface of injured vessels might increase plate-
let accumulation on the surface and maintain the reactivity
of the surface for platelets, in the present studies the
response of platelets to injury of vessels that had been
previously injured was examined. In addition, some of the

~factors that might modify or limit platelet interaction with
the surface of a damaged or previgusly injured vessel are
investigated.

In this introductory chapter I shall discuss the
structure and properties of undamaged arterial walls and
consider factors that could be responsible for their non-
thrombogenic properties; the factérs that can produce
vascular injury and expose a surface that is reactive to
platelets; the factors involved in platelet interaction‘with
injured or diseased vessels; the interaction of platelets
with activated components of coagulation; the response_bf
vessels to injury; the development of atherosclerosis; and
the properties oé the atherosclerotic vessel wall. During
this discussion, I shall consider‘factors that might decrease
or innibit platelet interaction with a vessel wall, ancd
factors that might enhance the reactivity of a vessel and
promote platelet accumulation on its surface. Since plate-
lets respond to stimuli through several pathways, and “since
these pathways can be Inhibited with drugs, the use of

antiplatelet drugs to determine the role of pathwavs of



platelet activation in the response of platelets to vessel
injury will also be discussed. Finally, the hypothesis of
this thesis and the specific aims of these studies will be

presented. .

A. Vessel wall

The arterial wall consists pf three morphologically
distinct layers (Cowdry, 1933). The intima, the innermost
layer of the arterial wall, consists of endothelial cells
lying on "a basement membrane, subendothelial connective

4
tissue composed of collagen fibers and elastin, and an

Enternal elastic lamina composed of a fenestrated sheet of
eléstin fibers. Only occasicnal smooth muscle cells are
present_ in the intima in young children, but the number of
intimal smooth muscle cekls gradually increases with age
(Ross and Glomset, 1973). The middle layer of the arterial
wall, the media, consist% of smooth muscle cells and varying
amounts "of collagen, smalg elastin fibers and proteoglycans.
Unlike the intima, the morphology of the media does not
generally change significantly with age. The adventitia, or
outer layer of the vessel wall is composed of fibroblasts,
smooth muscle cells, collagen and proteoglycans, and the
external elastic lamina, a.sheet of elastic tissue -that liezs

adjacent to the media.



1. Intima
The vascular endothelial cells form a non-

thrombogenic lining and provide a barrier that restricts the
penetration of blood constituents into the arterial wall. '
The normal aortic endothelium, viewed with the scanning
electron microscope; has a smooth cell surface with slightly
elevated perinuclear zones and barely visible cell borders
(Haudenschild, 1980). Although some eafly studies reported
tﬂat cytoplasmic bulging and villi could be observed on the
surface of normal' endothelial cells, these are now thought to
be artifacts resulting from poor p;eservatipn during the
preparation and fixation of the specimens (Clark and Glagov,
-1976). Several investigators observed& that vasaular'endo-
thelial cells are eloagatéd in the direction of blood fl$§
(Silkworth and Stehbens, 1975; Langille and Adamson, 1981).
When examined with the transmis§ion elecﬁron microscope,
aortic endothelial cells appear tightly adherent to a
'reticular' basement membrane. The cytoplasm of endothelial
cells is rich in mitochondria and pinocvtic vesicles, and
contains a Golgi apparatus, many free ribosomes
(Haudenschild, 1980), bundles of actin fibers that tend to
become aligneé'in the direction of stress and blood flow
{Wong and Pollard, 1983), and VWeibel-Palade bodies, that are
specific for endothelial cells (Weibel and Palade, 1964).
Gap:junctions that are implicated in cell-cell communication,

rn,

are present between adjacent endothelial cells in normal



blood vessels {Simionescu et al., 1976; Huttiner and Peters,
1978). The theofy that communication between ;djaéent-cells
through gap junctions might be §mportant in limiting endo-
thelial cell proliferation (Spagnoli et al., 1982) is
supported by the the observation that the gap junctions are
lost during'growth and repair.following endothelial injury
(Schwartz et al., 1975; Schwartz”et al., 1878).

' Although the tightly inéerdigita;ing juncfions that
;ink arterial endothelial cells preclude the penetration of
molecules as small as horse radish peroxidase with a diameter
of 40-50 am (Schwartz and Benditt, 1872; Huftner et al.,
1973), pinocytic vesicles can tzanspért lipoproteins through
endothelial cells (Stein ané Stein, 1973; Stein and et al.,
1373), or fuse to form transient channels that allow proteins
to penetrate through the endothelium {Simionescu et al.,
1975%a; Simionescu et ai., 1975hb).

In certain areas such as at arterial branch points or

in the aortit arch, the permeability of the endothelium to

radiclabelled cholesterol or albumin-bound dves is increased
(Duncan et al., 1963; Packham et al., 1%€7; Biorkerud and
Bondjers, 19fl; Somer and Schwartz, 1971; Fry, 1973;-
Jgrgensen et al., 1974). The increased permeability in these
areas could be due to the iﬁcreased hemedynamic stress thét
might stimulate endothelial cells to enhance transendothelial
transpﬁrt, induce £focal endothelial cell damage, or procduce

desquamation of the encdothelial cells. Atherosclerotic



plagues tend to develop in areas of a vessel where endo-
thelial permeability is increased. It appears likely that
the increased permeability that facilitates thé penetration-
and a;éﬁmulation in the vessel wall of substances such as
cholesterél, low density lipoproteins, or growth factor
released from platelets or monocytes adherent to injured

areas of a vessel, contxributes to the development of

atherosclerosis in these regions.

a) Thromboresistance of endothelium

The formation of thrombi on a vessel wall can narrow
or occlude a vessel lumen. Thus, for blood to flow unob-

structed through the vasculature, the endothelium must remain

hY
non-reactive to blood components.

i) Resistance of endothelium to the interaction of

platelets”

Alt@gugh platelets do not accumulate on the normal,
undamaged endothelium of intact blood vessels (Baumgartner et
al.,1971; Stemerman et al., 1971), isoclated segments of
vessel with intact endothelium (Baumgartner, 1973; Packham et
al., ?978) or cultured endothelial cells (Boovse et al.,_
1975; weckezak et al., 1975; Czervionke et al., 1978; Zetter
et al., 1978), the mechanisms responsible for preventing
platelet interaction with endothelial cells are unclear.

-

It has been suggested that the non-thrombogenic

—-



properties of the normal vessel wall might be %epéndent on -
thé production by the vessel wall.of metabolites of the ”
arachidonic acid péthway including PGI, (Moncada and Vane,
1979a), aﬁd products of the lipoxygenase éathway {Buchanan et /

-

al,, l983a). -

PGI,

Ve —

Endothelial cells produce PGI, (prostacyclin}
(Gimbrone and Alexander, 1975; Moncada et 21., 1976; Weksl;r
et al., 1977; MacIntyre et al., 1978; Nordoy et al., 1978;

‘ Baenziger et ai., 1979). Production of PGI, by stimulated
endothelial cells (approximately 20 ng/mg!dry weight) is much
greater per mg of tissue than the production by the remainder
of the vessel under similar conditions (approximately 2 ng/mg
of dry weight). Since PGI, 1is an extremely potent inhibitor
of platelet function, Moncada and Vane (197%b) proposed that
PGI, produced by endothelial cells fs responsible for the
non—thrombogenicity-of the undamaged vascular surface.

For this to be so0, one would have to assume that the
normal endothelium was continually stimulated since Ehe
stimulation of cells is reguired toc activate the bhospho-
lipases to free arachidonic acid for the generation of PGI,.
Uncer the conditions of laminar flpw that_éffﬁffund in normal
arteries, the concentration of agents that are required to -

stimulate endothelial cells would not likely be available,

therefore, it appears 'that pulsatile flow would be the 'prim-
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ary source of stimulation for the endothelium. Sinc? pulsa-
tilg flow would not appear_to be a potent stimulus .for endo-
thelial cells, it is unlikely that PGI, could be generated by
the endothelial cells in sufficient amounts to inhibit
platelet interaction with the vessel wall in vivo. In addi-
tion, several investigators have shown that the concentration
of PGI, in thé ciréulating blood is much less than that re-
quired to inhibit platelet function (Haslam and'McClénaghan,
1981; Dollery.et al., 1983). The;efore, it appears unlikely
that PGI, produced by the vessel wall is responsible for
preventing the accumulation of platelets on normal vascular
endothelium. However, if PGI, production by the vessel wall °
is_not :esponéible for the non-thrombogenic preperties of
endoth;lium, then the inhibition of Psz production should

"not allow platelet accumulation on the surface of the

endothelial cells.

The effects of inhibiting vascular PGI, production on

platelet accumulation or thrombus formation on endotheldium

r

both in vitro and in vivo has been investigated in a number

of studies. Cur&en and her colleagues (1980} examined the
effect of endothelial cell PGI, p:odgctiqn on platelet ad-
hesion to cultured endothelial cells. Although they observed
that platelet adhesion to virally-transformed endothelial
cells, which had lost their capacity to generate ?GI,, was
enhanced when compared to adhesion to'ncrmal endothelial

-

cells, the adherence of platelets to the normal endothelial



cells was not enhanced by pretreatment of the cells with
aspirin or indomethacin. ' Czervionke and his colleagues

(1979) also observed. that treatment witH aspirin did not

enhance platelet-acéumdlation on endothelial cells ip
culture. Since cells mugt be stimuléted to generate PGIz,_it
appears unlikely that endéthélial cefls lining the nbrmal-
vessel walls would conéinuélly be exposed to the levels of
stimulation. required. to qéiﬁtain the-geﬁeration of sufficient,
PGI, to inhibit platelet accumulation on the endothelium.
Thus, it appears unlikély that the resistance of non-
t;angformed, cultured endothelial cells td the accumulation
of pHatélets on their surface is due_to PGI, Eenerate@ by the
cells,

Since, thrombin is capable of stimulating endothelial
cells to generate PGI, (Weksler et al., 1978), and thrombin
binds to endothelial cells (Hatton et al., '1980; Lollar and
Owen, 1980; Shuman et al., 1980), it seemed reasonable to
speculate that thé binding of thrombin generated at sites of
vascular injury to the surface of adjacent endothelial éélls
might stimulate these cells to generate PGI,. Exposure of
the aorti¢ endothelium to thrombin in vivo results in damage
to the endothelium and the formation of thrombi on the
surface of thé vessel (Lough andé Moore, 1975). Since PGI, is
a potent inhibitor of thrombin stimulated platelet aggrega-
tion and release {Moncada et al., 1976b), it is_possible that

'

the PGI, produced by stimulated .endothelial cells with
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thrombin bound to their surface might be important in
preventing extensive platelet,interactioh at sites of .injury,
~and limiting the -extension of thrombi formed in-response to

-

local injury. ,

- Products of the lipoxygenase pathwav

Arachidonig\iiid freed from membrané phospholipids by
the action of phospholipases can also be metabolized by thf
liéoxyéenase pathway. Products of this pathway have been
reported to inhibit thromboxane generation (Aharony et al.,
1981l) by innibiting either'cycloox§genase (Siegel et zl.,
i979a) or thromboxane synthetase (Hammarstrom and Falardeau,
1977).

Buchanan and coworkers (1983b) reported that wheﬁ PGI,
‘generation is inhibited, the inhibition of lipoxygenase by
ETva (4,7,10,13-eicosatetraenocic acid) results in increased
platelet accumuiation on EEE:Eurface of égltured endothelial
cells. They suggest that a product of the lipexvgenase
vathway, generated by endothelial cells, is responsible for
limiting platélet accumulation on the endothelial surface.

If products of the lipoxygenase pathwav are Fespon-
sible for preventing platelet interaction with the normal
vascular endothelium or for limiting platele!’inte:action
with the surface of injured vessels, then inhibi:g%a the

g
generation of procducts of the lipoxygquse pathway shoudd

result in the accumulation of.platelets on the vessel.
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Other factors ‘ ' !

It is possible that other factors are responsible for
the non—thfombogenicity of normal vascular éendothelium. The

glycoproteins that cover the surface of the endothelial cells

cells might be responsible for the non-thrombogenicity of
normal endothelium. It is also possible that the endotheliél
surface is inert to platelet interaction, as suggested by
several investigators (Ashford, 19693; Millq, ;972; Salzman,_
1976). If this were so, then it would notibe'necessqry for
normal ;ndothelium to generate inhibitors gp prevenfﬂplatelet

accumulation on its surface.

.

ii) Resistance of endothelium to the activation of

Co
coagulation L . N

L]

Since platelet§<§re activated by thrombin and interact
with polymerizing fibrin, it appears likel§ that the activa-
tion of coagulation on a vessel wall wouldfpromote platelet

accumulation. However, the surface of normal endothelium is

resistant, not only to platelet accumulation, but also to the
activation of coagulation and the accumulation of fibrin on .

its surface. A number of factors might contribhute to the

LS T DN

- » «
resistance of the endothelium to the activation of coagula- '

-

tion. a) Although there is experimental eVidence that = ..
thrombin binds to endecthelial cells (Hatton.et al., 1980; .-
Lollar and Cwen, 1980), the cell surface contains heparan

—_ t
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sulfate which interacts with antithrombin III so that the
antithrombin III can rapidly neutralize thrombin_(Buonassisi,
1973; Busch eg-él., 1980). b) Thrombomodulin on the surface
of endothelial cells bxags to thrombin and enhances the
thrombin activation of protein C (Owen and Esmon, 1981).
Protein C inactivates coagulation factors Va (activated
factor V) (Kisiel, et al., 1977; Walker, 1979) and VIIIa

<
(activated factor VIII}) (Vehar and Davie, 1980). <¢}.A number
of years ago it was reported thaﬁ plasma stimulates endo-
thelial cells to release a fibrin-dependent plasmiﬁogen
activator (Astrup .and Permin, 1947). More recently, other
investigators have shown that protein C stimulates endo-
thelial cells to release plasminogen activator (Radcliff and
Heinz, 1978; Collen, 1980). Thus, the resistance of endo-
thelium to the activation of coagulation and the formation of
fibrin on its surface is dependent on the presence of glyccs-
aminoglycans and thrombomedulin on the c¢ell surface, and on
the release of plasmincgen activator by stimulated cells,
These £factors might also limit the extensien onto the surface

of adjacent endothelium of thrombi that form at- sites of

vascular injury.

B. Vessel Wwall Injurwv

When vascular injuryv results in the loss of encdothe-
ligm, platelets rapidly accumulate on the exposed subendothe-

lial s%tructures (Baumgartner et al., 1971; Mustarc et al.,
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1978; Groves et al., 1979). Adhgrent platelets release é
mitogen that stimulates vascuiar smooth muscle cells to forﬁ
a thickened neointima (Ross et al., 1974). Atherosclerotic
plaques "tend to develop in regions of stenosis or disturbed
flow since, in these regions, there appears tp be increased
endothelial Gamage, which together with the altered flow
conditions, promotes the accumulation of platelets on the
vessel wall. Wheq-platelet interaction with the damaged
vessels is inhibited by inducing thrombocytopenia before
vascular injury, smooth muscle cell proliferation does not
develop (Moore et al., 1976; Friedman, 1978). Thus, the
interaction of platelets with damaged vessel walls |
contribufes to the development of atherosclerosis.
The extent of intimal thickening that dévelops in
response to endothelial injury has beén examined by & number
of investigators. Removal of the endothelium by a single
injury with a ball&on catheter leads to the development of
fibro-musculeg-elastic intimal plagues (Baumga:tnef, 1563;
Stemerman and ﬁoss, 1972). ©Qther investigators report that
only transient intimal thickening deveioPs in :ésponse to
mild injurf that resulés in the loss cf encdothelium (Boncjers
and Bjornheden, 1970). Repeated endothelial injury produced
by injections of serum that is cvtotoxic to rabbit lympho-
cvtes results in the development of raised iipid-containing
plagues that underge rapid regression (friedman et al.,

1976). Similarily, lesions that form when catheters zare

”~
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introduced into the aorta of rabbits rapidly regress when the

¢catheters are removed (Friedman et al., 1976).

1. Risk factors for the development of atherosclerosis

The development of atherosclerosis in man is assoc-
{ated with a number of risk factor such as hypercholesterol-
emia, smoking, hypertension and diabetes.- When these factors
occur in combination, the risk of develoging‘co:onary heart
disease is several fold greater than the sum of the individu-
al risk factors (Keyes, 1975). Since vascular injury leads
to the development of atherosclerosis, a number of thése risk
factors have bheen investigated—tc'dete:mine their potential
for inducing endothelial injury. Trauma produced during
vascular surgery or the insertion of indwelling catheters can
2lso result in neointimal thickening and the formation of
atherosclerotic plagues. The effects of these factors on
endothelium have been investigated in a number of studies.
In addition, §everal experimental methods'haQé been used in
animals to produce endothelial injury and expose the subendo-
thelium in order to study platelet interaction with damaged

vessels, or the vessel wall changes that occur in response to

vascular injury.

a) Hvperlipidemia

Hypercholesterolemia 1s a well =stablished risk factor

for the development of atherosclerosis (Dawber, 1957;

i~
—
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Kritchevsk& et al,, 197)1; Wissler and Vesselinovitch, 1973;
Mahiey et al., 1975}. A number of other studies which showed
that hypercholestefblemia accelerates the development of
atherosclerosis have been reviewed by VesselinoQitch and
Fischer-Dzoga (1981, ana by Buchwald and_éii_golleagues

~(1982). _In 1965, Keyes and his colleagues demgnstrated a
highly significant relationship between high diétary lipid
intéke, a high level of serum cholesterol, and an increased
risk of atherosclerosis.

Under experimental conditions, hypercholesterolemia
has been shown to produce endothelial injury in several
species. Dietary-induced hyperchole§terolemia causes endo-
thelial injury and loss (Harker et al., 1976; Ross and
Harker, 1976) and intimal thickening in non-human primates
(Armstrong et al., 1974), and produces atherosclerosis in
swine (Rowsell et al., 1958) and monkeys (Malmaros 1969}, and
enhances the development of atherosclerosis in monkeys whose
aortae are injured with a balloon catheter (Ross and Harker,
1976). sSigns of endothelial injury and loss have been

\»///reported in swine fed diets supple&ented with egg yolk which
is a2 rich source of cholesterol (Nelson et al., 1978).
Evidence of endothelial injury is observed as early as 2 to 3
weeks after the beginning of diets enriched with cholesterol
gfhimamoto et al., 197); Weber et al., 1974; Goode et al.,
1977).

*
The relationship between high plasma levels of low
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density lipoproteins and thé development of atherosclerosis
has been demonstrated in a number of studies (for review see
Stamler, 1983). Since approximately 70 percent of circulat-,
ing cboiesterol is bound to low density lipog:otei§s, diets
that lower plasma choLestérol also produce a corresponding
decrease in low density lipoprotein and decrease the risk of
coronary heart disease (Multiple Risk Factor Intervention

Trial) (Caggiula et al., 1981).

b)Smoking *

Smokiné is a well established risk factor in corconary

. .

heart disease. Fuster and his colleagues (1979) demonstrated
that smoking is associated with the development of coronary
heart disease and é decrease 1in plitelet survival. The
chservation thét smoking 1is assoéiated'with a decrease in
platelet survival confirms the results of earlier studies
{Mustard and Murphy, i963).

Ten years after the Surgeon General of the United
States Public Health Service warned of the hazards of
‘cigarette sméking (Report of the Adviscry Committee to the
Surgeon General of the Public Health Service, l964j,}tobaccg:*
consumption had decreased by 22 per cent with a corresponding
decrease in mortality associated with vascular éisease (Vital
Statistics of the United States, 1975). As a result of the

report of the American-Heart Asscociation, there was also a

decrease in the dietary consumpition of eggs ané animal fat,
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and an increase in the consumption of poly-unsaturated fats.
Therefore, it is difficult to aetefmine tne contéibution of
the individual factors té the decline in mortality (wWalker,
1977). -~ )

Although cigarette smoking is repoéted to alter vas-
cular endothelium, and is associated with platelet adherence
to the'aorta in areas of disturbéa flow around -the orifices
of branch vessels (Pittilo ét al., 1982), the agents respon-
sible for these changes are not fully understood. It is
possibie that nicotine (Booyse et al., 198l), carbon monoxide
(Hugod et al,, 1978), tobacco antigen (Becker et al., 1976},
or a combinatioq of‘these factors ié responsible for the
endothelial injury associated with'cigarette smoking.

, ’/h\
¢) Diabetes ) | =

The development of atherosclerosis is acceleraéed in
diabetics._ Platelets from dié?etic patients are more sensi-
tive to aggregation by variocus stimuli (Heath et al., 1971;
0'Malley et al., 1975; Colwell et al., 1976; Halushka et al.,
1977), and large thrombi aré formed more guickly in blood
from diabetics than in the bloéd of non-diabetic controls
(Rathbone et al., 1970). It has begn pointed out that the
hypersensitivity of platelets to aggregating agents is assoc-
iated with a numder of conditions involved in vascular dis-
ease (Mustard and Packham, l97f}. Ealushka andé his col-

'leagues (1877) obgezved that thfomboxane productiqc is en-
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hanced in platelets from diabetics. The amount of arachi-
donic acid in the membrane phospholibids of platelets from
diabetic patients is increased (Morita et al., 1983).

Gerrard and hi§ celleagues (1980) demonstrated that the
phospholipase activity of stimulated platelets from diabetics
is increased when compared to the activity in-controls, and
when arachidonic acid is added to platelets from diabetic
?atients, they generate more thromboxane B, than the control
platelets., These results indicate that the enhanced throm-
‘bpxane production by diabetic platelets is not due solely to
the increased.activ§£; of the membrane phospholipases.

The observation that the hypersensitivity of platelets
from diabetics is lost when the blood glucose returns to
normal (Brownlee gnd Cerami, 1981; McDonald et al., 1982)
raises the possibility that the high concentrations of blood
glucose are responsible for the increased sensitivity of the
platelets. However, insulin therapy that reduces the concen-
tration of blood glucose also normalizes the high plasma
concentrations of lipids and cholesterol that are frequently
associated with the high concentrations of blood glucose
(McDonald et al., 1982; Tambortane et al., 1979). Since the
incorporation of chglesterol into platelet membranes
increases platelet hypersensitivity (Shattil et al., 1975),
it is possible that the effects on platelet membranes of
increased concentrations of plasma cholesterol 1s responsible

fer the hypersensitivity of platelets from diabetics. Siace
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the hypersensitivity of plate;eté from diabetics is abolished
by regulating blood sugar to within normal values, it appears
that the increased thromboxane production by platelets from
diabetics is due to the hi?h concentrat%on of plasma glucose
or lipids, rather than secondary to vessel wali changes.
{Mustard and Packham, 1984}.‘ ;

Several changes in the propertiesAgf the vessel wall
also occur in diabetiés. Vessels from diabetic patients and
rats generate less PGI, than vessels from normal controls
(Gerrard et al., 1980; Colwell et al., 1983). Since injuréd‘
endothelial cells release von Willebrané fac£or into the
blood, the presence of increased amounts;of von Willebrand
factor in the blood of diabetics {(Colwell et al., 1983) could
indicate that the endothelium is exposed to repeated stimu-

lation. It is possible that either high levels of blood

glucose ¢r the associated high levels of cholesterol could ke

responsible for stimulating the endothelial cells. _ Since
vascular en?othelial cells also lose their ability to
generate PGI, wﬁen they are exposed to repeated stimulation
.
(weksler et al., '1978), it is possible that the continucus
stimulation of the endothelial cells in diabetics could
decrease the capacity of the cells to generate PGI,. Since
PGI, generated by the vessel wall might have a role *in
limi™ipg platelet interaction with damaged br diseased

vessels, a decrease in the capacity of the endothelial cells

to generate PGI; could result in Increased platelet accumu-



22

lation on injured vessels in diabetic patients. This could

account in part for the increased thrombotic tendency in

diabetics.

-

Since glycosylation of collagen occurs in diabetics,
and glycosylated collagen is a more potent-stimulator of
platelet aggregation (Le Pape.et al., 1983), the glycosylated
collagen in the vessel wall could enhance platelet acdhesion
at sites of vessel wall injury, and increasélthe amount of
platéiet derived growth factor made aﬁailable to stimulate
smootgrmuscle cell ‘proliferation and éhe development of
atherosclerosis in these patients. Thus, in diabetics, it
appears that the increased sensitivity of platelets results
from changes in the concentrations of plasma glucose or
lipids, whereas the deve;dpment of atherosclerosis is en-
hanced by continuous endothelial injury and platelet inter-
action with damaged vessel walls that leads to enhanced

thrombegenicity.

d} Immunological injury

Evidencs oresented by a number of investigators
indicates that immunological endothelial injury could con-
tribute to the development of atherosclerosis (Minick et al.,
1966; Hardin et al., 1973; Minick and Murphy, 1973; Poston
ané Davies, 1974; Friedman e%t al., 1975; Cerilli et al.,
1977). Antibodies to food ¢r tobacco glycoprotein have been

implicated in ths development of atherocsclerocsis (Becker et



al., 1976}. Atherosclerotic lesions have been produced in
rggbit carotid arteries in response to repeated injections of
serum that is cytotoxic to rabbit lymphocytes (Eriedman et
al.; 1975). Platelets are reported to interact with antigen-
antjbody complexes (Humphrey and Jagues, 1955; Movat et al.,‘
15965), and circulating IgG is bound to the vascular endothe-
lium in individuals with endothelial injury in transplanted
organs (Ibels et al., 1974; Minick et al., 1974; Porter et
al., 1976). Knicker and Cochrane (i968) reported that, in
rabbits with serum sickness, platelet aggregates prodﬁced by
immune complexes accumulafe in regions of disturbed £low.
They showed that substances such as serotonin released from
the platelets might contribute to the development of focal
vasculitis; when severe this causes aortic endothelial injury
and loss. ‘

Recently Parbtani and his colleagues (1984) reported
that when purified bovine serum albumin is injected into
rabbits to produce serum sickness, circulating immune com-.
plexes form but these complexes do not appear to promote
platelet accumulation on the vascular endothelium. They also
found that many‘preparations of bovine serum albumin are
contaminated with endotoxin, and raised the possibility that
reports of endotgelial injury following repeatéd injections
of bovine serum albumin to produce serum sickness,_migﬁt not

be a result of immune-complex formation, but might result

from the injury of the endothelium by the endotoxin itself.

-
’
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e) Activated leukocytés

The development of atherosclerosis is rap&dly acceler-
ated in patients underéoing repeated hemodialysis (Linder et
al., 1974; Linder and Curtisf‘1924). The dialyzer menmbrane
is rebortéd to-activate C5 (the fifth component of comple-
ment) which induces the formation of aggregates of leukocytes
that embolize in the-pulmonary vascular bed (Sacks et al.,
1978). Oxygen radicals generated by the activated granulo-
cytes appear to be responsible for the endothelial cell
damagé that occurs throughout the systémic circulation. They
observed thgt the extept of endothelial injury is greatest
when there is close approximation of the leukogytes. These
events have not been seen in individuals who are deficient in
C5 whén they are subjected to repeated hemodialysis (Sacks et
al., 1978; Skubitz and Cragdock, 1981). Thus, the inter-
action of activated leukoéytes might be responsible for

inducing endothelial injury under some conditions.

£) Mechanical injury

1

Endothelial cells can be injured mechanically both in
clinical as well as experimental setfings. A balloon cathe-
ter, developed by Fogarty and his colleagues (1963) for
removing thrombi or arterial emboli, has been used by a
number of investigato?s to remove the vascular endothelium

(Baumgartner and Spaet, 1%70; Stemerman et al., 1971;



Christensen and Garbash, 1973; Schwartz et al.,1975;

Christensen et al., 1979; Groves et al., 1979; Reidy et al.,
1982). The:subendothelium éxposed by a balloon catheter has
been used to study the kinetics of platelet interaction with

damaged vessel walls (Stemerman et al., 1972; Baumgartner,

._1973; Groves et al., 1979; for review see Mustard et al.,

1978). Cazenave studied platelet adherence to the subendo-
thelium of rabbit aortae everted on a rotating probe
(quenave_et al.,-;975; Cazenave-et al., 1978), whereas
Baumgaftner studied platelet adherence to damaged vessel
walls in an annular perfusion chémber (Baumgartner et al.,
1876). The morphometric quantitation of platelet accumu-
lation'on damaged vessel walis in vitro and in vivo is both
time consuming and dependent on observations made on areas
;hat might not be representative of accumulation on the
entire vesséln_ However, the use of radiolabelled platelets
facilitates the %apfd~quantitation of platé&etqacbumulation
on damaged .vessels both in vitre and in viGo (Cazenave et

~

al,, 1978; G‘roves et jl" 1979).
_ )

Indwelling acortic catheters have been used
experimentally to produce continuous endothelial injury

(Friedman ané Byers, 196l1; Moore et al., 1976; Buchanan et

al., 1979; Meuleman et al., 1980). Continuous or repedted
T

endothelial injury resulted in the development of thrombo-

. .
atherosclerotic Lasions {Moore et al., 1976). Several

clinical Investigators have also reporteé that thrombo-

25
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atherosclerotic lesions develop in neonates following the
introductién of a c&theéer into the umbilical artery #o
obtain specimens for the gggsurement of blood gases (deSa and
Moore, 1875; Tyson et al., 1976).

There are a number of :eport§ of endothelial injury
and arterial intimal thickening following vascular‘surgéry
{Bonchek l&ao;,ﬁaud;nschilé et al., 1931). Vascular injury
induced dur;ng surgery could ekpose subendothelial structures
to circulating platelets. Growth factor released by adherent
platelets could stimulate intimal hyperplasia. This might
contribute to the high incidence of intimal thickeniné and:
réstenosis of vessels following vascular .surgery (Chesbro et
.al., 19825. Haudenschild (l§81)'recent;y demonstrated thag
the integrity of tlm endothelium of veésels used in vascular
grafts could be maintained if the vessels are handled gently
to avoid mechanical injury to thé endothelium, and maintained
in a suitable medium to avoid physiclogical inju;y Lo the

endotchelial cells.

g) Other factors producing endothelial injurv

A number of other faétors can produce endothelial
injury. Continuous infusion of homocysteine has been shown
to increase endothelial injury in vivo (Harker et al., 1976)
and in vitro (wWall et al., i980), and the development of
atherosclerosis is greatly accelerated in individuals with

nomocystinemia (Harker et al., 1976; McCully, 1983). Other
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factors reported to produce epdothelial damage include:
!binephrine (Shimamoto, 1963; Hoff and Gotlob, 1967),
increaSed levels of bile salts in plasma (Gut;tein and Parl,
1973), cadmium poisoning (Gabbiani et al., 1974),-ascorbic
acid,deficiency‘(Gore et al., 1975), anoxia (Morrison et al.,
1977), and radiation (DeGowen et al., 1974).

C. Platelet Interaction with Damaged Vessels

Warton-Joneé 11851) recorded one of the earliest
observations of platelet response to injury of a vessel
wall. He observed that following injury to the vessels in
thé web of a frog's foot there appeared a "econglomeration of
colourless corpuscles...béld together, apparently, by coagu-
lated fibrin". Followiﬁg endothelial injdry platelets-
rapidly adhere to several subendothelial connective tissue
components incfuding cellagen (Kjaerheim and Hovig, 1962),
basement membrane (Baumgartner et al., 1967; Tranzer et al.,
1976) and the microfibrils around elastin (Stemerman et zal.,
1971).- Collagen induces activation of the arachidonié acid
pathway, release of granule contents, and platelet aggrega-
tion (Bounameaux, 1959; Hugues, 1960; Kjaerheim and Hovig,r
1862; Zucker and Borelli, 1962; Hovig, 1963) and release_oﬁ
the platélet granule contents (Holmsen, 1965). 1In the
presence of von willebrand ractor, a m}crbfibrillar extract

of aorte also induces platelet aggregation (Fauvel et al.,

1583), indicating that microfibrils might be involved in
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. producing platelet aggregates on exposed subendothelium. The
results of the studies by Fauvel and colleagues (1983) also
indicate that platelet contact might be reversible; platelets

‘that have .contacted but not spread on the surface may be

-dislodged and return to the circulation to be replaced by new ~

platelets.

1. Tvpes of collagen
[ ]

There are at l%g§t five tyvpes of collagen, four of

?

which are found in vaécular tissue (Packham and Mustard,
1984a2). Type I is found mainly in the édventitia, although
lesser amounts are present in the media and subendothelium.
Type III collagen occurs mainly in the media with lesser.
amounts in the supendoﬁhélium and adventitia. Type III
collagen occurs in relatively large amounts in vessel wallg
and is associated with the elasﬁic laminae of the é:gﬁﬁ,

while typé I collagen is located in the spaces between

laminae (Gay et al., 1975; McCullagh et al., 1980}). Tvpe Ii

[ ]

collagen, but tvpe 1 is not paﬁfent_in the intima between the
basémédt membrane and the internal elastic lamina in normal
a:teriés {Gay et al., 1975). However, iq diséased vessels

; . .

considerable type I collagen is present in the thickened
intima (Barnes, 1981) and athercsclerotic plagues (McCullagh
and Balain, 1975).

Althougn platelets acdhere to both type I and type III

collagens, they do not adhere to type IV-and type V collagens

/
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fqénd in Bésement membrane (Barnes, lQBli, or‘to type V
collagen, that.occurs in media, subendothelium and adventitia
(McCullagh et al., 1980; Pdckham and Mustard, 1984a) . rTyﬁe
III collagen is reported to be considerably more active than
type I in stimulating -platelets (Balleisen et al;, 1975;
Barnes et al., 1976; Hugues et al., 1976; Santo}o and
Cunningham, 1977). However, the agéregatory activity’of type
I collagen is greatly enhanced when it is incubated.under
conditious thaé promote cecllagen fibrillogenesis-(Barnes-et
al., 1976; Barnes 1581). A number of investigators have
repbrted that only fibrillar collagen can induce platelet
‘aggregation (Muggli aéd Bauméggéneq, 1873; Brass and
Bensusan, 1974; Jaffe and Deykin, 1974). Since type I
collagen in the fibrillar was reported to be as reactive
as type III, it appears E@:he fibrillar or guarternary
structure of collagen determines i:s ability to activate
platelets. Although i; has been reported that preparatiocns
of type IV and type V collagens do not stimulate platelets,
when these collagens are treated so that they form fiﬁrils
with a periodicity of 67 nm, (the same as the periodicity of
type Il!I collagen), both tvpe IV and V cbllagen-induce
platelet agg?egation (Barnes, 198l)., It is not known gﬂetber
this is the native form of these coliagens. These'findings
indicate tha*t the guarternary structure of collagen deter-

mines its ability to stimulate platelets. It is possible

that the procedures used to extract collagen from tissue may

»
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: alte; the properties of the éollaaen and its ability to
stimulaﬁe platelets. Although plateiets adhere‘to and spréad
on native collagen in_subendothgliél basement membrane of the
vessel wall, they do not release }heir granule contents
(Huang and Benditt, 1978). It has been guggested that
platelets might adhere to 'short chain' collagen in %asement
membrane, but this collagen might not be capable of stimu-
-lating_piatelets to gpdergo the release of granule contents
(Balleisen and Rauterberg, 1980).

Wilner and his collgagues {1971) showed that block-
ing the epsilon amino groups of lysine coméletely abolishes
the capaclty of collaéen to stimulate platelet aggregation,
indicating that lysine may be directly involved in the react-
ivity of collagen for platelets. In 197§ Bentz and his
colleagues identified an amino acid seguence in type III
collagen that interacts with a platelet receptor. This nine
. amino acid sequence contains three polar amino acids (2
iysine and 1 glutamic acid residues) (Fauvel et al., 1979).
Thus, ¥t appears that plételets interact with a spegific

region of the collagen molecule.

2. Platelet interaction with collagen

a) »ddentity of receptor

Altheough Jamieson and his celleagues suggested that

"platelet glycosyl transferase mediates platelet-collagen
¥
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interaction (5amieson et al., 1971), Cazenave and his
colleagues (1974a) demonstrated that glucosaﬁine, UDP and
UDPG have nd effect on platelet adhesion to collagen;coated
surfaces or on collagen-induced aggregation, indicating that
glycosyl traﬁsferase is not the platelet receptor for
collagen. Michaeli and Orloff (1976) subssgpently proposed
that the galactosyl residues are requlre?/for the formatlon
of the guarternary structure of collagen that is required for

I

platelets to interact with the collagen fibril.

V.

In 1975 Nurden and Caen described a specific abnorm-
ality in one of the membrane glycoproteins of platelets from
patients with Bernard-Soulier syndrome, an autosomal reces-—
sive disorder, characterized by moderate to severe thrombo-
cytopenia, large platelets, a prolonged bleeding time
(Bernard and Sbulier, .1848; Hardisty 1977), and markedly
decreased platelet adherence to the subendothelium (Weiss et
al,, 1974; Caen et al., 1976). Other investigators confirmed
that a marked decrease in the concentration of glvcoprotein
Ib in the platelet membrane is ChaIaCtEIIS;lé_bf Bernard-
Soulier disease (Jenkins et al., 1975; Jenkins et al., 1976;
Jamieson et al., 1979; Nurden et al., 1981).

In several studies it was demonstrated that hy&rolysis
of glvcoprotein Ib (Jenkins et al., 1976; Okamuia and
Jamieson, 1976; Nachman et z2l1., 1977), or the proteolvtic
cleavage of glycoérotein Ib (Camberg and Hakomori, 1973)

results in innibiticn of ristocetin-induced agglutination.

ke )
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purified membrane glycoproteins (Okamura and Jamieson, 1976),
or antibodies against giycoprotein Ib (Nachman ét al,, 1977)
also inhibit ristocetin-induced agglutination. 1In 1981 Ruan
and his colleagues demonstrated that the adhesion of normal
platelets to subendothelium was prevented by monoclonal
aﬁtibody to glycoprotein Ib.

| The adherence to the subendothelium of Bernard-Soulier
platelets, which lack glycoprotein Ib, is defective (Weiss et
al.,*1974; Nurden and Caen, 1975), whereas platelets from
patients Qith Glanzmann's thrombasthenia, which have normal
glycoprotein Ib, but abnorma;‘glycoproteins IIb and IIIa,
adhere normally (Weiss=¥t al., 1974; Tschopp et al.,l1975).

It has also beén shown that von Willebrand factor binds to
glycoprotein Ib on the platelet membrane. These findings
indicate that glycoprotein Ib might be involved in the adhe-
sion of platelets to collagen. The adhesion of'platelets at
high shear rates is impaired when the platelets lack glyco-
protein Ib, or when von Willebrand factor is defective or
absent. Since von Willebrand factor binds to glycoprotien I;
on the platelets membrane, it appears that the binding of von
Willebrand factor to glycoprotein Ib is involved in platelet
adhesion to collagen under conditions of high shear stress.
However, since Bernard-Soulier platelets aggregate normally
in ‘response to collagen (Howard et al., 1973; Tri?lett, 1978;
Hardisty and Caen, 1981), it appears unlikely tha&-glycopro-

} S
tein Ib is the receptor for collagen on platelet membranes.
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.b) Role of cvtoskeleton and contractile elements

When platelets adhere to collagen and other subendo-
thelial constituents they change shape and extend pseudopodia
or spread on the subendothelial surface. This process ‘
involves the cytoskeleton composed of micﬁotubules, micro-
"filaments and submembranous filaments (Wh{te et al., 1981).
Microtubules are invblved in maintaining the disc shapé of
platelets (Hovig, et al.,l1%68; Benhke, 1970; White, 1971; gnd
the centralization of platelet organelles (WQite, 1968a) .

The submembranous filaments help to maintain platelet shape

and play a role in pseudopoé formaticn and platelet adhesion

{Haslam, 1975). - -The contractile force is provided by the
contraction of the microfilaments formed by actin and myosin
{(White, 1971).

The disruption of the cvtoskeleton or the inhibition
of actin-myosin inﬁeraction blocks platelet shape change,
platelet adhesion and clot retraction. The cytochalasins B,D
and £ inhibit the peolymerization of platelet: actin‘(Fox and
Phillips, 198l), prevent fibrinogen bincing (Harfenist et
al., 198l1), inhibit release of granule contents (Haslam ét
al., 1975), inhibit platelet shape change (Shepro et al.,
1970; White, 1971la; White, 1971lbd; Haslam, 1972) andé inhibit
platelet adherence to collagen-coated glass {Cazenave et al.,
1974b) . ‘Although it has been repcrted that colchicine, which

disrupts platelet microtubules, also inhibits platelet adher-
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ence (Soppit and Mitchell, 1969%9; Cazenave et al., 1974b),

\ platelét aggregation (Soppitt and Mitchell, 1969; White,
\\H%\196§) and c¢lot retraction (WQ}Pe, 196%; Chao et al., 1976},
several investigators pbserved indications of platelet damaée
that might reduce the capacity of platelet treated.with
colchicine to respond to stimuli (White, 1569: Ca;gnave et
al., 1974b). Thus, the ability of platelets to respond to
stimuli, change shape, expose receptors, and adhere to sur-
faces is dependent on an intact cyﬁoskelgton and functicnal
contractilé elements.

The contractile processes in platelets are dependent
on the.internal concentration of ionic calcium (ca*t)
required for the phosphorylation of myosin light chain
(Feinstein and Walenga, 198l). A Calcium-dependent myosin
light chain kinase is responsible for the transfer of the
terminal phosphate of ATP to myosin light chain (Adelstein
and'Conti, 1975). The pho;%horylation of zge myosin light
chain results in activation of the actin-stimulated ATPase
activity and the development of tension between the filaments
(Lebowitz and Cocke, 1978). An increase in platelet cAMP
(cvelic AMP) gromotes the sequestgation‘of internal calcium,
and thereby inhibits the interaction of the contractile
proteins actin ané myvosin. Thus, agents that increase levels
of cAMP by stimulating adenylate pyclase to increase synthe-

sis, or agents that prevent the break down of cAMP by inhib-

iting cAMP phosphodiesterase should inhibit those processes
i
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that are dependent on the availabilit& of calcium including
platelet adhesion to surfaces, platelet aggregation, and
platelet release of graqule contents.

Platelet adhesion is inhibited by agents that stimu~
late adenylate cyclase, such as PGE;, PGI, (Bergstrom, 1967;
wolfe and Schulman, 1969; Cazenave e%mal;, 1979a; Higgs et
al., 1979) and aaenosine {Cazenave et'al., 1974b), and by
phosphodiesterase inhibitors, such as the pyridimo-pyrimidine
compounds (Mills and Smith, 1971; Vigdahl et al., 1971), and
cgffeine (Cazenave et al., 1974b). Since these and other @
agents that increase cAMP inhibit plaEelet adhesion to
surfaces and platelet aggregation in vitro, they could be
useful for preventing platelet accumulation on damaged
vessels in vivo, provided it was possible to achieve suffic-
iently high concentrations that were without deleterious side

effects.

3. Steps involved 1n‘STatelet interaction with injured

vessels
The interaction of platelets with damaged vessels has
been divided into several stages including: platelet contact,
platelet spreading, and thrombus formation (Turitto and
Baumgartner, 1979). The rate of platelet accumulation on an
injured vaécular surfacé is dependent on the rate of platelet

arrival at the vessel surface, and the rate of platelet-

vessel wall interacticon (Turitto and Baumgartnexr, 1979). 1In
Y
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blood, the rate of arrival of platelets at the surface of a °
vessel is dependent on the rate of flow (Tutitto et al.,
1977). Turitto and his colleagques (1977) also demonstrated
that, under the conditions of their experiments, thrombhus
fo;mation was substantially dependent on the shear rate; no
thrombi formed at shear rates below 200 sec™t (reciprgc?l
seconds), and transient thrombi formed at shear rates betweed
200-1,000 sec™i. at extremely high shear rates f>1000
sec‘l), substantially greater than those that occur inalarge
arteries, the size and rate of thrombus formation increases

.

sharply with an increase in shear rates. ‘

'
o

4. Factors involved in platelet adhesion

a) .ven Willebrand factor

altnough the mechanisms inveolved in platefet aghesion
to subendothelium are not clearly understood, it has been
suggested that von Willebrand factor may have a role in this
inéeraction. von wiilebrand factor is normally pgesent in
plasma (Cornu et al., 1963; Howard et al., 1971l; Zimmerman et
al., 1%71), platelets kHoward et al., 1974), endothelium
{3loom et al., 1873) and exposed subendothelium (Sakariassen
et al., 1979; Rand et al., 1980).

von Willebfand factor, is a part of the factor VIII

v

complex. VIII:vWf designates the compcnent reguired for

normal bleeding time, and VIII:Rcof desicnates ristocetin

r
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coféctor activity. . The other functionally distinct compo-
nents of the factor VIII system are: factor VIII_clot—
promoting activity (VIII{C), and factor VIII antigeq_
(VIIIR:AG) (Nilsson, 1978). '

Nilséon and her colleagues (1959) were the first to
identify the factor that was decreased or abnbrmal in von -~
Willebrand disease. Patients with-this disease have a -
'prolonged bieeding time, and théir plateiets exhibit |
“decreased ristocetin-induced platelet aggregation (Sloom,
1980), decreased adhesion to subendothelium under conditions
of high® shear (Tschopp et al., 1974; Baumgarfner et al.,

-1977; Lushef ané Barnhart, 1977; Barnhart, 1978; Barnhart and
Chen, 1978; Wi{kins, %978; Sakariassen et al., 1879; Fuster
et al., 1983), and decreased adhesion to glass bead columns
{(Borchgrevink, 1960; Salzman, 1963). Both defective adhes;on
and aggregation can qé}corrected by normal plasma.

v

i} Role of von Willebrand factor in platelet achesion under

conditions o&Nigh or low shear forces

Although a number of investigators have reported that
vorr Willebrand factor is required fq:;platelet adhesion to
vessels, it is only. reguired for no;ﬁél platelet adhesion

. Cos ‘ )
under conditions of hfg%cﬁhear, in'Fhe range found in the
micre circulation ()lOOstec'l) (Tu;itto et al.,, 1982).
This is compatible wafh tﬁe obsexrvation that the abnormal
bleedihg in von Willebrand's disease is assoclated wita

&<



”injury to thermicrovascular-ﬁed which ig exposed to cohdi%
tions of high shear. In vitre, under conditions of high /
shear, antibody against von Willebrand factor decreases
platelet adhesion to segments of vessel wall (Meyer anq
B%Fmgartner, 1983). Since von Willebrand factor enhances
platelet .adhesion to fibrillar collagen (Sakariassen et al.,
l986)-ahd platelet spreading on Qessei wal;s (Bolhuis et al.,
1981; Bérnﬁart, 1978), it 1is possible that the decréase in
platelet adhesion associated with‘a lack of von Willebrand
facto: might result from the loss of plateiets that contact
ﬁhe surface but are mote likelv .to be washed away under
conditions of high shear stress because they are not
spread.
Under conditiong of lower shear stress (500-1300
sec'l), such as Ehose that occur'in large arteries, platelet
adhesion is not dependent on von Willebrand factor. 1In pigs
with von Willebrand's disease, platelgt adherence toc the
arterial subendothelium exposed by air drying (Fuster et al.,
1983), or mechanical denudation (Reddick et al., 1982), 1is
similar to-the adherence in normal animalé. &7
although von Willebrand factof is érgseﬂ? in vessel
walls, and platelet adhesion is reported to be proportional
to the binding of von Willebrané factor (Sakariassen et al.,
1979), the relative lmportance of vessel wall bound and
plasma von Willebrand factor in platelet adhesion to large

vessels is unclear.
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i1} Role of von wWillebrand factor in platelet interaction

with éomponents of vegsel walls

The role of von Willebrand factor in platelet inter-
action with the components of vessel walls were investigated
in a number of studies. Vo% Willebrand facto: adsorbs to
collagen fibers (Santorb,.i983}, particularly type III
(Legrand et al., 1978). Bernard Soulier platelets, which
lack glycoprotein Ib (Jenkins et ai,,‘l975; iehkins et al.,
1976; Jamieson et al., 1979; Nurden et al., 1981l) fail to
bind von Willebrand factor (Kao et al., 1979), do not -
aggregate to ristccetin (Howard et al., 1973), and fail to
adhere in normal numbers to surfaces (Weliss et al., 1974).
Therefore, it appearéd that glycoprofeinrlb is a receptor for
von Willebrand factor ané is reguired for normal platelet
adhesion under conditions of high shear.

Wheﬁ platelets from patients with Glanhzmann's
thrombasthenia, that lack the glycoprotein IIb/IlIa complex,
are stimulated with thrombin, they bind only 20 per cent as
much von Willebrand factor as normal platelets (Ruggeri et
al., 1982), inéicatiﬁg that glycoprotein IIb/1Ila might also
act as a receptor for von Willebrand factor. However, since
. platelervs from individuals with Glanzmann's thrombasthenia

adhere to subendothelium irn normal numbers (Baumgartner e

it

al., 1977), andéd little von Willebrané factor binds to glvco-
protein IIb/IIla in the presence of phvsiological concentra-

tions of fibrinegen (Gralnick et al., 1%84; Pietu et al.,
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1984), it appears unlikely that glycoprotein IIb/IIla is of-
major importance in binding von Willebrand factor in vivo.
Fauvel and Her colleagues {1983) demonsérated that

platelet ggregaéion induced by a non-collagenous extract of
aorta ®easisting mainly éf microfibrills was decreased by a
deficiency of vonzwillebraﬁd factor or an antibody against
glycoprotéﬁn Ib. These findings indicaterthat von Willebrand
factor might be importaﬁt in platelet interaction with
subendothelial connective constituents other than collagen.

1ii) Rofe of von Willebrand factor in the development of

atherosclercsis

Fuster and his dblléagues reported that pigs which
<

lack von Willebrand factor are resistant to the development
of spontaneous atherosclerosis (Fuster et al., 1978a), or
atherosclerosis induced by diets enriched with choleste:oi
(Fuster et al., 1978b), whereas animals heteroczygous for von
Willebrand disease are less resistant to the development of
atnerosclerosis than homozygdtes (Fuster et al., 1979).
Fuster and his asscciates }1979) reported that there are few
vessel wall.changes.in segments of ﬁo:mal aortae t:ansplan:ea
into pigs with von Willebrand cisease, whereas athero-
sclerotic plagues develop in segments of vessels transplanted
into normal pigs. Other investigafors have obse:veé that,
although atherosclerotic changes occur in pigs:wi:h von

Willebrand disease, these changes develop more slowly than in

.o
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normal pigs (Griggs et al., 1981).
If von Willebrand factor is reguired for platelet
adhesion to large arteries, it might be expected that a
deficiehcy in von Willebrand factor would reduce platelet
adhesion at sites of injury, and would likely decrease the
amount oflplateiet derived growth factor made av§ilable to
stimuiaté smooth mqﬁcle cell proliferation and the develop-
ment of atherosclgrbtic plagues. However, as indicated
previously it appears that pathways that dd not regquire von
Willebrand factor are responsible for_pldtelet adhesion under
conditions af low shear (Meye% and Baumga;tnet, 1983: Rackham
and Mustard, 1984). Since exberimental studies show that
normal numbers of platelets adhere to damaged walls of large
arteries in vivo in animals with von Willebrand's disease
(Reddick et al., 1982; Fuster et al., 1983), it is not
surprising that individuals with von willebrand;s disease.
devélép atherosclerosis and thrombosis in large arteries
(Silwer. et al., 1966; Kernoff et al.,GEQSl). Thus, although
von Willebrand factor may be involved in platelet adhesion to
damaged vesseis of small diameter such as those ¢of the micro-

citcualtion, it is not important in platelet adhesion to the

damaged walls of large arteries.

b) Fibronectin

Other factors also appear to be involved in mediating

‘platelet adhesion to collagen. Fibronectin, an adhesive
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protein that binds to a number of'suﬁséances inclhding
coliagen, appears to have a role in cellular adhesion to
collagen and cell spfeading {Klebe, 1974). Although there is
-little fibronectin on the surface of unstimulated platelets
(Ginsberg et al., 1980), fibronectin binds to the surface of
platelets stimulated with thrombin (Ginsberg et al.,'1979;
Ginsberg et al.; 1980). Fibronectin from several sources 1is
available to platelets folliowing ;essel wall injury: alpha-
granules of platelets contain fibronectin that can be
released wheh platelets are sEimulated (Zucker et al., 1979),
plasma contains fibronectin (reviewed by Gidding‘ et al.,
l982),ﬁendothelial cells synthesize fikronectin (Hynes,
1979%a), and fibronectin is present in basement meméfane
(Ginsbérg et al., 1979). The properties and function of
fibronectin are discussed in a review by Mosher (1980).

The observation that wnhen washed plateleté are allowed
to interact with collagen.ané then sanicated, fibronec;in
remains associated with the collagen, led Bensusan and his
.,colleacues (1978) to hvpothesize that fibronectin is the
receptor on the platelet membrane for collagen. However,
this appears unlikely for the following reasons: 1) the
region ¢of the fibronectin molecﬁle that binds to_collagen is
not involved in mediation of platelet achesion (HyneE and
Yamada, 1982), 2) since there is little fibronectin cn the

surface of unstimulated platelets, *there would bde few sites

to interact with collagen during the initial interaction with

g
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collagen (Hyneg et al., 1978), and 3) antibodies égainst
fibronectin do not inhibit platelet adhesion to collagen
{Santoroc and Cunningham,'1979;‘Sochynsky et-ai., 1980)J

The effect of fibronect®n on platelet adhesion to
collagen haé been examined in a number of studies. The
obse;vatiOn éhat the preincubation of collagen with fibro-
nectin inhibits-platelet adhesion (Beqsusan-et al.,-lé?B),
could indicate either, that fibronectin is the receptor for
collagen, or that fibronectin inhibits the intetaction of
platelets with collaéen (Sochynsky et al., 1980; Moon and
Kaplan, 1981). Other inveétigators reported tg?t fibronectin'
'inhibits platelet adhesion aﬁd spreading on coilagen (Chazov
et al., 198l). Thus, the role of fibronectin in platelet
adhesion'tq collagen remains lLnclear. Althpugh it appears
unlikéiy that fibronectin is the receptor for collagen on the
platelet membrane, it does'apéear Eo be involved in the
spreading and attachment of platelets to collagen (Houdijk et
al., 198%), and may have a role iﬁ platelet adhesion to other
compon;nts of the vessel wall.

Since Efibronectin binds to f£ibrinogen (Rouslahti and
Vaheri, 1975), and is released from alpha granules {Zucker et
al., 1979), and fibrinogen receptors appear onlthrombin
stimulated ‘platelets (Bennett and Vilaire, 1979; Marguerie et
al., 1978), it appears that fibroneciin might be involved in
binding of fibrinogen to platelets. However, fibronectin is

reported to have no effect on ADP induced platelet aggrega-
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tiﬁn (zﬁcker'ét al., 1979), or the binding of lzsl-fibrinogeﬁ
to platelets stimulated with ADP, nor is there an increése-in
fibronectin binding to platelets following stimulation with
ADP (Harfenist et al:, 1980). Since fibronectin is released
from platelets stimulated by thrombin;-it is poséible that
' fibronectin may Be involved in platelet accumulation on
diseased vessels whére thrombin is generated and platelets

accumulate in platelet-fibrin thrombi.

¢) Thrombospondin

Thrombospondin is a lectin-like (Gartner et al.; 1981)
aﬁpha—granule protein (Zuckef et al., 1979) available on the
surface of éiatelebs‘tQat have undergone the release reaction
{Gartner. et al., 1980). Phiilips and his collgagues (1980)
,demonétrated that thrombospondin is bound to the membrane
surface of ﬁhrombin stimulated plételets and that its bind-
ing to the membrane-is dependent on, the presence of the di-

valent cations calcium and magnesium. Thrombospondin is also
synthesized by ?ndothelial cells (Mosher et al,, 1982). Since
thrombospondin ginds ¥5 fibronectin (Lahav et al., i982)} it
-
was suggested that it might bé the recepLor on the platelet
surface for the fibronectin attached to collagen. However,
since fibronectin binds in hormal amounts to\platelets from
patients with gray platelet syndrome which'lack both throm-

bospondin and fibrinogen {Ginsberg et al., 1983), it appears

that thrombospondin is not essential for the binding of
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fibronectin §o‘p1atelet§.’ Thus, the rsle of thrombdspondin
in platelet édhegion to'céliagen remaiﬁs unclear.:

ft was demonstrated that thrombospondin, fibrinogen,
and the glycoproteiﬁs IIb/IIIa co-localized on the surface of
stlmulated platelets (Plow et al., 1979; ‘Asch et al,, 1984).
Asch and hlS éolleagues suggested that the macromolecular
ass%ybly of these proteins plays an important role in
pidfziet aggregation, and that thrombospondin may stabilize
the binding of fibrinogen between the glycoprotein IIla/IIb

complex oﬁ adjacent platelets.

5. Conditions affecting platelet adhesion

A number of conditions that affect the rate and extent

of platelet adhesion to surfaces have been studied in vitro.
5

i

L

2) Shear force

-

As previously mentioned when discussing the steps
involved in platelet accumulation on injured vessels, plate-
let accumulation on surfaces increases with an increase in
shear force (Turitto and Baumgartner, 19795). Cazenave and
his-colleagues_(1973) studied the effect of shear force on
platelet adherence to'collageh~coated glass mounted cn a

Coa
rotating ;;obe. In this system, flow conditions were des-
cribed as laminar with circular streamlfhes_(Coyette flow) at

rotations of 50 to 200 rpm, corresponding to shear rates of

AN
10 to 40 sec™l (Feuerstein et al., 1975). Following the



46

exposure of vessels mounted on a rotating probe to suspen-
_sions of radiolabelled platelets, the vessels were rinsed in
fyrode's solution containing EDTA to remove piatelet aggre-
ates associated with the surface. Therefore, the adherence .
of individual platelets and not the accumﬁlﬁilon of platelet
aggregates was measured. Under the conditions of this
system, platelet adherence to surfaces increased with an
increase in shear.

Goldsmith and Karino (1979%9) deﬁonstrated that platelet
accumulation on a vessel is influenced %y the rate of tr%ps-
portation of the platelets to the vessel wall. éhe delivery
of platelets to the wall is enhance along curved streamlines

where there is flow separation. Consequently platelet depos-

ition on a-vessel wall is enhanced in regions of disturbed

flow downstream from a stenosis, in curved segments of
vessels, and at bifur;ations. An increase in the shear rate
at the\vascular surface increases both contact and spreading
of platelets on the subendothelium. They observed that, at
véry high‘shea: rates, greater than 10,000 sec'l, the number
of platelets that were in contact with the surface of the
vessel but not spread was decreased. However, the spreading
of those platelets that were Iin contact with the surface was
unaffected. A possible explanation for these obsexvations
could be that, platelets that were in contact with the
surface but not sprgad-were more readily dislodged by the

high shear forces at’ the. vessel surface, whereas spread
e .
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(1972, 1974) demonstrated that the red blood cells in a .

platelets were moie firmly attached and therefore less
vulnerable to bei g dislodged.
b) Hematocrit

The extent of platelet adherégce to.collagen—coatea
glass or-to exposed subendothelium mounted on a rotating

probe increases with an increase in hematocrit (Cazenave et

.al., 1973). Others hawe also reported that red blood cells

increase platelet diffusion to the surface in a flowing
system (Goldsmith, 1972; Feuerstein et al., 1975; Turitto and

Baumgartner, 1975: Goldsmith and Karino, 1982). Goldsmith

flowing system collide with and displace other red blood
cells and platelets, thereby increasing the delivery of
platelets to the wall and increasing the opportunity for them

to interact with the wvascular surface.

c) Protein concentration
Y

The effect of albumin concentration on platelet

adhe:en;e was also examined by Cazenave and his colleagues,
(1973}. When platelets are suspended in a medium containing
0.35 per cent albumin, adherence 1s greater than when they
are suspended in a mecdium containing ¢ per cent albumin.
Several investigators reported that albumin decreases
achesion to artificial surfaces by coating the surfaces to

which nlatelets adhere (Packham et'al., 1969; Lyman et al.,
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1971; Masbn, 1972). It is also possible that the increased
viséo;ity of the suspension with the higher-chcentration of
albumin decreases the deliverx of platelets to the surface.
. An increase in viscosity also increases the shear force which

tends to displace particles from the surface of the vessel

(Turitto, 1982).

d) Other factors affecting platelet adhesion

Cazenave and his colleagues (1978) also demonstrated
that platelet -adhesion increases withran increase in_platelet
count, or an increase in speed of rotation of the probe;
Either of these factors increase the delivery of platelets to .
the surface, thereby incrgasing the frequency <f platelet
_interaction with the vessel wall. Platelet adherence to
collagén-c;ated glass or aortae mounted o¢on a rotating probe
is ﬁarkedly decreased when citrate, EDTA or EGtA - is added to,
or calcium and maénesium are omitted from the suspending
medium, demonstrating that platelet adhesion is dependent on
the presence of the divalent cationg, calcium and magnesium.

] v

6. Release of granule contents from adherent platelets

a) The platelet release reaction

Platelets release ADP from their granules (Hovig et

al., 1963) and generate thromboxane A, when they are expésed

to connective tissue components of injured vessel walls
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(Smith et al., 1974; Hamberg et alf, 1975), or to suspensions
of collagen (Bell et al., 1979;;ﬁittenhouse-simmons, 1979).
However, since inhibition of the arachidonic acid pathway‘
with aspirin does not inhibit the release of granule contents
by platelets adherent to collagen, the release reacticn in
these platelets is not dependént on arachidonate metabolism
(Kinlough-Rathbone et al., 1980).

The release gf granule contents depends on an
increase in the con;ent ation of calcium ions in the platelet
cvtosol. It is possiple that calcium is mobilized from
either the dense tubular system or the sirface connecting
cannilicular system (Cutler et al., 1978; reviewed by Gerrard
et al,, 198l). When platelets are exposed to gollagen,
calcium-dependent protein xinases are activated (Haslam and
. Lvman, 1977; Haslam et al., 1979). One of the proteins
phosphoxrvlated is believed te be the myosin light chain. The
phosphorviation of this mvosin light chain is required so
thét actin can inducé the activation of myosin ATPase activ-
ity (Hathaway and Adelstein, 1979). The phosphorvlation and
aephosphor¥}ation of the mvosin light chain are believed td
raegulate the interactién of é%e cecntractile proteins actin
and myosin; conseguently a decrease in the concenération of
ignic calcium in the cvtoscl decreases :he phosphorvlatidn of
the ﬂ?osin light chain (Haslam et al., 1578).

Since an increase platelet cyclic AMP concentration

promotes the seguestration of internal calecium, it is not



surprising that agenés that increase cyclic AMP inhibit the
platelet release reaction. Therefore, it is apparent that an
increase in the concentration of ionic calcium in the cytosol
is required for the release of platelet granule contents.

An intact cytoskeleton is also required for platelets
to undergo the release reaction; the disruption of micro-
tubules with colchicine inhibits calcium ionophore (A23187)
induced release of grénule contents from platelets in sus-
pension, whereas stabilizing microtubules with D50 overcomes

the effects of colchicine (Israel and Karpatkin, 1980).

b) Types of platelet granules

There are af“least four types of platelet storage
granules including: dense granules, alpha-granules, and two
types of lysosomal granules (Fukami and Salganicoff, 1977).
.The results of étudies on the release kinetics of platelet
granule contents suggest that release from lysosomes con-
taining acid hydrolase and from other g:énules may be
governed by different faétors (Holmsen et al,, 1979).

. The constiﬁuents of the different platelet g:anﬁles
are discussed in an artiéle by Xaplan (198l).- Aamong the
constituents of Hgg amine storage granules are serotonin,
histamine, calcium, ATP, ADP, and pyvrophosphate. Platelet
proteins that include platelet factor 4, beta-thromboglobulin

and a growth factor that is mitogenic for smooth muscle
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cells, as well as cationic proteins, fibrinogen, factor VIII-
von Willebrand factor, fibronectin, and albumin are contained
in the alpha—granules. Acid hydrolases stored in platelet
lysosomal granules include beta-N-acetyl-glucosaminidase, -~
beta—N:acetyl~galactosamiqidase, beta-glucuronidase and
beta-galactosidase. Several substances released during the
platelet réleése.reaction, have not been localized to
specific granules. These include collagenase, p%oelaséasé
and elastase, alpha l-antitrypsin, alpha 2-macroglobuiin, a
bacteriacidal protein, factor V and antiurokjnase. In 1971,
Joist and his colleagues reported that antiplasmin was
released from platelets during thrombin or collagen induced
aggregaticn. Plow and Collen (198l) subsequently zeported
that the antiplasmin released from platelets was .alpha-2-
antiplasmin. Thus, substances released {rom platelet
granules could stimulate other platelets, contribute to or
inhibit the activation of coagulatioh, stimulate smooth

muscle cell proliferation, or cdigest components of the vessel

wall ané altexr its properties.

c) Platelet-specific cranule proteins in the circulation

Platelets release the cecntents of their granules when
they are stimulated by interaction with damaged vessel wallsl/d
W
or by thrombin generated following the activation of coagu- k

lation. Therefore, it was considered posSsible that cizcu-

lating blood levels of platelet granule proteins such as
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platelet factor 4 or bgta—thromboglobulin migh; be an index
of platelet activation and release in vive. Since platelet
factor 4 'is rapidly cleared from-thé circulation by binging
to the endothelial cells (Busch et al., 1980), levels o
beta~thromboglobulin provide a more reliable index of the
release of platelet granule contents in vivo. Althoﬁgh the
stimulation of platelets during sampling procedures could
5increase-the levels of platelet factorr4.or beta-thrombo-
globulin, the simultaneous meésuremeqt of both of these
platelet proteins could provide a means of differentiating
between in ;ivo reléase and release that occurred due to the
activation of platelets du:ing-samﬁling (Kaplan and Owen,
1381). The ratio of platelet factor 4 to beta-thrombo-
globulin would be lower in the plasma tﬁan in the platelets
when platelets release the contents of their éranules in
vivo, whereas the ratio of platelet factor 4 to beta-
thromboglobulin in the plasma would be similar to the ratio
cof these protein§ in the platelets if release occurred during
blood sampling.

Although the results of some studies suggest that
circulating levels of alpha-granule proteins are an indica-
tion of plételet activation in vivo in association with
atherosclerot?; disease, other studies show no correlation,

A number of these studies are discussed in a paper bdy
v

Stratton and his colleagues (1982}, in which they report that

there is no relationship between levels of either platelet &



factor 4 or beta-thrombdylobulin and myocardial ischemia
during exefcise.. )
Several of the substances released by stimulated
platelets could affect the properties of the vessel wall., '
Enzymes could alter the surféce of a damaged vessel, throm-
boxane A, could cause vasoconstiiction, énd p}atelet derived
growth factor coﬁlé-stimulate smooth muscle cell prolifera-
"tion. Evidence that materials rg;eased_from platelets per-
meate the vessel wall is provided by a study of the penetr;-
tion of platélét fagto} 4 into a de-endothelialized arterial .
wa}i KGoldberg andetémerman, 1980). Although platelet
ﬁactoi 4 was present in the arterial wall 10 and 30 minutes
foilowing injury, by 4 hours following injury, platelet
factor 4 could no longer be detected. Since plafelet derived’
growth factor, as well as other platelet specific proteins
are stored within the same granule as platelet factor 4, it
appears likely that when these proteins are released from

Wy
LY .
Flatelets, they also penetrate the vessel wall.

D. The Response of Vessels to Injury

1. Reactivity of injured vessel walls to platelets

4

¢
&
b,

A

?Ithough platelets rapidly accumulate on the exposed
_ > . o> ,

subendcthelium, few additicnal platelets accumulate on the

" injured vessel after iLhe *formation of the initial laver of

adherent platelets (Groves_et al., 1977; Groves et al.,
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1979;, indicating that the plételet-covered vascular surface
rapidly loses its ability to interact with additional plate-
lets. Two'days_following de~endothelialization, many of thei
adherent platelets are lost from the injured vessel leading
to the exposure of a surface that is morpholqgically similar
to the subeédotheliuﬁa this surface is also non-reactive to
circulating platelets. The émoofh muscle cell-rich neocintima
that forms by 4 to 7 days following de-endothelialization is
also noﬁ-reactife te platelets. Peipgras and his colleagues
(l%%ﬁ) cbserved that following the inhibition of coagulagion .
for 4 hourg after carotid-artery injury in cats, the vessels iQ
bapome non-reactive for circulating platelets, and.fibrin
does not accumulate on this sﬁgifce. Other investigdtors
demoéstrated that platelet deposition on de-endothelialized
rabbit aortae reaches an equilibrium by 2 hours following
injury, and subsequently the nupber of platelets associated
with the vessels is diminished (Spaet, et al., 1978; Drouet,
.-et al., 1978). Thus, although the time.fequired for the
damaged vessels to lose their reactivity to circulating -
platelets varies when different procedures are used for
inducing-.vascular injuryv, several investigators agree that

‘the reactivity of.an injured vasculdr surface to platelet

-l

“accunulgtion decreases soon after mechanical removal of the

endothelium. ' . .

- -

Howaver, the mechanisms responsible for this loss of
o+

reactivity are not known. Suhstances produced by the-vessel
Fs
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wall, the interaction.of formed elements of the blood, or the

interaction of components of the plasma could alter the

properties of the surface so that its reactivity to plaﬁeleté

+

is lost.

a) Platelets .

The laver of plate;egs that adheres £o a damaged '
vessel forms a sugkage that is non-reacfive to further
platelet accumulation. The adherent platelets release the

contents of their granules including proteolytic enzymes such

‘as elastase (Kaplan, 1981); when these proteins are released

from adhérent platelets they could digest components at the
surface of the vessel or penetrate the vessel and‘alter the
properties of deeper structures. In addition, remnants of
the platelet membranes might remain on the injured vessel
when the adherent platelets are lost from the surface.
Therefore, platelet interaction with damaged vesseals could be
responsible for the loss of reactivity of the surface sooh
after injury, and for the non-reactivitv of the surface
exposed bv the loss of adherent-platelets. ‘ k\
-

b) Leukocvtes

Chemotactic factors generated following tissue injury
and the activation of coagulation recruit leukocvtes to sites
of tissue injury (Snyderman et al., 198l). In mOonxeys fed

cholesterol-enriched diets, macrcphages accumulate on the
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aorta, migrate between endothelial cells, and éccumuﬂate on
or penetrate the vessel wall *in the region of developing
lesions (Gerrity et al., 1979; Gerrity,~1981a;'Ross“et al.,;
1984). Leukocytes contain numerous pioteolyticrenzymes and
grewth factors that could affect the properties of daméged
vessel walls. Thus, the-presence of leukoqytes on the |
surface in some areas of injured vessels, and the potential
of these cells to affect adjacent tissue suggests that
leukocytes might be important in altering the properties of
ipjured vessels, particularly in some regions. Sihce several

f//;Zpects of leukocyte interaction with injured and diseased
vessels, including guantity, loéalization, and duration of
interaction, ;nd chemical alterations in the vessel surface
produced by leukocyte interaction, need to be investigated to

! determine the role of leukocytes in the loss of reactivity of
injured vdssels, this area of investigation was-considered to
be beyond®the scope of this thesis. However, there is no

doubt that this will be a fruitful area for future studies.

c} Red Blood Cells

The surface membranes of c¢irculating red cells appear
v
to be non-thrombogenic, since they do not activate coagula-
tion.and platelets in the circulation do not accumulate on
their surface. The surface of Ehe red blood cell membrane 1is
composed of the exposed carbonydrate chains of glycoproteins

. a
and glvcolipids (Gahmberg ané Hakamori, 1973); the major



surface glycoprbtein being glycophorin (Marchesi et al.,
1972). The oligosaccharide chains of the glycopqotéins and
glyceolipids contain numerous siélic acid resicdues (Zahler,
1958}. Aﬁianf and his colleagues reported in 1976 that the
sialic acid content of erythroc?te mehbranes decreéses_with
age, and in 1978 they obsefveé that a decrease in sialic acid
content is associated with decreased erythrocyte survival;
th;y concluded that sialic acid is lost from the surface of
red cells as they age in the circulation. Since sialic
acia—rich carbohydrates are exposed on the surface of red
cell membranes, 1t appears possible that ssme surface com-
ponents of-the red cell membiane might be lest during theirx
contact with the vascular surface. Thus, the a2ccumulation of
Mateéials from red cell membrénes might mask reactive sites
on the damaged_ﬁgssel wall andé be resgonsible for its loss of

reactivity.

d) Plasma Factors

A number of stuaies have been conducted over the past
20 vears to examine the effect of plasma proteins on platelet
adherence to surfaces. Most of‘thesé studies have been done
in vitro and in general have shown that the reactivity of a
varié@y of natural énd prosthetic materials c;n be médi;ied
bv plasma prqteins (Séizman, 1971; Cazenave et al., 1977).

The most common finding has been that albumin diminishes the

ability of surfaces to attract platelets anéd it seems likely
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that this plasma protein might also influence the reactivity
of injured vessels in vivo. To détermine whether the loss of
Jreactivity of an injured vessels resulted from the adsorption
of plasma proteins onto their surface, de-endothelialized
vessels could be everted on a probe using the method devel-
oped by Cazenave and his colleag&ﬁs (1977), and rotated in a
medium containing plasma protein;ibefore the adherence of

platelets to their surface is tested.
j-'

e) Digestion by Prdteolytic Enzyﬁes Derived from Other

Sources
Since platelets adhere to several components of

subendothelial connective tissue including coliagen
(Baumgartner et al., 1977), basement membrane (Baumgartner et
al., 1971), and the microfibrils around elastin (Stemerman et
al., 1971), it appears likely that the digestion of these
substances would decrease the reactivity of the surface. It
is possible that proteolytic enzymes derived from sources
other than platelets could alter the platelet-reactive sites
of an injured vascular surface. Leukocytes coentain numerous
proteolytic en;ymes that mighﬁ alter the properties of an
injured vessel in regions of leukocvte accumulation. In
addition, Ehe activation of plasminogen results in the form-
ation of the proteolytic enzyme plasmin. Plasminogen can be
activated 1) through the intrinsic pathwéy following its

activation by factors derived from plasma including factor



XII, prekallikrein, or high molecular weight kininogen
(Ratnoéf, 1977; Ogston and Bennett, 1978}, 6r 2) by tissue
plasminogen activator derived from a number of different
tissues including damaged endothelial cells (Astrup, 1966).
There have been no systematic itudies of the contribution of

enzymes released or formed by the vessel wall on the

reactivity of injured vessels.

f) Substances produced by the vessel wall

Although- it éppeafé unlikely that PGI, production by
the endothelium ‘is respopsible for preventing platelet
;ccumulation on undamaged vessel walls, and the capacity qf
vessel walls to generate PGI, is decreased following the
removal of the endothelium, mechanical stimulation of the
vascular cells during the passage of a balloon catheter, for
example, could result in increased PGI, production by the
vessel. However, whether PGI, production by vessel walls is
sufficient to affect platelet accumulation on the surface of
injured vessels is not clear.

Since substances such as glycosaminoglvecans that are
produced by cells of the vessel wall, Ephibit platelet func-
tion (Xirk, 1975; Murata et al., 1975; Ts'ao e+—dl., 1977} i
is possible that the deérease in reactivity of an injured

. >,
vessel might depend on substances produced by vascular cells

59

t

in response to injury, or on substances present in the vessel

wall that diffuse towards the injured surface and alter its
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its properties. 1If substances generated by vessel walls are

responsible for the loss of reactivity of an injured vessel,
then such a vessel should gradually become less reactive to

platelets and this could be tested in a number of ways.

2. Function of endothelial cells following vascular injury

Endothelial cells adfacent to sites of vascular injur
generate substances that could affect platelet accumulation,
thrombus formation, and the proliferative response of the'
injured vessel. PGI, produced by endothelial cells-stimu—
lated by injury or by thrombin generated at injury sites,
might be capable of limiting platelet accumulation at the
site of vascular injury. Plasminogen activator generated by
endecthelial cells could cause the formaticon of plasmin from
its inac:ive-precursor and iniﬁiate the lysis of fibrin that
forms on an injured vessel. Thus, endothelial cells could b
involved in limiting the extension of a thrombus, or in
lvsing thrombi that form in response to vascular injury.

Se;e:al investigators have reported that endothelial
cells produce substances that affect the proliferation of
v%scular smooth muscle cells. Although it has been reported
. that endothelial celis produce a mitegen for smooth muscle

cells (Gadjusek et al., 1980; Castellot e%al., 1981y,
Karnovékﬁ/ilQBl) showed that endothelial cells also produce
heparjin-like subsfance that inhiqits smooth muscle cell

* . . . -~
growth. He speculated that the heparin-like compouné or

Y
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‘similar compoundg might be involved in the regulation of
vascular smooth musglé cell growth in uninjured vessei

walls. Thus, it appears that endothelial cells produce
factors that could stimulate smooth muscle cell proliferation
following vascular injury, and factors that could restrict /

smooth muscle cell growth in undamaged vessels.

3. Formation of neointima

As indicated previously, %}atelets release a factor
from their alpha granules thét is mitogenic and chemotactic
for vascular smooth muscle cells (Ress et al., 1974; Ross and

°Vogel, ;975; Gerrard et al., 1980). The platelet-derived
growth factor (PDGF), consists of two polypeptide chains

- joined by disulfide bonds and appears to exist in multiple
forms (Raines and Ross, 1982). Binding of 12?I-labelled PDGE
to arterial‘smboth muscle cells in culéure is specific,
reachés a peak at 30 to 60.minutes, and then declines,
coipgident with the appearence of trichloracetic acid-soluble
l'251 in the medium, indicating that PDGF may be ihternalized
and degraded by the cells (Bowen-Pope and Ross, 1982). |

The observations by Moore and Friedman (1976) that
smooth muscle cell proliferation in response to removal of
the aortic endothelium in rabbits is inhibited by inducing
thrombocytopenia before injury, whereas inducing thrombo-
cvtopenia 3 hours foliowing injury fails to prevent intimal

thickening (Friedman, 1978), indicates that the platelet

—J
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interaction with a damaged vessel'wéll thdk occurs soon after
injury‘is'important in the deyvelopment of intimal hyper~
plasia. These results are confirmed.by the findings that:

'a) released platelet granule.proteiﬂs rapidly-penetFate the
vessel wall following injury, but are not found in the wall‘z
to 4 hours following injury (Goldberg.and Stemerman, 1980),
b) PDGF 1s rapidly bound to vascuiar smooth muscle cells
(Bowen-Pope and Ross, 1982), and c)“éxposure to PDGF for 60
minutes @s sufficient to recruit 25 percent of smooth muscle
cells in culture to synthesize DNA and undergo cell division
(Ross et al., 1978).

Stemerman (198l) demonstrated that the incorporation
of 3H-£hymidine into aortic smooth muscle cells is increased
at sites of injury. The incorporation of thymidine into
smooth mﬁscle cells begins 24 hours following injury, reaches
a peak by 2 to 4 days and returns to a base-line value by 4
weeks. He also found that 3H-thymidine incorporation appears
to be increased in other vessels that are remote from the
injury site. For example, injury to the abdominal aorta
results in increased DNA synthesis in smooth muscle cells in
the uninjured thoracic aorta. These findings raise the
possibility that some of the PDGF released at a site of
injury escapes into the circulation and is capable of stimu-
lating smooth muscle cell proliferation in regions remote

from the site of release of platelet granule contents.

Ao
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In damaged regions of a vessel, smooth muscle cells
migrate through the intefnal elastic lamina and ipto the
intima by 5 to 7 days follpwing removal of the endothelium
with a balloon cé;heter (Stemerman and Ross, 1972; Ross and
Glomset, 1973; Groves et al., 1979). However, little intimal
thickening occurs in'regions‘of a vessel whefe injury
produces medial necrosis (Moore et al., 1992). One to 3 -
months following injury, the intima reaches a maximum thick-
ness qf 5 to 15 cell layers. The number of intimal cell
layers subsequently decreases until onlv 2 to 3 layers
remains sevéral months after injury (Ross and Glomset, 1973).
Although a number of investigators have reported regression
of atherosclerotic lesions induced by diets (Staryv, 1979;
wégner et al., 1980; Clarkson et al., 1981; Manilow, '1981),
o%;the combination of mechanical injury and diet (Dacud et
al., ;981), the mechanisms respensible for the regressiqn of

the thickened neointima are poorly understood.

#

4. Development of atherosclerosis

There 1s considerable evidence that atherosclerosis .
cén cevelop in response to vessel injury. Thi; hyoothesis,
first proposed by von Rokitansky {1852), is supported by the
results of a number ¢f subseguent studies (Duguid and Robert-
son, 155?; Mustard, -1963: French, ~1966; Mustard and Packham,
1875; Ross ané Glomset, 1976). Smooth muscle cell-rich les-
ions with increased extracellular connective tissue,:form in

]

-
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response to several types of experimental injury induced by:
inawelling cannulae in rabbits (Moo:e'et él., 1575), other
forms of mechanical injury {(Bojkerud and\Bondjers, 1971}
Fisbman et al., 1975; Mustard and Packham, 1975), hyperchol-
'esteroiemia in rabbits (Kritchevsky et ;l., 1981), monkeys
(Vesselinovitch et al., 1974), rats (Scott et al., 1964), and
ba?oons (Harker et al., 1974), and by immune injury (Harain,
1973; Minick and Murphy, 1973). In many cases these lesions
are similar to the early lesions that develop in man. Repeat-
ed or éontinuous vessel injury results in repeéted platelet
interaction with damaged vessel walls and release of growth
factor that stimulates further smooth muscle cell prolifera-
tion. The absence of endothelium in regions of vascular in-
jury increases vessel wall permeability and allows substanc-
es such as plasma prote&ns and cholesterol to penetrate the
veséel more easily than in areas with an intact endothelium.

' The importance of platelet interactién in inducing
smooth muscle cell proliferation and atherogclerotic plaqqf
formation is illustrated in studies by Moore and his col-
leagues (1976). As previously discussed, they showed that
the induction of throm%ocytopenia in rabbits before intro-
ducing indwelling aortic cannulae prevented the devadopment
of lesions im response to injury. However,.if thrombocyto-
penia was inddced 3 houés after injury, the development of
lesion was not inhibited (Friedman, 1978)..

Atherosclerotic lesions primarily involve the intimal

b-;,.s'?‘
X
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layer (Ross and Glomset, 1976). The atherosclerotic lesions
contain smogth muscle cells, some macrophages, lipids, and
extracellular connective tissue compoqénts including
collagen, elastin and protecoglycans. Fatty streak§ are
believed to'represent the earliest stage §f lesion develop-
ment. They are ubiquitoqs in the population by the age of 10
years, and may be féund in much ?ounger children. By the age
of 25 ye{;s, approximately 25 per cent of the aortic surface
is covereé with.fatty streaks. 'F;broﬁs plagques are raised
lesions of lipid—laﬁen smooth muscle cells, collagen, elastic
fibers and proteoglycans forming a fibrous cap overlying free
extracellular lipid. Complicated lesions c0nta}n areas of
cplcification, necrotic cells and evidencé of haemorrhage.
The formation of mural platelet-fibrin thrombi on the
sirface of ruptured atherosclerotic plagues, indicates that '
this surface is highly th}ombogenic. Mural thrombi can
narréw the lumen ana reduce or ogstruct nlood flow, and
fragments can be dislodged from the thrombus and embolize Iin
the distal circulation. Thus, platelet interaction with
damaged or diseased vessels 1is not only potentiallv impertant
in the initiation and develecpment of athegxosclerotic lesions,
but is also involved in the thrdmboembolic complications of

1
atherosclexotic disease.

E. Platelets and Coagulaticn

-

As previously cdiscussed, when platelets interact with
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freshly injured vessels there isvlittle or no evidence of .
fibrin formation (Stemerman et al., 1971; Clowes'and t
Karnovsky, 1977; Groves et al., 1978; Groves et al., 1979).
However, thrombi composed of platelets and fibriﬁ form on the.
injured surface of a previously damaged or atherosclerotic
vessels (Jgrgensen et al., 1967; Woolf et al., 1968; -}
Stemerman} 1973).  The activation of coagulation on a rein-
jured or diseased vessel indicates that the surface of tgése
vessels is.moze %hrombogenic th;n the freshly exposed sub-
endothelium. It‘is also possible that disturbed flow pro-
duced byfvessgl narrowing and raised ldsions of an athero-
sclérotic vessel could promote the accumulation of activated
coagulation factors; thié could %’nhance the generation of

thrombin, the formation of fibrin, and the incorporation of

.platelets into thrombi.

1. Activation of coagulaticn in response to vessel injury

Coagulation can be activated through two pathwavs. The
exposure of factor XII (Hageman factor) to collagen activates
the intrinsic pathway of coaqulation (Ratnoff and Rosenblum,
1357), whereas tissue factor (tissue tﬂ:omboplastin) activa-

tds the extrinsic pathwav of coagulation (Howell, 1912;
} o

-

Nemerson and Bach, 1982).
h

It appears that ‘thrombus formaticn on a damaged vessel

can involve two pathways: a2) platelet adherence tc connective

tissue components, or b) the activatisn of coagulation by the

-
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injured surface. ' Since fibrin.fckms:on'reindeed:j; diseased
vessels (Steme;man, 1973), énd piatelets are étimulateﬁ-by
thzombin_aﬁd interactiwifﬁ fibr?n‘dunin; its pP%tTerézatioq
(Niewarowski et al., l97£a), some of the:platelet

accumulation ¢n the injured neointima might be dependent on

the activation of -coagulation. Therefore, it is-important to

_detérmine a) the role thatwthfdmbin.genefétion and fibrin

-

s o, - . ¢ ' .
formation play in the accumulation of platelets on an injured

vessel; and b) the pathway of coagulation responsibleyfo: the

L -
formation of fibrin on a reinjured vessel. —_

1
#+

~

a) Activation of the intrinsic pathwav

-

Plasma factor¥XII is activated when it is exposed to

m—————

J

collagen or other negatively charged surfaces (Ratnoff and
Rosenblum, 1957). Since the heointima'is rich in type III
collagen produced by the vascular smooth muscle cells {Barnes
et al., 1981), J% is possibie that collagen exposed by injury
to the necintima might be responsible forgactivating factor
XII of the intrinsiec pathway of coagulation. Wwalsh and

4

Griffin (1981) showed that platelets stimulated with collaéen
could promote the activation of factor XII in the p%esénce of
kallekrein and high molecular weight kininogen (HMWK} .

However, although the clotting time of blood from individua;s

cdeficient in factor XII, prekallikrein, or HMWK 1s prolonged,

these patients do nct have an, increased tendency to bleed

1Y
3
~

{Nemerson andé Bach, 1982). These findings indicate that

- b
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activation of the intr1n51c pathway by activated factor XII

mlght riot. be important in activation of coagulatlon in vivo.

N

,‘;

-

b) Activation of the extrinsic paﬁhwav

> The extrimSag pathway of coagulation is activated by a

complex formed by tissue factor and factor .VII. This complex
‘ _ .

—

catalyzes the activation of factor X '(Willtams and Norris,

1966). The tissue féctor activity is localized to a poly;-
peptlde chain whlch must be complexed to a phospholipid 1n
order for procoagulant activity to be exaressed (Neme;son and
Bach, 1982). In“1977, Osterud and Rapaport demonstrated that
tissue factor-factor VII complex, f;*Ehe presencé of_calcium,
‘also activatés factor.Ixi Acfivayed factor IX (IXa), in ghe
presence of factor ?III, activates factor X (Hougie et al.,

)
Although undamaged endothelial and vascular smooth

muscle cells do not express tissue factor activity on their

N

" surface {Qedger, 1983}, even mild injury stimulates vascular

cells to make tissue factor éctivity'availa@le to actiQate
the extrinsic pathway of coagulation (pemerson and Bach,
1982). 7 number of vascular cells, including endothelial
cells, smooth muscle cells/’and floroblasts express tissue
‘actor ac;1v1.u—«hen-thev are aerturbed or injured (Mavnard
et al., 1977). Mild proteolvtic digestion of the cell
surface glycocalyx that dogs not‘kill the cell or produce

leakage of the cytoplasmic cdnstituents, results in the

-
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expre551on of procoagulant ‘activity by the cells (Maynard et
ral., 3375). Although these reSults indicate that tissue

facygor activity on.the surface of these cells 1s.present in a

protected or cryptic form, it is also posszble that the

—_—

treatment mlght have stlmulate the cells to pzoduce tissue
factor. The expressaon of procoagulant tissue factor activ-
ity by tumor cells in culture is reported to be associated
wi;h the produétion of blasmg membrane vesicles (Dvorak et
al., 1982). Although Neieetz (1573) reported that'leukocytes

stimulated with endotoxin release tissue, factor 'into the

suspending fluid, other investigators have since reported

that monocytes only express tissue factor acﬁivity_following

disruption of the cells, indicating that the activity is

F/
masked within the cells )éevy et al., ¥98l). Therefore,

A~ . . . :
damaged smooth muscle cells, as well as other vascular cells,

might make tissue factor available to initiate coagulation on

AN
v
the surface of an injured vessel. '

Since plasma is reported.to contain a specific inhibi-
i ‘ :

tor of tissue factor activity (Nemerson and Bach, 1982), it
is possible that this inhibitor might have a role in modify- .
ing the activation™of coagulation by tissue factor made '

] . .
available by damaged cells. | ) : A

2. Interaction of Platelets with Coagulation Factors
_Thrombin, generated following the activation of =

coagulation, stimulates platelets to generate thromboxane Ao

-
—r
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(Holmseh, 1977; Bills ét‘al:, 1977)‘and’relgase the contents'
of their granules (Gre&te, 1962f Davey apd Luscher, 1968;-"
" Mustard and Packham, 1970; Kinlough-Rathbone et al., 1577(
Packham et al., 1977). Thromboxane A, generated following
activation of the arachidonic acid pathway, and.ADP and
,Serotonin releaseéd from platelet graqules,lcould stimulate
other platelets to,rglease_theLr;granule contents.

Pléteiets also contribﬁté to the actiéation of coagu-:
ulation through ;everal mechagisms (Reviewed b{_WalsE, 1981).
a) Plateiét—factor 3, a phosphatidyl sérine'logated on the -
inner surface of the membrane in unstimulated platelets but
exposed on the membrane ;urfa;é of stimuiated platelets
l(Zwaal, 1278), is a negatively chérged phospholipid that

-

contributes to'the activaéionugirfactor XII, factor XI /
(Walsh, 1972; wWalsh and Griffin, 1981), factor X (Lundblad

and Davie, 1964; Walsh and Briggs, 1952), ané prothrombin [T—
(Miletich eﬁ al., 1974) (Reviewed by Hemker et al., 1983).
Therefore, platelet factor 3 made available by platelets that
“have undergone the release reaction could further enhdnce the
activation ¢f coagulation and the generation of thrombin.
(Spaet and Cintron, 1965; Hardistv and Hutton 1966; Joist et
al., 1974);. b} Platelets release the coaghlation proteins
factor V, factor VII and fibrinogen (Xaplan et al., 1979);
factoF V released from platelet granules binds to the

> .
platelet membrane and acts as the platelet receptor for

:actor Xa (Miletich et al., 1977; Miletich et al., 1978a;

s



71

Miletich et al., 1978b). c¢) The platelet membrane provides

oy

—a surface for the activation of factor XII, factor XI (Walsh
and G;iffin,l1972), factor X (Lundbléé aQ§‘Davie, 1964; Waléhr
and Briggs, 1972) and prothrombin {(Miletich et al., 1977).
é).The platelet membréne also affords protection to activated
coégulation factor XIa (Wilsh and Briggs, 1972) and factor Xa

(Walsh and Brgggs,-IS?Z; Marciniak, 1973; Miletich et al.,

-

1978a)4against inactivatidn by plasma inhibitors.
. - .

]

Fibrin formed by the action of thrombin stabilf;es
| plaﬁqﬁef aggregates (Hévig, 1968). - In the presence of -

- thrombin platelets also interact with poiyme:izing fibrin;
stimulation of the_glatelets that are adherent to fibfiﬁ
results in clot retraction (Niewarowski, 1972b):“Thus,
platelets are not only affeéted directly by thrombin, but
also contribute £o the activation of coagulation.

Since platelets appear to accumulate'on imjured

v?sseis in associatien with fibrin, the activation of coagu-
lation oK,the surface of an injured vessel might be respon- T
sible for some of the platelet accumulation.h If the injured
surface‘continued to activate.coagulation, the reactivity of
the surface for platelets might be maintained. -Thus, plate-
let accumulation on the injured neointima might be enhanced

and the accumulation of platelets might continue for longer

than on the subendothelium exposed by a single injuryv.

*
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3. Effects of thrombosis on platelets’

The exposure df platelets to substances generated at
sites of thrombus formatlon could alter the propertles of
platelets and affect their function in Sewveral ways.-

- ‘ " T .\

a) Platelet survival

Where there is intravascular thrombosis in diseased
vessels, many of the circulating platelets can encounter
factors that could alter their properties and increase thelr
rate of clearance from the circulation by the retlculo—
endothelial system. The incorporation of platelets into -
thrombi can also decrease platelet survival.

The surface sialic acid of membrane glycoproteins is
decreased as platelets age in vivo (Bocciﬁ 1976; George eg
al., 1978; Rand et al., l981a Rand et al., 1983). The
removal of platelet membrane sialic acid in-vitro by proteo-
lytic enzymes such as neuraminidase, trypsin, chymotrypsin or
plasmin increases-their rate of clearance from the circula-

.tion and shortens the survival of platelets following their
infusion into experimental animals (Greenberg et al., 1975).

~herefore, it is possible' that following in vivo exposure to
proteolyﬁic enz}mes such as plasminVLGreenberg et al., 1979),
which may be generated in.regions of thrombus'fgrmétion, the
platelees are recognized as "foreign" by the reticuloendo-
thelial sgetem and are cleared more rapidly from the circu-

Lation than normal platelets.

o —
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Since the number of platelets that adhere Eg'the

v

f

subendothelium exposed follow;ng injury of the aorta with a
balloon‘catheter represents less that one per cent of the
circolation platelet population, ano there is little further
platelet interaction with the vessel following the initial
platelet adhesion, (Groves et al., 1979), platelet survival
is not’ shortened following a slngle injury to a blood vessel.
However, Harker and his colleagues (1976) demonstrated that
in experimentally—induced homocystinemia the extent to which

—

platelet survival is decreased closely correlates with the

extept of endothelial cell loss.

Platelet survival is decreased by indwellino-aortic
catheters in rats or rabbits. TMeuleman et al., 1980;
‘Winocour et al.,1982; Winocour et al.,1985: Somers et al.
1983). Since gteater numbers of platelets were jngorporated
into the thrombi that form in assooiation with fnd;elliﬁg

aortitc catheters in rabbits than on the subendothelium

exposed by a single injury with a balloop catheter (Groves et

3

al., 1979; Somers et al., 1980), it is not surprising that
platelet survival‘is s;ortened by indwell?ng catheters
Buchanan et al. 1979; Somexrs et al., 1983; Meuleman et al.,
1980; Winocour ‘et al., 1982; Winocour et-al., 1983).
However, the incotporation of platelets into thtoﬁpi'does not
appear to be solely responsible for the shottened platelet

survival under theése conditions.

Since thrombi do not form in association with indwel-

Q -
_(’r’ .
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ling aortiE'cathetefs in rats, it appears that the decrease

.

in platelet survival in these animals is caused by repeated

.

injury of the vessel waIEFcaused by the catheter (Winoccur et
al., 1553); Thué, plgtélet survival can be decreased. by the
incorporation of platelets'inio thrombi or'asua rfsult of the
increased turnover of platelets on the surfa&e of a . repeat-
edly injured vessel,ﬁall; the platelet§ that escape from the
injured vessel wall are altered, recognized as ‘foreign', and
c;eareé from the circulation. | )

It is possible that the platelet mémbrane might be
altered by exposufé to substances such as plasmih encountered
during‘formatibn of platelet-fibrin thrombi. Changes'in the
surféce properties Jf the platelegsmembrane éan'incréase the
rate of platelet clearance from the circhiation. The altera-
tion of.the platélet'su??gée b§ removaleof sialic acid by

treatmént wiEh‘néuraminidase, or removal of sialoglycopep-
tides by treatment with pia;min accelerates the clearance of
platelets from the circulation and shortens platelet surviv-
al (Gneenbérg, et al., 1979). Herver, platelets that have
been exposed to repeated stimulation with thrombin to induce
degranulation in vitro, survive normally when they are rein-
jected into rabbits (Reimers et al., 1976). Therefore, .the _
exposure of platelets to thrombin does not produce membrane
changes that accelerate their élearence from the ciréglation.

»

- &Although several investigators have observed that

vascular disease is associated with a decrease in platelet
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survival (Abrahamsen, 1968: Steele et al., 1978a; Steele et .

Y

al., 1978b: Fuster et al., 1981), -“others have repo:ted.that

platelet survival is unchanged in patients with athero-

’

sclerotic disease{(Doyle et al., 1980). There are several

.
.

possible explanations for the differences in findings.- In

patients with atherosclerosis, platelet survival may be

shortened only during episodes when the surface is reactive

to platelets (with or without thrombosis), whereas during

-

. ‘periods when the surface of the vessel,is'relativgly guies-
cent, platelet survival may'be nofmal (Abrahamsen, 1968). "
This may explain Abrahamsen's obse:vatibn that platelet

. shrvival is decredsed shortly after mvocardial infafccion and

returns to normal during the later stages of recovery. Thus,

the results obtained could depend upon when platelet survival

L -

is measured in relation to the atherosclerotic vascular

disease process. It is alsc posssible that cother factors,

rn

such as smoking which can décrease platelet survival, could

J
[
rr
ya
Y

3
rr
w0
.

alsc contribute to shortened platelef suzvival in
The values for platelet-survival depend on the mathe-
matical model used in their calculation; and on other Iactors

’

such as the times at which samples were obtained. The

earlier samples obtained for the determinaticn of gplateles
-
survival may have a greater efiect on the calculated values

for survival. In 1977 the Internaticnal Cocmmittee.

h

-~
s

Standarcdization in Hematclogy made a number oI recemmenca-

.

tions for standardizing-gplatelet surwvival stucles, includin

[19]
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the recommendation that the 'mﬁléiple hit modgl of gahma
funétion' be used to calcplate platelet survival (Murphy et
al., 1973; Murphy and Bollling, 1978). Since the 'gamma.
fﬁnction' is a computey a alysis of a gemicontinuous_varia-
ble, and is sensitive‘to vdriations between logarithmic. ang

linear curves for platelet survival, this method\;s more <

sensitive than either linear or logarithmic methods of-.cal-

-

culating platelet survival. This point should be considered

when comparing the values for platelet survival cbtained by

different investigators.

5) Platelet densitv and si:z

: . o L .2
The " normal circulating platelet peopulation Is hetero-
genecus with respect %o size amd—<densityv. Althcugh some

investigators conclude that the hetercgenelity of the clIcu-

lating plateliets results from a decrease in plateles size and
density as the platelets age (Karpatikin, 1978; Charmatz and
RNarpatkin, ;&;4,-Co:ash et al,, 1%77; Corzash et al., 1973;
Rand et al., 198l), others propose that the hetercgenelisy

£ 3 - . - ~ “ - - -
Sillifereqt sice and density (Boneuv et z2l.,, 1973 Paclus, 1975;
" N oy~ - . . . .

fenningien et al., 127¢; 3Beneuw et 2l.,, 1977; Paulus et al.,
AT aQn
LaTay,
. : ; - L e aany s .

Rang and nher colleagues (L1281) Zemgnswrated thas zhe
o e = ol 3 - - b ~
sizZe oI the.mest dense rabblit slatele:s ":a:a:ec &n Stractan

e - - . N - - - — “ -
CenslLY gradilents 1S greater tnan Ltnhe size of the Least dense
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platelets. Following the injection of 355 into rabbits, the

-

- relative.specific activity of the most dense plateiets- £
‘iﬁcreases more rapidly than the specific activity-of the
least dense piatelets. Rand and her cplleagues also dehoﬁ-l
strated‘thatﬁ when the plqtelets are.gﬁturned to the circula-
tion, the survival of the most dense platelets is greater
than the sur‘vival ?f the lhleast dense platelets. - These
results indicate tha;ﬁiﬁ rabbits the young pla;elets are the

‘most dense.
The density of platelets is decreased following expo-

1

‘sure t£o ADP (Packham et al., 1978}, thrombin (Ciéslar et al.,

7 1979}, or plasmin (Guccione et al., 1985), substances :to
i

which platelets may be exposed during the formatjon of

thrombi. Several investigators have reported that a loss of
A ]

airha-granule contenpts is related to a2 decrease 1n platelet
L

density (Vicic. and wWelss, 1983:‘van Qost et al., 1984).

Experimentallyv-induced thrombosis results-in a shifs of

e
pt
fu
ct
@
b

ets from.the most dense to the least dense fraction of

the gradient (Somers et al., 1983), indicating that circula-
sing platelets are altered by the effects of intravascular
thrombosist However, scme of the agents thakt decrease

Dlatelet density [ég. thrzombin (Cleslar et al., 1878%) and ADP
(Pacxham et alg,'l985)] o not sheorten plateles survival,
Thus, although plazelet density could be decreased by
exzosure ¢ thrembotic events, under some condltions pia:e
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c) Platelet function

The increase in platelet ¢onsumption in response to
A

acuteé thrombosis may stimulate platelet production and ;nf

u
A 0
"

increase the numbers of young platelets in the circulation

N

- L
(ﬁustard, et al., 1966; Harker and Slichter, ﬁg?O). Since

young platelets are reported to be more metabolically active

_(Detwiller et’Eﬁ., 1862; Hirsh E& él., 1976) and more hemo-

'statically effective than old platelets (Harker and Slichter,

1972), Buchanan and his colleagues (1979) speculated that an
increase in the proportion of young platelets in the circu-

lation‘might be associated with an increase in ‘the ability of

_the circulating platelets to participate in thrombosis.

However, élthough platelet turnover is increased ﬁnTrabbits'
with indwelling aortic catheters, Buchanan and his colleagues
(1979)\observed that the thrombogenicity of the g}ételet
3

population was decreased. They concluded that platelets -that
are_stimulated by factors associated.with thrombosis become
less reactive to subseguent stimuli. Reimers and his coih
leaéues (1976) observed that thrombin degranuiéked platelets
are less haemostatically effective, an observation that might
support the findings of Buchanan and his coworkers.

A number of factors are capable of stimulating
platelets. Several of the platelet membrane glycoproteins

nave been identified as specific receptors for some of these

stimuli. Thrombin binds to glycoprotein V and glycoprotein

-
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Ib, a}thouéh it is nﬁt knowﬁ whether binding to either of
these giycoproteins.is résponsible for;irducing the activa-
tion of plateiets (Philliﬁg, 1980); glycoprotein IB appeafs
to be the réceptor for von Willebrand factor on platelets
(Phillips, 1982); the glycoprotein IIb/IIIa.coﬁplex is
involved in fibrinogen ?inding {(Bennett and Vilairé, 1979y,
and iﬁ some cases von Willebrand facter-binding; fibronectin

on the platelet membrane binds to collageﬁ‘(Bensusan, et 91.,

1978) (although fibronectin does not appear to be the recep-
. . L)

tor for the stimulation of platelets by éollagen);.and the
receptor for the Fc fragment of IgG appears to be a glyco-
protein (Pfueller and Luscher, 1972). Since membrane glycoe-

proteins are receptors for substances that stiﬁulate plate-

lets, alteration of the membrane glycoprdteins by exposure to

substances generated during thrombosis could be a favtor in -

decreasing the responsiveness.of platelets.
- \

A
—

?. Effects of Drugs on Thrombosis, S )

As previously discussed, several pathways are involved
in the formation ¢f thrombi on arterial walls. Thrombus
formation is initiated by the interaction of platelets with
components of the subendothelial connective tissue exposed by
injury including: collagen, microfibrils, and basement
membrane {Baumgartner et al., 1971). Collagen stimulates

platelets to release ADP (Hovig, 1963) and-generate throm-

boxane A, (Eamberg et al., 1973; Bell et al., 1979) wiich

P
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stimulates platelets to aggregate. Thrombin gene;atedeg}—
lowinghthe activation of coagulé;ion by exposure of factor
XII to cocllagen (Néewﬁarowski et al., 1965}, or by tiésue
factor made available by damaged cells (Nemerson and Pitlick,
1972; Nemerson and Pitlick, 197#%; Zwaal, 1978) causes the
release of platelet granule contents and the activation of
the arachidonic acid pathway (Holmsen, 1977). Thrombin can

L&
also cause_platelet aggregation and release by mechanisms

are independent of -the release of ADP or the Jactivation
'raéhidonic acid . pathway with the férmat@én of throm-
boxane A% (Kinlough-Rathbone et al., 1977). Platelet factor
- 3 made available on the ;urface of stimulated platelets
accelerates the activation of coagulaggon“{Joist et al. 1974;

Hardisty and Hutton, 1965; Spaef and Citron, 1965; Zwaal,

1978); Since platelets adhere to polymerizing fibrin,

—
[

thrombin also has a role in stabilizing platelet aggregatés v
(Niewiarowski et al., 1972b). Therefore, drugs interfere
with different pathways and thereby have different effects on

thrombosis.

l. Drugs that inhibit platelet function

Since platelets respond to stimuli through the activa-
‘tion of several pathways, agents that inhibit one ©of the
b4 .

,
pathways of activation, or inhibit the generation by other

cetls of substances that stimulate platelets, woulé likely

~,only inhibit the response of platelets to particular stimuli.
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At present drugs that 'inhibit plateletrfunction can be class-=
ified as agents that: 1) inhibit the arachidonic acid path-
way, 2) inérease levels of cyeclic AMP, 3) inhibit thrombin,.
cr 4) act ‘through ‘other mechanisms. In qddi&ion, anticoagu-
lants prevent the generation of thrombin which can stimulate

platelets.

a) Dfﬁgs that inhibit the arachidonic acid pathwaw

Arachidonic acid is released from membrane phospho-

lipids by the action of phqspholipése A, (Broekman et al.,
l980),,phospholipase C "and diglycerocl lipass {Bell et al.,
15979). The arachidonic acid can be metabolized.by either thé
cycléoxygeaase or lipoxvgenase pathways [(outlined onrthe
following page) to form several substances that.have potent
effects on platelet fuﬁction. PGG,, PGH, énd'th:omboxane As

- ‘ ~ .
stimulate platelets (Smith et al., 1974a2; Hamberg et al.,

=

974; Hamberg et al., 1975; Malmsten et al., 1975), yhe;eas

- PGI, and PGD,; are potent inhibitors of.platelet function

<k

(Cazenave et al., 1974b; Smith et al., 1974; Higgs and

. Moncada, 1%78; Gazenave et al., 197%a; Weiss and Turitto,

1979; Karniguian et al., l982a; Karnlguian et al., 19825).
Although platelets can generate the prostaglandin endoperox-
ides and thromboxane Aa,, they can not produce PGI, since they

lack prostacyclin synthetase {Weksler, 1982). On the other

nand, since vascplar endothelial cells and smooth muscle



ARACIDONIC ACID PATHWAY

- ) MEMBRANE PHOSPHOLIPIDS:
PHOSPEXTIDYLINOSITOL, PHOSPHATIDYLCHOLINE
+ PHOSPHATIDYLETHANOLAMINE

-

PHOSPHOLIPASE C

1, 2-DIACYLGLYCEROL

. PHOSPHOﬁIPASE A, .

N . ‘ ;
DIGLYCERIDE LIPASE .
MONOGLYCERIDE LIPASE _

ARACHIDONIC ACID

: LIPOXYGENASi////x/ . CYCLOOXYGENASE

KPETE
PEROXIDASE X ,
- : ) ENDOPEROXIDE PGG,
HETE . ' )
ENBOPEROXIDE PGH,
DEHYDROGENASE ‘ ~ v
LEUKOTRIENES
THROMBOXANE PROSTACYCLIN -
SYNTHETASE - . SYNTHETASE
s /
. s/ /
7 'I‘XA ;“ PGI
/// ' / _ (PROSTACYCLIN)
TXB, PGE, PGD,

PGFZalpha )



P

83
cells. have prostacyclin:synthetase, they are capable of
generating PGI, (Modcgda and Vane, 1977; MciIntyre et al.,
1978; Baenziger et-.al., 1980).

| Drugs can be used to inhibit several of the enzymes in
the arachidoﬁic acid paﬁhway including: phospholipases that
free arachidonic acid, cyclooxygenhse that converts arachi-
dondc, acid to prostaglandin endoberoxides, and thromboxane
. synthetase that converts prostaglandin éndoperoxides to
fhromboxane As. The inhibition of either the phospholipases
or cyclooxygenase prevents the formation o% both thromboxane

.:';2 and PGIz- . : . b

i) Inhibitors of phospholipase

Drugs that prevent the release of arachldonlc acid
from membrane phospholipids include mepacrine which inhibits
phospholipase Ao (Winocour et al., 1979), and the steroidal
anti—inflammatory drugs which stabilize the platelet mémbzane
(Flower, 1978). - Methylprednisolone inhibits platelet adhe-
sion to collagen-coated glass and to subendothélium (Cazenave™
-et al., 1975). Other drugs that-stabilize membranes and

inhibit platelet adhesion to surfaces such as collagen—?oated
glass include: sodium pe;tobéisital'(Jo}st et al., 1973y,
lidocaine, promethazine (Cazenave et al., 1974), feserpine
(Cazenave et al., 1977) and propranclol (Weksler et al.,

1877). The observation that corticosteroids reduce the

increased platelet consumption associated with idiopathic

-
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thrombocytopenia purpura (Neame'et‘al.J 1976),‘indicates that

steroids might decrease platelet activation in vivo.

However, it is also possible that meﬁhylprednisolone .

-

decreases Platelet consumption by inhibiting the activity of
the reticuloendothelial system which is responsible for

clearing altered platelets form the circulation.

.

ii) Iﬁhibitors of cycl?éxygenase
D:ugs that inhibit cyclooxygenase include the non-

steroidal anti-inflammatory agents such as aspirin, indo-
methacin, ibuﬁrofén, phenylbutazone and sulfinpyrazone
(Packham and Mustard, £§80). Aspirin inhibits the activity
of the enzyme by acetylating its serine residues (Roth et
al.,.l975). Although aspirin inhibits the platelet aggrega-
tion ‘that is dependent on the generation of thromhgxane Ay,
it does not inhibit platelet adhedion to collagén-éoated
giass or subenddthélium (Cazenave eé al., 1978), or the
release of g;gnule contents from the adherent platelets
(Kinlough-Rathbone, et al., 1980). Thus, it is not surpris-
ing that aspirin does not inhikhit the smooth muscle cell
' proliferation that develops in response to vascular injury
{Clowes and Karnovsky, 1977).

. The~effect of aspirin on experimeﬁtal thrombosis
depends on the conditions under which it is tested. It has N

beern reported that aspirin inhibits, has no effect on, or

enhances thrombus formation (Mustard and Packham, 1980). 1t

LY
r
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appears thét under conditions where éélz formed by the vessel
wall has a role in limiting thrombus formation, t;éatment
with aspirin may enhance thrombosis. ©On the other hand, wheﬁ
thromboxane formation has a major role in thrombus formation,
tréatment with aspirin decreases the extent of thrombus

N

formation. = % .

Platelet cyclooiygehase is reported to be more sensi-
tive than vessel wall cyclooxygenase to inhibition bg}aspiriﬁ
(Burch, 1978). 1In addition, since platelets are not capable

\ ,
of generating new cyclooxygenase, treatment with aspirin

results infghe acetylation and the permg%ent inhibition of
the platelet ayclooxygenase. In-contraét,"éndothelial and
smocth muscle ceils generate new enzymé and regaln enzyme
activity by several hours following Sreatment with aspirin
((Jaf?g and Weksler, 1979). Therefore, it appears that the
greatest antithrombotic effect would be achieved by adminis-
tering low doses.of aspirin to inhibit thromboxane formation
by platelets’w{thout inhibiﬁinq PGI, formation by vascular
cells. Although low dose aspirin (160 mg/day) decreases
‘thrombosis in arteriovenous shunts (Harter et al., 1979,
treatment.of patients w%;h high doses of aspir{n over long
periods of time does not increase the incidence of Ehrombosi&\
{Linos et al., 1978). |

Studies of the effect of aspirin in patients with
coronary a:éery'disease provide no clear cut evidence con-
cerning a beneficial éffect.of this drug in this condition

—

~
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{see Mustard et al , 1983 for review). However, when the

data from all these studies are booled (Peto, 1978), aspirin
appears to have a beéeficial effect. Altﬁﬁﬁgh_aspirin does
not reduce the incidence of sudden death in patients'hho have
_sufféred a myocardial infarction, it reduces the incidence of
transient attacks of qerebral-ischémia in pét}ents (Fields et
al,, 1977; Canadian Cooperative Study Group, 1978; Barnett et
al., 1979 ). Thesé results indicate that thromboxane genera-
tion may be of méjor importance in the mechanisms involved in
the géneration of thrombi in transient cerebral 1schem1a, but
not in the mechanlsms 1nvolved in the development of myocard-
ial infarction. Since aspirin inhibits the production of
PGI, as well as thromboxane Ry, it is possible that thg beni-
ficial effects of inhibiting thromboxane generation might be
outweiéhed by the adverse effects of preventing PGI, produc-
tion. Although aspirin is reéorted to be of less benefit in
pleventing thromboembeolism in women than in men {The Canadian
Cooperative gtud§ Group, 1978}, the reason for the difference
remain; unc{sgr: When used in combiration with dipyridamolé,
aspirin is reported to prolong shortened platelet survival
{Harker and Sliqﬁter, 1930y, énd reduce the incidence of
myocardial infarction in patients with a previous myocardial

infarction (The Persantine-Aspirin Reinfarction Study

Research Group, 1980). Recently there have been two major

v
1 T

clinical trials to determine the effect of aspirin in

patients with unstable angina (Lewis, et al., 1983; Carins et
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al., 1933), which indicate that aspirin decreases the inci-

dence of myocardial infarction and death by approximately 50
per cent. Thus, althoudh the effect of aspirin on intravas-
cular thipmbosis is-not entirely clear, it is probably useful

in selected circumstances.

Sulfinpyrazone, a weak cyclooxygenase inhibitor} is
reported to normalize shortened platelet survival in patiehts
with gout (Smythe et ai., 1965), and vascular.disease (Steele
et al., 1973) a;d to decrease the incidence of sudden death
in patients with a previous myocardial infarction (The
Anturan Reinfarction Trial Group, 1980). However, it was not
benificial ip patients with transient cerebral-ischemia.pmhé'
Canadian Cooperative Study Research Gfgup, 1978}, or in

patients with unstable angina‘ {(Carins gz-al., 1985).

Buchanan and his colleagues (1973) observed that

’

.sulfinpyigéone inhibited collagen-induced thrombocytopenia in
, .
a biphasic manner. The first phase of inhibition paralleled

the plasma é;ug level, while the second phase of inhibition
appeared after the drug was cleared from the plasma, indica-
ting that a drug metabolite @ight be :espongible for the
second phase of inhibition (Butler et al., 1979). Subse-
quentlﬁ; Pedersen and Jacébsen (1981) identified two ﬁetabo-
lites of sulfinpyrazone that appeared in the plasma during
the same period as the second phase of cyclooxygénase inhi~

bition. The sulfite metabolite of sulfinpvrazone is a potent

"cyclooxygenase inhibitor. Thus,lthe antithrombotic eff?cts
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of sulfinpyrazoneﬂover long periods in vivo are probably

larggly dependent on a metabolite of the drug.

-

iii) Inhibitors of thromboxane svynthetase.

The thromboxane synthetase inhibifo;s péevent the
conversion e¢f PGH, to thromboxane A,, theréﬁy preventing the
prﬁaégregaéory effects of thrpmboxane A,. These drugs have
no effect on the geperation of PGH, from-arachidonic acid so
, that the capacity téﬁgeneraie PGI, with its anéiaggfegétory
. and Qasodilatory effects is preserved. Thérefore; it was
anticipated that these drugs miéht have potent antithrombotig
efféqts. However, the prostaglandin endoperoxides themselves
are capable of causihg platelet aggregation and the release
reaction. When,dézoxiben; a selecgive inkibitor of throm-
boxane synthetase, was added to platelet rich plasma, arach-
idonic acid-induced aggregation was inhibited in specimens
from some individuals but not from others (Bertele et al.,
1981; Bertele et:al., 1984). These results indicated that
some individuals are responders while others are nonrespond-
ers. Since brostaglandin endoperoxides; PGE,, and PGD, have
been reported to accunulate in excess following inhipition of
thrombqiane synthetase, it was possible that the failure of
dazoxiben to inhibit arachidonic acid induced olatelet agg-
regation consistenéiy, might depend on the balance between
the generation of pro and'antiqggregato:y products of the

arachidonic acid-pathway. Dale and his colleagues (1983)

'

-
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found that inhibition.of thromboxane synthetase with dazoxi-
ben has less effect on platelet aggregation than iﬁhibition
of cycloéxygenase wigh aspirin; they also suggested that weak
inhibitory effects of dazoxiben could be Hue to the genera-
tion of prostaglandin endoperoxides. Althougﬁ dazoxiben is
reported Eo reduce experimental thrombosis‘ip carotid arter-
ies in vive (Randall and Wilding, 1982), thrombus formation
on dacron arterial gréftg is’nog reduced (Hanson and Harker,
1983). These results suggest the pdssibility that dazoxiben
might inﬁibit thrombus formation only on surfaces that are
capable of genérating PGI,. - -

“Thus, although drugs thah inhibit the arachidonic acid
pathway are likely to be of limited value as antithrombotic
agents, under selected circumstances suéh as t:ansiént
attacks of cerebral ischemia'and unstable angina they are
clinically useful. -

e

iv) Inhibitcrs of the lipexvgenase pathwav

J

Several steps in the lipoxygenase pathwav can be

inhibited with drugs. These include ETYA (15-Hvdroxy-

5,8,11,13-eicososatetrgencic acid) (Vanderhoek et al., 1980;

Sun et al., 1981), and NDGA {nordihydroguiaretic acid) (Higgs

and Vane, 1983) which innibif lipoxygenase, and sodium
salicylate which blocks the peroxidation of HPETE o HETE

(Siegel et al., 1979b).
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b) Agents that increase cyclic AMP

Increased levels of cvclic AMP result in the. sequest-
ration of internal calcium and the;g@y'iﬁhibit clatelet
functions that are dependent on the availability of calcium,
Levels of cAMP aré;increased by agents that stimulate adeny-
late cyclase té inc:gése synthesis of cAMP (Gorman et al.,
1877)., or agents that inhibit phosphodiesterase to prevent

the break down of cAMP.

- \

1} Stimulators of adenvlate cvclase

Agents that stimulate adenylate cyclase include PGI o,
PGD, and PGE; (Mustard and Packham, 1980). PGI, is formed by
vascular cells (Moncada and Vane, 1979a),‘;he:eas PGD5 isg
formed by platelets (Smith et al., 19745).
\\lrln experimental studies PGI, inhibits platelet shape
change, aggregation and release induded by all stimuli, and
inhibits platelet adherence to surfaces (Ca:ena@e et al.,

-

1979; Higgs et al., 1979; Packham and Mustard, 1984a). PGI,

inhibits the conformational changes in the platelet membrane
and inhibits release”that leads to the exposure of platelet
factor 3 on the platelet membrane; platelet factor 3 is-a

phospholipid that contributes to the activation of coagu-

lation (Zrhman, 1979; Ehrman and Jaffe, 1980; Harsfa

r

=t

vi et

i,

al., 1980). Since, 2GI, inhibits the contribution of plate-

.

lets to the activation of coagulation, it agpears likely that

v -
I

woulé also rbduce the coagulation-dependent accumulation
* ;

a—
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of platelets on the surface of injured neocintima.
Evidence of the potent aﬁtithrombotic effects.of

treatment with PGI, in vivo includes: decreased platélet
consuﬁpﬁion and preservation of-platelet function during
cardiopulmonary bypa;s surgery (Plachetka et al., 1979;
?Longmoie et él., 1981; Machiﬁ et al., 1981; Coppe et al., N
1981; Walker et al., 1981l), promotion of healing in periph-
eral vascular disease (Hossman et al., 1981l; Szczeklik et

al., 1980), decreased platelet accumulation on damaged
vascllar surfaces (Grvglewski et al., 1976; Higgs et al.,
1978a; Higgs et al., 1978b; Higgs et al., 1979), inhibition

£ thrombosis in coronary arteries (Aiken et al., 1979),
inhibiticn of thrombosis during hemodislysis (Woods et al.,
1978; wWeston et al., 1979, decreased platelet aggregaticn
curing hemoperfusicn (Langxey et al,, 1979), and reversal of
the lethal effects of endotoxemia, thought %o ‘result from the
formation of microembeli and the aétivation of intravascular
coagulation (Krausz et al., 198l). 1In addition, siace PGI,

is also a

0

otent vasodilator, some of ics antithrombotic

effects might depend on 1ts vasodilatory- properties.

t—

-
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chough 1ts potent anti-platelet effects make PGI,
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ta potentisglly useful antithromboti

encountered during treatment with infusions of 2GI, including
o’

hypotension, headaches, and nausea (Data et al., l28L}

5o rzeported that the

[

Sinzinger and his collsacues (198l)+ a

sensitivity of platelets to PGI, is decreased during long

13
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term infusions of the drug. . The clinical usefulness of the

drug is also limited by its very short half-life in the cir-=

‘culation (3 minutes) (Rosenkranz et al., 1980). Recently it

. -

was shown that the mofe stable proctacyclin analogue ZK36374

has potent antiplatelet-effects in vivo (Belch et al., 1983).

ii} Inhibitors of-ghosphodiesterase

althougﬁ dipyridamole is only a Qeak iéhibitor of
platelet phosphodiesterase, the énzyme that greaks down cAMP
(Mills and Smith, 1971; Vigdahl et al., 1971), it is reported
to cause a substa;tiai increase in cAMP when used in combi-
nation with agegts that stimulate adenylate cy;lase (DiMi;no
et al., 1978; Haslam, 1973; Haslam et al., 1978). Dipyrida-
mole inhibits plaéelet aggregation (Emmons et al., 1965;
Cucuianu et al., 1975; Mustard and Packham, 1978;
Niewiarowskd et él., 1975; oOblath-et al., 1978; Philp, 1974;
Rajah et al., 1977). Dipyridamole also inhibits platelet
adherence to collagen (Cazenave et al., 1978) and to artifi-
cial surfaces (Harker et al., 1979), prolongs.shorﬂiaed :
platelet survival when used alone or with aspirin (Harker and
Slichter, 197%; ﬁastard and PackXham, 1978), reduces the
extent of atherosclerosis that develaps Tn baboons infused
with homocysteine (Harker and Slichter, :1972), .and decreases
intimal thickening following coronary bypass surgery in ddés
(Josa, et al., 1981l). Since éipyridamole alone 1s only a

weak phosphodiesterase inhibitor aand was not used with drugs
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that increése platelet cAMP, it appears that_thg major plate-
let inhibitory effects of dipyridamole are probably not
depeﬁdenﬁ on ;ts phosphodiéste;ase activity. Thus, the
mecpanisms.fesponsible for the effects of tﬁé drﬁg are not
clearly understood. However, under some conditions treatment
with persantiné may be clinicially useful. In the Persantine
Aspirin Reinfarctioh Study (1980), tfeatment with dipyrida-
mele (persantine) in c?mbination with aspirin decreased the
incidence of {9infarctioh; the tréatment?was of greatest
benefit fo’patients that entered into the study within 6
months of having had a myocardial infarction.

Since platelets ra}idly accumulate on injured vessels
and release PDGF to.be taken up by smooth muscle celis of the
vessel wall, it‘is not surprising that treatment-with dipy-
:idémoleAbegun orne to 4 davs following vascular surgerv, did
not inhibit :ncimal thickening. In a recent study, Chesebro
and his colleagues (1982i repo:ged that whgn treatment with
dipyricdamole was begun 48 hours before coronary bypass
;urgery, and aspirin was added 7 hours af;er the cperatcion,
the incidence of graft occlusion was reduced during the 4
'montg period following surgery, indicating that early treat-
ment with dipvridamole may have inhibited vessel wall thick-
ening and thrombosis in response to the vessel wall injury

associated with the grafts. In contrast to the resu

les of
the studies by Chesebro andé his colleagues (1982), Pantely

and his coworkers {1979) reported that when treatment with

»
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dipyridamoie was begun one EQf4 days following surgery,
‘iﬁbim@} hyperplasia was not inhibited.‘ These results are
consi;tent with the hypothesis Eﬁét the platelet-vessel wall
interaction that occurs soon afték.injury is important in
stimulating vessel wall thickening and thrombosis.

2. Drugs that inhibit coaguldtion

Agents that inhibit coagulatién prevent the generation
of thrombin and its subseqguent effects on piatelets. Hepariﬁ
potentiates the effect of antithrombin III in inhibiting
.activateé—factors IX, X, XI, XII and thrombin (Rosenberg,
1977). Results of studies on the effect of heparin on
platelets, indicate that heparin can inhibit or potentiate
aggregation induced by other aégregating agents (Mustard and-
Packham, 1980). However, heparin has also been reported to
{nduce"thrombocytopenia in rabbiﬁs (Eika and Gogal, 1971),
and to stimulate platelet aggregation (Eika, 1972a; Eika,
1972b; Thompson et al., 1973; Salzman et al., 1980). The
hfgh molecular weight fraction of heparin has.a greater
plateletr aggregatory effect than the low molecular weight
fraction (Salzman et al., 1980). Since heparin-induced
aggregation is inhibited by EDTA, adenosine, apyvrase, and’
aspirin which inhibits the release of ADP, it appears that &
heparin may induce platelet aggrégation through the release
of ADP (Bika, 1972b). Heparin has also been reported to j .

inhibit the activation of adenylate cvclase by PGI, (Saba et
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al., 1979) ,-c¢r PGE, (Reches et al., 1979). Although heparin
bound to prosthetic devices has been reported to be' thrombo-
—genic (Salzman,-fbﬁ?); in more recent studies heparin bound
" to surfaces hagrbeen showh té be_nonftPrombogenic (Kwaan and
Hotem, 1975; Menyg and Davies, 1982). ’Thus, thé effects af

heparin ¢n platelets are complex and variable.. P

Sinc; one of thé objectives of this study is to
determine the effect of platelets on the proberties of tﬁe
damaéed-vesse{ wall, several of these drugs will be used to

inhibit platelet accumulation on damaged vessels so that the

changes in the vessel wall that occur independently of

1 .

platelet accumulation can be determined.

G. Hypothesis

.Although platelet interaction wiih injured aortae is
involved in the initiation and development of étherosclero-
sis, and in the clinical complications associated with Spe
disease, many of the factors influencing the reactivity of
the vessel surface in relation to th;omboszs have not been
extensively studied.

Although I previously demonstrated that normal aortae
exéosed.to a single injury with a balloon catheter lose their
reactivity soon after injury, the factors responsible for
this loss of reactivity are unclear. In these initial

experiments the platelets that adhered to the vessel surface

made the injury site non-reactive to platelets within 30
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~

Since the smooth muscle cell proliferation that occurs
in resbonsé to a single injury is analogous to the smooth

4

muscle cell proliferatéon that contributes to the formation
of the early lesions of atherosclerosis, and since athefé-

sclerotic lesions are thrombqgenic it is Hypqthésiipd that
injury to these smooth muscle cells would result in enhanced
platelet accumulation and sustained reactivity of the injury"
site to éonstituents of the circ¢ulating blood.

H. Specific Objectives

; The specific objectives thérefore are as follows:
1. In vessels exposed to a single injury, to determiné the
faétors influencing its reactivity including: |
a) platelet adherenée
b) adsorpﬁion of plasma proteins
¢) material made available by red blood cells
d) products of arachidonic acid metabolism such as

prostaglandin endoperoxides, PGI,, or products of the

-lipoxygenase pathway.

2. In vessels that had been subjected to injury of . a newly
formed neocintima to determine:
a)- factors contributing to the thrombogenicity of the

e

surface such as the activation of coagulation

Sy



b} factors influencing the subseqdent reactivity
these vessels;

4 »
i) tﬁé accumulation of platelets y

'ii) prostaglandin endoperoxides, PGIl,, and

lipoxygenase products.

oﬁ.
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CHAPTER II

MATERIALS AND METHODS
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MATERIALS AND METHODS -

RN
A, MATERIALS

1. Tyrode's solutions o .
N : ' ' N——

Stock solution I

NacCl ‘ 160

g

KCI - 4 g
. . per litre

NaHCO4 20 g

NaHpo4 . : 1 g

=l
Dissolve and make up to 1000 mL with distilled water.

N -

MgCl . 6H 0 | 20.33 g per litre

‘Sfock solution II

Dissolve and make up to 1000 mL with distilled water.-

" §tock solution.III

CaCl,. 6H,0 21.91 g per litre

Dissolve and make up to 1000 mL with distilled water.

a) Calcium-free Tvrode's albumin (washing platelets)

Stock solution I 50 mL
Stock sg}ution fI 20 mL
albuminu 3.5 g
glucose 1.0 g

Make up to 1000 mL with distilled water. Adjust pH

to’ 6.2. The osmolarity is 29%0.
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b)-Tyrode's albumin (fesuspending rabbit platelets)
4

Stock solution I- * 50 mL
Stock solution II =~ 10 mL

[} .
Stock selution III 20 mL per litre
bovine albumin 3.5 g b
glucose . 1.0 ¢

Make up .to 1000 mL with distilled water. Adjust pH
to - 7.35. The osmolarity'is 290 milliosmols.

C. .

2. Sodium pentobarbital anaesthetic

sodium pentobarbital - 6.0 g -
) ¢ per 100 mL
ethanol ’ 2.0 mL
Add 0.1 N NaOH if required-to dis;olve the sodium
2 .
pentobarbital. /f

o

2. Eagle's medium (GIBCO, Grand Island, NY)

Add 2.2 g of NaHCO5 and 3.5 g of bovine albumin to

each ;itfe of Eagle's mediﬁm. aAdd 5 mmol/L df Hepes
buffer (N-2-hydroxyethyl-piperazine-N-2 ethansulfonic .
acid) (Sigma Chemical Company, St. Louis, MO) to n

maintain pH. Adjust pH to 7.35.

4. Dipvridamole for injection \

Dissolve dipyridamole {Boehringer Ingelheim, Quebec)
at a concentratiocon of S5 mg/mL in 0.1 N HCl.

. : ™ . .
Maintain pH at 2.8'to 3.0 EP prevent the dipyridamole \
r .

from precipitating out of solution.
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5. Aspirin.for injection

Solutions:

-

5 g Na,CO03 in 20 mL distilled water.

(E

B 10 g acetflsalicylic acid (Matheson, Coleman and

Bell, East Rutherford, NJY in 80 .mL distilled water.

Add solution 'A' dropwise to solution 'B'. Maintain pH
at 6. Precipitate and froth will form and redissolve.
Make up to 100 mi with distilled water. Store in

plastic vials at -70°9C for up to 10 &ays.

6. PGl (prostacyclin) solution for infusion

s
- .

-

Stock solution’of PGIé:

~

Dissolve 5 mg of PGI, in 5 mL of ethanol.

Divide inte aliguots and store at -70°C.

Tris buffer (0.1 M}:

Dissolve 12.1 g of trisma base (tris(hydroxy-
methyl]aminomethane) in distilled water. Make up

to 1 litre and adjust to pH 9 with HCl.,

Solution for infusion:

-

Dilut® stock solution of PGI, in ethgnol with 0.1 M
Tris buffer to obtain the reguUired concentration
of PGI,. Keep on ice. Solution is stable for a‘

least 6 hours when prepared and stored in this wav.
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- 7. Evan's Blue.sdlution

Dissolve Evan's blue (Ailied Chemical, New, K York, NY}

4.52 mg/ml in sterile igotonic saline. Buffer to pH’
7.4 with 0.02 mol/L phosphate buffer, filter thfough

Whatman #1 filter paper, and then filter through a

N 0.22 micron milliporelfilter.. .

Phosphate buffer (0.02 M)
\

Solutions:

A Q.07 mol/L potassium monophosphate
(0.08 g KHoPO,/litre)
B 0.07 mol/L didodium phosphate
. ' (11.88 g NQZHPO4.H20/litre)
Add 19.6 mL of solution 'aA" lo 80.4 mL of solution

'B'.

8. Locke's-Ringer solution

NaCl 8.0 g
KC1 10,42 g
L
CaCl, . 0.24 g per litre -
NaHCO4 0.15 g
glucose - 0.10 ¢ .

¥

Bubble with oxygen for one hour immediately before

use.
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9.4 per cent gluteraldehyde in 0.1 mol/L cacodyl®te buffer

0.2 mol/L éofgiion of cacodylate buffer contains:

Na cacodylate

(CH3)2A502N3.3H20 42.8 g -

per litre
distilled water 800 mL

= Adjust pH to 7.4 with 1.0 N HCl and make up to

1000 mL with distilled-water.

4 per cent gluteraldehyde in wacodylate buffer contains:

0.2 mol/L sodium cacodylate 500 mL

; per litre
gluteraldehyde 40 g

Make up to 1000 mL with distilled water.

N
~—

10. 4 per cent paraformaldehvde in 0.1 mol/L phosphate buffer

praraformaldehyde A 40 g
NaH,PO 4.H,0 (monobasic) 6.35 g per litre
NaHPO4(dibasic) 21.87 g

Dissolve paraformaldehvde in 200 mL distilled Water
at 82°C or less. Do not over heat as paraformal-
dehyde breaks down at higher temperatures. Filter
and make up to approximately 800 mL with distilled

H

(r

water. Adjust

'Q

o 7.4. Make up to 1000 =L and .

readjust pH to 7.4 1f reguired.

o

¥

-~
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B. METHODS

l. Preparation of Suspensions of Wasggd Platelets Labelled

with Radioisotopes

a) Labelling with SlChromium -

Suspensions of washed rabbit piatelets were prepared
as previously described (Ardlie et al., 1970) from blood
céllected into acid-citrate-dextrose anticoagulant (Aster and:
Jandl, 1964) through a polyethylene cannula placed in the
carotid artery of ggbbits anaesthetized with sodium pento- ’
barbital. The red blood cells were separated from the

\

platelet-rich plasma by centrifugation at 120 x g for 1S
minutes at room temperature. The platelets were labelled in
the first wéshing s;}ution of caicium~free Tyr&de's solution
containing 0.35 pe:“cent albumin and EGTA (2.6 x 10“4 mol/L)
for 30-45 minutes at room temperature with NaZSICrO4 (New
Bngland Nuclear, Canéda Ltd., Lachine, Quebec; 200-300 uCi/ug
Cr; 150 uCi of Slc: were used to label plateléts obtained

\

from the bloed of each rabbit)._
e

b) Labelling with 14C-serotonin ‘ <‘\d,-~j

In some in vitro adherence studies platelets were

'1‘

doubly-labelled in the *C-serotonin

rh

irst washing £luid with
(léc—SHT){S hydroxytryptamine—3'—14C-creétinine sulphate); 55

eCi per umole, Amersham/Searle, Arlington Heights, Illinois;
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2uCi were used to iabel platelets obtained from the blood of
each rabbit) for 10 minutes at 22°C. The platelets were
séparated by centrifugation at 1,100 x g for 10 minutes,
resﬁspended in}éalcium-free Tyrode's albumin solution for 10
minutes, separated by’cent:ifugag{?n,Aand resuspended in

Eagle's medium. - ’

2. Animals

-~

New Zealand White rabbits were used throughout. Male
animals were used for all experiments. The weights of the
animals were between 2.2 and 3.2 kg, and animals of approx-
imc‘!;:ely the same weight were used within an experiment.

Before surgery the animals were anaesthetized with
socium pentobarbital (approximately 40 mg/kg). Wwhen animals
were to be prepared for perfusion of fixative they were pre-
anaesthetized with ketamine (Ketaset; Rogar/STB, Div. of BTA
Products, London, Cntario; 100 mg intramuscularly), and
atrﬁpine (0.1 mg subéutaneously) 20 minutes befo;e they were
ardaesthetized with sodium penéobarbital (approximately 40 =g
per kg) given intravenously.

’ -‘ . .
The procedures used in these studles comply wi

rt
8]
ct
-
1]

institutions guidelines on animal care.

1. Remecval of Acortic Endothelium with a Balloon Catheter

The procedure for removing the endothelium with a

ballcon catheter was a modification of the procedure

105
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described By Baumgartner (1973), using arterial embolectomy

catheters {(size 4F) obtained ffoé Edwards Laboratories, Santa
Anna, Ealifornia. In the present experiments the extent of
injury was standardized througho the length of the aorta’.
The balloon was inflated wigh the minimum pressure reguired
to maintain contact of the balloon with ‘the surface of the
‘vessel and completely remove the endothelium, without causing
exi?nsive injury to the deeper Mayers of the ve§sel. To do
this, a pressure reservoir was used to help maintain a con-
stant_preésure within the inflated balloon_as the cathet%r
was_withdrawn down the g;adually narrowing lumep of.the
aorta. _ -

A pressure.of 180 mm Hg above the pressure at which L
the galloon could be inflated outside the animal was used '
during thé removal of the aortic endothelium. This infiation
pressure was used to produce a pressure in the balloon of
approximately 80 to 100 mm Hg above the svstolic blood
pressure of the animal. Even when an inflation pressure of
180 mm Hg was used, the blood pressure of the rabbit was
occasionally sufficient to prevent inflation of the balloon
within the aortic arch. However, under these conditions a
slight increase in pressure inflated the hzlloon.

. To confirm that the pressure wa§\ifi?uate to inflate
the balloon within the aorta, a three;way valve attached to a
syringe was inserted between the catheter and the pressure

mmtm—

reservoir so that the air within the inflated balloon in the
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aorta could be allowed to empty into the skringe. The volume
of air contained wi;hin the inflated balloon in the aortae
was estimated from the volume of air that emptied into the
syringe-at atmospheric pressure. The air in the syringe was
injected back into the balloon, the catheter was reconnected
to the pressure‘reservoir, and ;he inflated balloon withdrawn

- .

down the aorta.

Since the reservoir contained approximately 60 mL of

air and the inflated balloon in the aortic arch contained
approximately 1 mL of a;r, when the balloon wag’withdrawn
down the narro&ing lumen of the aorta until it contains only
0.5 mL of ;ir, the 0.5 mL of air that was displaced from’the
balloon lowed into the reservoir, and the pressure within

the systém underwent little change.

For example: .

-

If Py= the pressure of the reservoir and the inflated balloon
in the aortic arch,

Pw»= the pressure of thé reservoir and the inflated balleoon in
the abdominal aorta,

Vi= the voluﬁe of air in the reserGoir and the infiated
balloon in the aortic arch,'

V5= volume of air in the reservoir and the inflated balloon
in abdominal aorta,

and P1Vy= 2oV, - -

then P,= PyV) = Py_x 61 mL = Pl x 1.008

e

v, 60.5 mL
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or Py~ = 100.8 % iﬁ Py
Therefore, the cﬁange in pressure was less than 1 per cent.
.withoqtfé pPressure reservoir, éhe pressure within' the
baiioon'in ;he abdominal "aorta would be twice the pressure .

"within the'balldbn in the dortic arch.

"
-~

For example:
If Vl= 1 mL’ B
and Vo= 0.5 mL, .

then P2= El!l =El x 1 mL = Pl X 2

or P2 = 200% of Pl

-

Therefeore, the_changé in\pressure is 200 per cent.

" To remo&e the ehdothelium from;a rabbit aorta the
right femoral artery of an anaesthetized rabbit was isolated
.and the catheter was introduced and passed up the aorta to
the level of the aortic arch. The catheter was connected to
the'préssurized reservoir, the balioon was inflateg, the
_inflation of the balloon was checked, and the catheter with-
drawn into the femoral artery. The balLoon was deflated,
returned to the aortic arch, reinflated, and’witpdrawn a
second time, usually within 30 séconds of the first passage:
The femoral artery was then ligated and the incision closed
with silk sutures.

To determine the eitent to which the balloon catheter
removed the endothelium from the aortae some of the animals
were given an intravenous injection of Evans blue dye (4.5 mg

per kg} 30 minutes before they were killed. Evans blue dve,
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which binds to albgmin, penetrated the vessels in the regions
where the endbthelium was removed. In previous studies,
morphoiogical examinatibn of the vessels confi;med that the
endothelium was removed by the pasdage of the’ba;loon
cathetef, and there was little damaged to deeper layvers of -

the vessel (Groves et al., 1979).

-
LY

4. Injuryv to the Neointima of Rabbit Aortae with a Balloon

Catheter ‘ \\

Theé right ﬁemoral artery (the same vessel through
which the catheter was introduced for the initial injury with
a balloon catheter 7 days to 4 weeks earlier) was isolated
~and a small incision was made in the vessel proximal to the
first incisibn. Thrombus occluding the vessel was removed,
and the catheter was inserted and passed to the level of the
acrtic arcb.. The procedure used to damage tﬁe'neointimal

surface was the samq:?s that described for removing the

endothelium.

5. Accumulaticon of Platelets on Damaged Aortae In Vivo

Platelets (8 mi of 3 x 10° platelets per mL) were
labelled witﬁbSIChromium and injected into rabbits 18 hours
before a balloon catheter was used to remove the aortic
epdothelium or damage the aortic neocintima. Before surgery,

the animals were preanaesthetized with ketamine (100 mg

4
intramuscularly), and given atropine (1.0 mg subcutaneously)
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20 minutes before they were anaesthetized with sodium pento-
barbital (approximately 40 mg per kg intravenously). .
Shortly before the animals were perfused, cannulae
{polyethylene tubing, PE-190, Clay Adams Division J¥ Becton
Dickinsoé and Company, Parsippany, New Jersey) were ?nserted
into the carotid and‘both feporal agteries. . Immediately
before the animals yere’kilLeé‘by perfusion-£fixation at
specific’times following ballo;n injury, they were given an
intra;enous inje;tipn of 1,000 units of heparin (Hepalean,
Harris Laboratories, Bfantfordg Ont;rio; or Hepaiean,
O;ganon, Toronto, Ontario). ?he animals were perfused
through the carotid cannula at a pressure of approximately 80
to 100 mm Hg with Locke's-Ringer solution containing 1 unit
per mL of heparin and maintained at a pH of 7.35 and a
temperature of 379¢.- when.the solution draining from the
cannulated feqpral.érte:ies was almost clear of blood, the
perfusion fluid was replaced with 4 per cent gluteraldehvde
ffin 0.1 mol/L cacodylate buffer or 4 per cent paraformaldehvde
i in 0.1 mol/L phosphate buffer. The perfusion pressure was
maintained, and after 1 to 2 minutes the femoral- - arteries
were clamped. The perfusion of fixative was continued far
several minutes until the flow ceased. ' The carotid and
femoral arteries were then clamped to maintain the pressure\ B
©f the fixative within the vessels. The animals Qe:e left at

4°C for 16 to 18 hours. The aortae were then carefully

dissected free of extraneous tissue in situ. The aortae were
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removed from the animals, 15 cm of vessei from the aortic
bifurcation to the thoracic aorta Qas cut into 2.5 cﬁ seg-
ments, and the radioactivity associated with the segments was
measured in a wellﬁﬁype gamma scintillation counter. The

number of adherent platelets per mm? of damaged aorta was

calculated:

cpm for vessel X platelets/mL blood = platelets mm? of aorta

vessel area mm2 cpm/mL blood

To determine if >lCr-labelled platelets‘or non-

platelet bound radioactivity became associated with, the

~ar

undamaged vessel, SlCr-labelled platelets weré inigéted into
an animal whose aorta had not Seen damaged, and 3 Tyomium
that became associated with the vessel was measuteds

In previous studies, platelet adhefénce to the damaged
vessel wall was measured mo:phomet:i&ally and with radio-
active isotopes (Groves et al., 1979). It was shown that

isotopic determinations of platelet adherence correlated with

the morphometric ohsezvations.

8. Reactivity of the Vessel Wall for Platelets durinc

Specific Intervals after Injury to the Neointima with a

Balloon Catheter

To determine the ability of the wvessel wall %o react

with circulating platelets after different intervals had

-~

elapsed following injury to %the 2ortic neointima, platelets



112

.

labelled Qith flchromium (8 mL of 3 x 109 platelets per mL)
were injected into rabbits at specific times following
v injury. Thirt§ minutes after tﬁe platelets were injected,‘
the animals were given an injection of heparin (iOOO units)
and killed by perfusion—fi#gtion. ?he aortae were removed,
-the radioactivity associated with the véssels measured,'and
thé number of platelets associated with the aortae calculated

as previousl? described (see previous page).

\;iy dhesion of Platelets to Vessel Walls In §itro

The aﬁimals were anaesthetized with intravenous sodium
pentobarbital (approximately 40 mg/kg) given intraveously,
and exsanguinated through a cannula placed in the carotid
artery. The thorax and abdomen were opeﬁed‘to expose the
aorta. To obtain normal vessels, an incision was made in the
aortic arch‘and in the abdom;nal aorta andéd the vessel was
zinsed once with Eagle's medium containing 0.35 per cent
onine albumin,.and then with E;gle's medium coﬁtaining 4 per
cent albumin and supplemented with NaHCO4 (2.2 g per litre)
and Hepes buffer (5 mmol/L). The ‘aortae were dissected free
of extraneous conné®®tive tissue, removed and immersed in
fagle's medium containing 4 per cent albumin at 37°C.

To prepare vessels for use in séudies of the adherence
of platelets to the subendothelium or the injured neocintima,
the vessels were injured with a balloon catheter in situ.

The vessels were rinsed with Eagle's medium before a balloon
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catheter was introduced .through an incision iﬂ the abdominal
aorta and passed to the level of the aortic arch. The bal-
loon was pressurized to 80 to- 100 mm Hg above the’inflation
pressure of the balloon at atmospheric pressure. The balloon
was withdrawn into éhe iliac artery, deflated, and the pro-
cedure repeated. The freshly ballooned aorta was rinsed with
Bagle's medium containing 4 per cent‘albumin, dissected free
of‘éurrouﬁding tissue, removed from the AEZQETT“shd immersed
in Eagle's'meaium containing 4 per cent albumin an 2.2 g per
litre of NaHCO3 at 37 °C and Hepes buffer (5 mmol/L).

For the in vitro studies of platelet adherence the
platelets were labelled ané washed as previously described,
and finally suspended in Eagle's medium supplemented with
2.2 g sodium bicarbonate per litre and containing 4 per cent
bovine albumin aﬁd apyrase (prepared from pgotatoes by the
method of Molnar and Lorand, 1961l) at a conceﬁtration capvable
of converting 0.25 umol/L ATP to AMP within 120 seconds at
37°%¢. Five mmol/L Hepes buffer (Sigma Chemical Company, St.
Louis, MO) was included in the final suspending medium to
maintain th? oH at 7.35: Red cells were washed twicg in
calcium—fre;”modified Tvrode's solution containing 0.1 per
cent glucose at pH 7.35, and :esaspended-in the same medium
as plateiets, except that the pHE was adjusted to 9 before the
addition of red blood cells since the red églls release

acidic by-products that decrease the pH. The platelet counts

were adjusted to 500,000 per mm>+in the total volume of the
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suspension including the volume occupied by the washed red
' .

cells that were added to produce a hematocrit of 40 per cent.
To prepdge the vessels for adhesion studies they were
immersed in Eagle's medium in a plastic petri dish apd

immobilized by pinning the ends to the dish with 18 éaqgg

needles. Extraneous tissue was dissected £from the surface of

the vessel and the intercostal arteries were removed. The

vessels were trimmed between the lowest intercostal arteries
and the celiac trunk. A small hole was cut in the vessel
approximately 1 mm from the caudal end. A& small wire with a
hook in the end and an gbplicator stick were placed inside an
8 cm segment of polvethyvlene tubing (PE-320) so that the hook
eétended approximately 1 mm beyond the end of‘the ;tick, and
the applicator stick extended aproximately 5 mm bevonéd the
end of the tubing. The hook was passed through the hele in
the vessel and the wire withdrawn so that the end of the hook
was embedded in the ené of the appliEatcr §tick, therszby
securing the end of the vessei. Forceps were used ﬁo\gii;t
the vessel over the end of the stick and approximately 5 mm
of the tubing. The stick, wire, and 2 mm of attached vessel
were withdrawn inte the tubing so that the 2nd of the tubing
was covered with a smooth surface of everted vessel. The
remainder of the vessel was then carefully everteg onto the

v
tubing., During eversicn the vessel was Xept immersad in

Zagle's medium. Since the ends of the vessel were damaged
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duringmanipulayion, they were removed with a sharp scalpel
blade leaving a 5.5 cm segment of everted thoracic aorta on

the tubing. )

The everted vessels on the tubing were mounted on

metal probes, immersed in the platel®™t suspensions at-37°C,

and rotated at 200 rpm Eor 10 minutes. The vesséls were
rinsed in Tyr%de's.solution containing 10 mmol/L. EDTA, pH
7.35 gt 200 rpm for 5 minutes to ensure that only single
platelets and not platelet aggregates adhered.to the surface.
The cut ends of the aortae were removed (0.25 cm) and the
vessels were cut into 5 segments each 1 cm in length. Each
segment was placed in a test tube containing 1 mL of 4 per
cent paraformaldehyde in 0.1 mol/L phosphate buffer. The
radicactivity associated with the segments of aorta was
‘measured in a well-type gamma‘'scintillation counter and the

' 4
number of olatelets per tm? of vessel was calculated.

A

B. Association of Non-Platelet-Bound DlChromium with Aortae

Since there was some non-platelet-bound radicactivity

in the supernatant of suspensions of Sler-labelldd platelets—~

: .
and the vessels were exposed to this supernatant when plate-
let suspensions were infused into animals or the vessels were
rotated in suspensions-of labelled platelets in vitro, it was

. B “ . . .
possible that some 2f the non-»latelet-bound radicactivity
might penetrate the vessels. Therefore, the non-platcelec-

bound radioactivity that became associated with the aortae
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following the infusion of suspensions of<§&Cr-labelled v
nlatelets in vivo, or durinéffotation of aortae }n -
suspensions of labelled platelets in vitro was

determined.
.

a) In vitro
Methods table I shows that when-platelets were rotated
in a suspension of red cells in the supernatant obtained

after centrifuging a suspension of 5lcr-labelled platelets,

. the amount of radicactivity that became associated with the

En?@??als represented approximately 5.9 per cent of the radio-

activity that became associated with de-endothelialized

vessels when they were exposed to suspensions of.3lcr-

~

labelled platelets. This was similar to the percentage of

radioactivity that became associated with undamaged vessels

p . s
exposed to suspensions of Slcr-labelled platelets. <Thus,

some of the radiocativity that became associated with the

vessels rotated on the probe was derived from the supernatant

2
that penetrated the vessel wall.during the period of rotation

and did not represent 51Cr-platelets adherent to the vessel.

. N
Thus, when the values for adherence were low, most of the

. radiocactivity associated with the vessels was derived from

the supernatant and the actual platelet accumulation on the
vessel was negligible. When platelet accumulation on injured
vessels was high, the values for platelet adherence that were

determined radiometrically were similar to the values guanti-



METHODS TABLE I . -

7
: 51yt : LT
ASSOCIATION OF Sl1CHROMIUM WITH UNDAMAGED AORTAE
IN VIVO AND -IN VITRO -
APPARENT PLATELET > Cr ASSGC. WITH
TREATMENT VESSELS ACCUMULATION AORTAE
OF EXPOSED (NO. PER SQ. MM.) SFXPRESSED s
AORTAE TO CALCULATED SROM 3 Slcr assoc wITH
o Lcr ASSOC. WITH DEENDOTHELIALIZED
" AORTAE : . AORTAE
- R
IN VITRO
REMOVAL OF
ENDOTHELIUM >*Cz-2L 32,800 + 4,200 . 100
UNDAMAGED Slerapt 1,100 + 200 3.4
UNDAMAGED SBPSRNAT. 5.9
FROY. SUSP. . N
oF ler-pr 1,900 ‘
IN VIVO i
“REMOVAL OF
ENDOTHELIUM >1Cr-oL 40,300 + 6,700 160.
UNDAMAGED Sloropr 1,600 + 500 3.0

Mean values - SEM. In the ia vitro studies, vessels on the
rotating probe were exposed to a spspension of le:-pla;elets
or the supernatant from the suépension for 10 min befcre
rotation f£or 2 min in calcium free Tyrode's containisAfg EDTA.
In the in vivo studies rabbits were infused with >icCz-
platelets. The endothelium was removed from the aortae w
a balloon catheter 10 min befcre the animals in one group

were xilled by perfusion-fixation. Animals in the group that

The radiocactivity asscciated with the vessels was measured

and the accumulation of °
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tated morphometrically (provés et al., 1979). Thus, when the
platelet adherence was high, the non—platelet—found radio-
activity represented only a small percentage of the radio-

activity associated with the vessels.

L

-

by In vivo
-0 *»

- When suspensions of 51Cr_—labelled platelets were

infused into rabbits, the radicactivity that became assoc-

iated with the undamaged aortae was approximately 4 per cent
4
of the radiocactivity that became associated with the de-endo-

thelialized vessels. Since no platelets were seen on the
hY

surface of undamaged vessels when they were examined morpho-

l;>ically, it appeared that the radioactivity associated wit?
the undamaged vessels was not platelet-bound, or was radio-
activity associated with platelets assoclated with the vasa
vasorum or with adventitia remaining on the vessel.,
Therefore, when the levels of radibactivity assoclated witﬁa
the vesselé was low {calculated to be approximately 2,000
platelets per mm? or less), platelet accumulation on the

vessels in vivo was negligible” When the number of
51

chromium-labelled élatelets that accumulated on a vessel in
vivo or in vitro were low, much of the associated radio-
activity was not platelet bound, and the actual platelet-
accumulation was substantially less than the value indicated

by the measurement of radioactivity.
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9. Adhesion—of Platelets to Collagen-Coated Glass

a) Preparation of acid-soluble collagen

Acié—sqluble coilagen was.prepared as described by
Cazenave and‘coworkefs (1973):J'0ne gram of bovine tendon
collagen (Sigma Chemical®Company, St.‘ Louis., MO) was mixed
in 12 mL of glacial acetic acid in 188 mL of distilled water
for 10 minutes at 22°C. The mixture was’chilied on ice and
hqugenized for 10 minutes in the 250 mL container of a
r//éofval Cmnimix. The entire homogeﬁate was centrifuged at
2,500 x g for 15 minutes at 22°C and the white film on top
was discarded. The supernatant and the gelatiﬁous precipi-

tate were ﬁixed with 20 mL of water and centrifuged at

1000 x g for 10 minutes.

t) Coating Glass with Acid-Soluble Collagen

Glass tubing (external diametre 7 mm) was cut into 1
cm segments, washed in detergent and then socaked in ethanol
for 10 minutes, rinsed in distilled Qater, and soaked in 95
percent ethanol for 10 minutes, rinsed in distilled water,
and soaked in potassium hydroxide (1 N) for 10 minutes. The
tubes were then washed in distilled water, soaked for 18
hours in hydrochloric acid (1 N), washed once more in glass-
distilled water and dfiedﬁgt 100°9¢. Four segments of glass
separated bf rubber "0O" rings were mounted on metal probes.
The assembled segmenté‘we:e immersed in acid soluble collagen

for 2 minutes and then rinsed in modified Tygode's solution

- L
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(Bo Ealcium or glucose) for 30 seconds at room temperafuré.
The segments on the probe were stored in a humid atmosphere
for 15 minutes before use.

The segments of cgllagen—coated glass were rotated in
a suspension of 300,000 platelets per mm3, rinsed in calcium-
free Tyrode's solution containing EDTA (10 mmol/L); the
radoactivity associated with the segments was measured and
adherence was calculated as deécribed previcusly.

X

1Q0. Release of l4C-serotonin from Adherent Platelets

The extent of release of granple contents from
Iplatelets adherent. to collagen-coated glass mounted on the
rotating probe was determingd as previously described
(Cazenave et al,, 1973). Platelets were doubly-labelled with
l4c_serotonin and Slchromium. Following rotation of the
collagen-coated glass segments in a platelet suspension con-

“taining 5 mmol/L imipramine (to prevent reuptake of released
serotonin), and rinsing in Tyrode's solution containing 10
mmol/L EDTA as previously described, the segments of glass
were incubated in a scintillation vial with 1 mL of tissue
solubilizer (NCS; amersham/Searle, Arlington Heights, IL).
Scintillation £luid (10 mL) was added to the vial and the *+éc
éndlthe Sler were determined by counting in a Phillips liguid
sc;ntillation analyzer. The radiocactivity due to each
isotope was measured by the methoéd of Shepparé and Marlow

(1971). The 14C-serotonin released from the platelets
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adheYent to the surface was calculated by comparing the
14 51

1 ——

ratios of carbon to chromium in the platelets in

suspension before rotation with the M carbon to 5l chromium
ratio in the adherent platelets and expressed as a per-

centage.

11. Reactivity of Injured Aortae for Platelets following -

Incubation in Eagle's Medium, Plasma. or Serum

The effect of incubating-vessels in tissue culture
medium at 37°C on the reactivity of the damaged aortic
surface was examined. A balloon catﬁeter was used tb remove
the endothelium from the aortae in situ and the vessels were
everted on segments of polyethylene tubing-as previously
described. The vessels were placed on the rotating probe and
incubated overnight in flowing, oxygenated Eagle's medium,
citrated platelet-poo?/plasma, or heat inactivated serum; 50
units of pen;cillin and 50 units of streptomycin per mL of
medium were added to inhibit bacterial growth. As before,
Bagle's medium was supplemented with 2.2 g sodium bicarbonate
per litre and 4 per cent bovine albumin, ané contained S
mmol/L Hepes buffer to maintain pH at 7.35.

To ensu?e a continuous flow of fresh medium over the
vessels, one end of a segment of latex tubing was secured
nver tﬁe bottom of‘a test tube containing the everted aocrta,

3

r g .
and the other end was secured at the same level as the /tcp of

the test tube (Figure l). A small hole in the bottom of the



FIGURE 1

APPARATUS FOR INCUBATING AORTAE

‘This diagram illustrates the appargths usgd for the
incubation of everted rabbit aortae mounted on 'a totatiné
probe in Eagle's medium, plasmé, or serum for eight Hour;.
Fresh oxygenated medium was delivered from an intravenous
bottle through tubing to the test tube contamming the aorta
mounted 6n the probe. Medium draine& E;om the test tube "
th;éugh a small hole in the bottom of the tube, and was
removed by suction from the top of the late# tubing. The
tube containing the aorta and the medium, and the attached
latex tubigg was immerséd in a water béth ate 37°C. The
apparatus 1is described in more detail in the text.

»

-
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tube permitted the medium to flow from the glass tube to the
segment_of’tubing. A iS gauge needle connected_to a vacuum
drainagé system was placed through the rubber tubihg just
-below the top of the test tube, so0 that, as fresh medium was
added to the top of the glass tube, the meaium at the‘bottom
flowed through the hole in the b;ttém of the test tube and -
was withdrawn from the top of the rubger tubing. This pro<
vided a flow of fresh medium past- the surface of the rotatiﬁg
vessel.

Oxygenated Eagle's medium, plasha, oxT ;erum was placed
in an intraveous bottle and the air in the bottle was re-
placed with oxygen to maintain the oxygenation of the medium.
The bottle of medium was suspended above the rotating probe
system, and connected to the test tmbe containiné the vessel
by an intravenous administration set. The flow raée was
adjusted!to deliﬁer 20 mL of medium per hour into the glaés
tube containing the aorta mounted on the rotating probe (140
rpm).. At the end of the period of incubation in culture
medium, the reactivity of the surface of the vessel was
determined by exposing the vessels on a rotating probe to a

suspension of °lCr-labelled platelets and guantitating

platelet adhesion as previously described (see page 112).
N

=

12. Studies of Platelet Survival in Rabbits

Slerolabellea platelets. (5 mL of 2.5 x 10° platelet§

3

per mm~ suspended in plasma or Tvrode's-albumin soclution)
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were injected into rabbits 18 hours before the aorta was' p
injured with a balloon catheter. Samples of blood (1.5 mL) /
.were collected from the marginal ear veln immediately before
the aortée were inju:ed,la;d 10, 30 and 60 minutes, and daily
for 5 days following iajury. The :adioacEiQity in the -
samples of whole blood was measured and the mean plaéelet
surfival was calculéted using the gamma function described by
Murphy and cowprkers (Murphy et al., 1973; Scheffel et al.,
1977; Murphy and solling, 1978). The computer program for
these calcula%ioﬁg"was kindly su;plied by Dr E.A. Murphy;
Johns Hopkins Hospital School of Medicine, Baltimore,

Marwvland.

137 Studies of Platelet Aggregation -

The procedure used for Ehé study cof pla?ﬁ&@t
aggregation was previouslg'described by Xinlough=Rathbone and
her colleagues, 1983. Blocd was co%lected through a
polyethylene cannula in the carotid artery into 3.3 per cent
trisodium citrate {1l partdnticcagulant teo 9 zmarts blood),
transferred to a polycarbonate centrifuge tube and

90 x g for 15 minutes. The platelet-rich

o

centrifuged at

LY

viasma (PRP) was transferred with a siliconized pipett

li7]
cr
o]
fv]

silicenized glass tube and stored in a water bath at 27°C

until used. The platelet count was-:adlusted to 500,000 zer

3

mm” with platelet-pocr plasma. One mL cf PRP was transferred

.

to a glass cuvette that was placed in a zurbidometric device
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at 37°C (Payton Aggregation Module, ?ay;oa Associates,
_Scarborough, Ontario). .hn anﬁealedfnickel wire stir bar was
added and the speed of the magnetic stirrer adjusted to 1,100
rpm. After 1 minute the aggregating agent was aaded to the
"PRP in the cuvette. Light transmission at 609 nm Qas
recorded continuously with a potentiometric'pén re&order.

The extent of platelet aggregation was indicated by the

maximum height of the aggregation curve.

14. Effect of Aspirin Treatment on Platelet Accumulation on

Rabbit Agrtae In Vivo

a) Accumulation of SlCr—plaf@lets on damaged vessels

The effect of intravenous adﬁinistratfcn of acetyl-
salicylic acigd (ASA; rin, 25 or 2;5 mg/kg) on plaéelet
accumulation on the endothelium, subendothelium, or injuréd'
neointima of rabbit aortae in vivo was examined. Animals that
had received an infusion of SlCr-labelled platelets 18 hours
earlier were given an intravenous injection of aspirin 10
minutes before a balloon catheter was used to remove the
endothelium from the aortae or to injure the neointima of a
previously damaéed vessel wall. Ten minutes following the

; ) /
injury the animals were killed by perfusion-fixatios.

b) Association of SiCr- platelets with uninjured vessels

To examine the effect of aspirin on platelet

accumulation on the endothelium of undamaged vessels, or on
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aorta that were injured from 1l to 7 days previously, animals -
received an infusion oé 51Cr-labéiled platelets and an b
injection of aspirin.30 minutes before they were killed by
perfusion-fixation. The radioactivityrassociated with the
vessels was measured, and platelet accumulation calculated as

previously described (see page .109).

15. Effect of Aspirin Treatment of Aortae on Adherence of
- - -

Platelets In Vitro

To determine the effect of incubating aortae with
aspirin on platelet adhesion to the vessels, aortae were
incubated in aspirin (2 mmol/;).or Tyrode's solution
(control) in Eagle's medium containing 4 per cent albumin for
30 minutes. The vessels were placed on a p;oSe and roﬁated
in a suspension of 51Cr—labellgd platelets, and the platelet

i

adherence was determined as previously described (see page

112y,

l6..Effect of Aspirin Treatment of Platelets on _their

Adherence to Damaged Vessel walls

Platelets were labelled with >lchromium in the first
washing solution and incubated with.2 mmol/L aspirin for 30
minutes. The labelled, aspirin-treated platelets were then
injected into rabbits; The endothelium was removed from the
aorta wiﬁh a balloon catheter, and 30 minutes following

injury, the animals were killed by perfusion-fixatione
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Waniie 4

Platelet adherence was determined as previously described.

'17. Bioassays for PGI,-like Activity /

PGI, was assayed by its abiiity to inhibit thrombin-
induced release of l4c—serot6nin from prelabelled platelet
suspensions. PGIz;like activity was iipermined ?y a m%difi—
cation of the method of Baenziger eg/él}, (1979). Suspen-
si?ns gﬁ washed rabbit platelets we}e prelabelled in the
first washing solution with l4c_serotonin and were incubated
with 1 mmol/L aspirin fo? 15 minutes at-ZQOC‘in the second
washing solution. The platelets were treated with aspirin to
prevent them from contributing prostaglandin endoperoxides or
thromboxane a, that could act synergistically with thrombin
and mask any inhibitory effects of low concentrations of PGI,
during bioassay of the test samples. The platelets were _
finally suspendeé in Tyrodé's solution containing 0.35 per
cent albumin, apyrase and 5 mmol/L Hepes buffer.

Samples for assay of PGI,-like activity were prepared
in two ways. In the first method, samples were taken from
the supernatants prepared from the platelet-red cell suspen-
sions in which the everted aortae had been rotated for the
determination of platelet adherence. In the second method,
segments of vessel were mechanically stimulated in a Small
volume of fluid to maximize the concentration of ?GIé in the

fluid.
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a) Method 1l:

Immediately after the aortae were rotated in the
.platelet-red cell suspension for tests of platelet adherence,
they were removed from Ehe suspension and the platélet-red
cell mixture was cenﬁrifuged at 12,000 x g for 1 minute in an
_Eppendﬁrf Centrifuge (Brinkman, Rexdale, Ontario). The PGI,
in the supernatant was measured approximately 3 minutes after
completion of the platelet adherence study. In each test,
0.4 mL of the sd“pen51on of washed l4c-serotonin labelled
platelets {platelet count los/mm } was stirred at 1, 100 rpm
in a turbidometric device at 37°C; imipramine (at a final
concentration of.2 umol/L) was added to the suspension to
prevent reaptake of l%c—seroto;in by the platelets. Five
seconds later, 0.6 mL of the supernatant test fluid or con-
trol solution was added to the aggregation cﬁvette and 30
seconds later thrombin was added. A concentration of throm-
bin was chosen that caused approximately 40 per cent gelease
of granule contents at 60 seconds and 60 per cent at 120
seconds (suitable concentrations rangéd from 0.01l5 to 0.325
U/mL) . The extent of the release reaction was measured at
60 seconds or 120 seconds on samples prepared as follows; 0.1
mL of the mixture of platelet suspension and test material
was taken directly into 0.1 mL of ice-cold 1.2 per cent para-
formaldehyde, centrifuged for &0 seconds at l?,OOO x g and a
sample of the supernatant flqid taken for meaaarement of

H
released 1%C-serotonin. The percentage inhibition of
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thrombin-indu?ed release caused by the testlmateriai was
calculated and the amount of PGiz produced was determined

using a-dose-response curve that was constructed using the

same concentration of thrombin and a range of concentrations

of synthetic PGI, (The Upjohn Company, Kalamazoo, MI).

b) Method 2: :

A segment of aorta‘(approximaée surface area 56 mmzf
was removed from the everteé aorta just before platelet
adherence was to be measured. The segment was incubated in
0.15 mL of Eagle's medium cecntaining 4 per cent bovine serum
albumin and 5 mmol/L Hepes £for 5 minutes at 379C.  In exper-
iments in which the endothelium had been removed with a bhal-
loon catheter, the segment was mechaniéally stimulated with a
Pasteur pipette for 30 seconds at the beginning of the 5 min
incubation period. Samples (0.8 mL) of piatelet suspension
(500,000/mm3) containinge2 umol imipramine were sti::ed ip an
aggregation cuvette tc which 0.1 mL of test fluid was added
followed in 30 seconds by thrombin. .Samples foxr PGI,
determination were taxken and assayeé as described ia methed
1. Although it Qas not possible to standardize the mechani-
cal stimulatfbn of the z2ortic segment, it was possible Lo
ascertain whether aspirin treatment of the 'segment had zhol-
ished its ability to produce PGI,. The dry.weights of the
segments of aortae were obtained after fixation in 2 mi of

formalin overnight. The segments were removed from the
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formalin solution and dried for 5 hours at 56°C before they
were .weighed. With the concentration of thrombin used, the
assay could detect as little as 0.02 ng of PGI,/mg dry weight

. ) -

of vessel wall.

18. Effect on Reactivity of Vessel Walls of Inhibiting

Platelet Accumulation with Dipyridamole

~

The effect of a single dose of dipyridamole given 10
minutes before injury on the accumulakioh of Slcr-labelled
platelets at several times foilowing‘the removal of the -
endothelium with a balloon catheter was examined. In some
studies, the initial injection of dipyridamole (12.5 mg/kg
given iO minutes tefore injury) was followed by houriy —
injections (5 mg/kg) for 4 or 8 hours to maintain a cogcen-
tration of dipyridamole in the blood that inhibited platelet
accumulation on the injured surface.

Dipyridamole was administered tgrOugh intravenous
cannulae in animals that were given repeated doses of the
drug. Immediately before injury to the aorta with a balloon
catheter, a cannula of PE 190 polyethylene tubing, filled
with saline, was passed through a skin incision at the base
of the skull, introduced into the right jugular vein, and
secured with silk sutures. The incision was closed with silk
sutures and the cannula was secured at the point of exit._
Dipyri@amole was administered through an 13 gauge needle

attached to the PE 190 tubing. The accumulaticn of platelets
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on the vessel surface immediately'afte: the drughtreatment,
. ’ : ~

and 8 hours following the end of drug treatment was

determined.

b

19. Infusion of PGI,

a

a) Short term infusions (ten minutes)

A Harvard infusion pump (model 927) was used to
provide a constant rate of infusion of PGI,. For éach
animal, the pump was calibrated to infuse 850 ng of PGI, ép
0.1 mL of solution per min per kg of body weight. A syringe-
and a length of polyethylene cannula tubirs (PE 190) filled
with a solution of PGI, was connected to the infusion pump..
Animals that had received an infusion of 5lc:-labelled plate-
lets were preanéesthetized with ketamine (1 mL ihtgamuscﬁ—
larly) and atropine (0.1 mg subcutaneously) 20 minutes before
being anaesﬁhetized with sodium pentobgbital (40 ﬁg/kg). A
cannula was introduced through £hé left common carotid arter§
5(3 passed into the ascending aorta to approximately 0.5 cm
above the aortic valve. The infusion of PGI, was begun 30
seconds before the aorta was injured wiéﬂva balloon catheter,
and was continued for a 10 minute period after thé aorta was
de-endothelialized with a balloon catheter. Two minutes
before the completion of the PGI, infusion, cannulae were
introduced into the femoral arteries to prepare the animals

for perfusion~fixation. Immediately before the end of the

*
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PGI, infusion the animals received an intravenous injection

~
of 1,000 units of heparin. Locke's-Ringer solution con-

taining heparin (1 U/mL) was perfused khrouéﬁ the carotid
cannulé immediately following the end of the PGI, infusion;
this was followed by perfusion-fixation. The vessels were
removed, the rgdioactivity associated with the vessels
measured, and the number of platelets associated w;th the -

vessels calculated as previously described (see page 109).

-]

-b) Long term infusion of PGI-, (up to eight hours)

-

Studies on the effect of inhibiting the interaction of
platelets with the vessel walls with PGI, Eeq%ired that a
constant infusion of the drug be maintained fbi petiods of up
to 8 hours. Although the rabbits were anaesthetized for the
surgical procedures, they were allowed to recover from the
anaesthetic and were conscious for the remainder of the
infusion éeriod.

A Harvard infusion pump was calibrated to deliver a
constant amount of a solutﬁpn of PGI, (850 ng/ﬁg/min) from a
20 mL syringe connected to polyethylene tubing (PE 20); the
infusion rate was 1 mL per hour per kg of body weight. A PE
20 cannula was used in these studies because,.for a given
rate of fluid infu;iag, the linear rate of flow through.the
cannula was much higher in thé smaller diameter cannula (l4.7

cm per min per kg of body weight for PE 20Q; cocmBareé to 1.5

cm per min per kg of body weight for FE 190 tubing). The"

Fal
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higher linear rate of flow in the PE 20 cannula reduced the
possibility of a backflow of blood that occurred in thé PE
190 cannula when the infusion rate was low. The PE 20 tuhéﬁb
was.not reguired in the sﬁort term studies because a less
concentrated soluticn of PGIé was infused at a higher rate of
flow. (Since the pump could not provide the pressure re-
quired to produce'the flow rate through a PE 20 cannula that
would be regquired to deliver the large:_vdlume of_mofe dilute
PGI, solution, PE 190 gaing was used only in the short term
studies. A linear_flow rate of 88.2 cm per min per kg‘of
body weight wo&ld have been required for a PE 20 cannula.)

The svringe and polvethylene tubing were filled with a
soiution of'PGIz, and ailr bubbles were removed from the
svstem to prevent fluctuations in infusion flow that could -
result from voluﬁe changes ia the system produced by the
compressicn of tgg gas due to changes in the animals'® blcod
pressure, Or pressure chapges that occur during the cardiac
cvcle, The syringe attached to the pumz was packed in ice
bags to prevemy the breakdown of PGI, during the period of
infusion. '

1

The infusion pump was turned on to establish the

th

low

L4 . - .o - -
cf the solution of PGI, and”the end of the can%ula for the
e e anr O E ;
1tasusicen oI PGI, wag passed suRcutaneously from an incision
. 1
.

at the base of the scalp and introduced through the right

14

commen carotid artery to 2pproximately 0.5 cm abeve the
g -
aortic valve. To enscre th a constant rate of infusion of

'O
)

v
(2]
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PGI, was established before the veséei.wéll was injured, the
flow of PGI, was begun for 10 minutes before the endothelium
was removed with a balloon catheter. The anaesthetized
animals were placed in individual plastiC'saskets at the same
léve; as the pump and allowed to'recéver in a quiet, darkened -
room. The animals were monitoréd confinuously during the
;emainder of the infusion periog to ensﬁre that ghei% acéiv—
ity'dﬁrihg_and following recovery did n&t'interﬁeée with the
continuous infusion of PGI,. ‘

Shortly before thg end of the infusjion period,.tpe
ahimals were anaesthg;izéd and prepared for perfusion-
~ fixation through a PE 150 cannulé.introducéd through the left
common carotid artery. The animals were given an intraveﬁoué-
inﬁecﬁion of heparig (1600 U) and the pverfusion of Locke's-
Ringer solution containing heparin (1 U/mL) was begun immed-

iatelv following the end of the PGI, infusion.

20. Méasurement of Blood Pressure during Infusion of PGI, or

Treatment wWith Dipvridamole

A.pressure-sensitive transducer was placeg in the
right carotid, artery of the anaesthetized am#mals and con-

N
nected to a blcod pressure recorder (Mingograf 34, Elma

Schonander, Stockholm, Sweden). The monitoring of blocd
pressure was vegun before the administration of PGI, or

dipyridamole anJd continued until-sthe animal was prepared for

perfusion of Locke's-Ringer solution and fixative.
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2l. Activation.of Coagulation by Rabbit Aortae In Vitro

A coaqulation chamber was used to determine the
capacity of the luminal surface of the aorta to activate
.coagulation. The chamber was designed so that the luminal
surface of the vessel formed the floor Qf the chamber! and
the internal surface of a segment of siliconized glass tubing
formed the walls. The glass was siliconized so that contgct
with the glass would not activate factor XII. Plasma was
added to the chamber, recalcified,-and the time required for

a fibrin clot to form was measured.

ajl Apparatus:

The coagulation chamber usedrin these studies is
illustrated in Figu;es 2a and éb. The plexiglass blocks
forming the base and top of the apparatus were held together
with bolts secured with wing nuts. A one cm segment of glass
;ubing (cufside diametre 0.9 cm and inside diametre 0.6 cm)
formed a liner that fit precisely into a central hole in the
top block. The area 6f tissue exposed at the floor of the
chamber was 0.28 cm®. At the top of the glass liner the hole
-in the plexiglass top na;rowed to form a shoulder that pre-
vented the glass from shifting and kept the bottom of the
glass level with the base of the upper plexiglass block. A
removable siliconized glass liner was used to form the walls

of the chamber so that it could be replaced guickly with a

~



FIGURE 2 )

VAORTA—CHAMBER USED TQ_DETERMINE
Fog

THE PROCOAGULANT ACTIVITY OF A VESSEL
4

—

The parts of, the apparatus are illustrated in the
diagram. The plexiglass base and tob were secured with wing
nuts (W) apd'bdlts (B) (Figure a). The siliconized glass
Tiner (G) fit into. the hole in the top block. .The tissue (T)
at the bottom of the glass liner, formed the floor of the
chamber. The tissue was surrounded by the gasket (K).

N Figufe b shows a diagram of the assembled chamber.
Plasma was added to the chamber, :ecalgifiéd, and the time
fequired for coagulation’to éccur was determined. The wire
hook was pagsed through the plasma at 1 to 2_§ec6nd
intervals. The ceoagulation time was measured as the time
when the %iasma viscosity increased, or fibrin strands formed
on the wire hook. The bend in the wire at the top of the
chamber prevented the hook from coming in centact with and

damaging the tissue.
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new.liner fgg the next coaéﬁlation assay. The central hole
in the rubber gasket that surrounded the tissme, was cut with
the seme punch as the tiSsue{so that the tissue fit precisely
within the hole in the gasket; Both sides of the gasket were
coated with a fine film fof high vacuum grease so that a
ﬁater-tight seal was formed when the base was secured to the

top of the apparatus. The gasket was slightly thicker than
the tissue so that, when the wing huts were tightened, the
bottom of the glass liner sat firmly on the tissue bet did
not crush the specimen, thereby reducing the possibility of
the release of tissue factor that could have actlvated the
extrinsic pathway 3} coagulation. ' s

b) Method:

To prepare aocortae for the determination of the pro-
coagulant activity of their luminal surface, the vessels were
prepared as described iﬁ the section on adherence of plate-
lets to vessel walls in vitro. The coagulation chamber and
siliconized glass liners were warmed to 37°C. Citrated
platelet-poor plasma (one part 3.8 per cent sodium citrate to
9 parts blood) and CaCl, (0.4 mol/L) were prewarmed shortly
before use. The thoracic aorta immersed in Eagle's medium
was opened along the dorsal surface and .circles of tissue
were cut from the vessel by pressing down firmiy with a -

stainless steel punch (diametre 0.9 cm). Six to 7 pleces of
»

tissue were obtained from the thoracic aorta of a 2.5 to 3 kg
4



.

rabbit. To assemble the chamber, tpe tbp block Qas inverted
on a warming plate in a 37°C water bath, a glass {iner was
inserted’ih the block, the gasket was placed on the top block
so the central hole was in liﬁe with the glass liner, and a
segment of tissue with the luminal side down was gently
placed over the base of the glass chamber liner, the plexi-
glas base was placéd over the plexiglass top, the apparatus
was turned upright, and the wing nuts were secured. Plasma
{0.19 mL) was added to the chamber and, ten seconds laﬁer,
0.0l mL of 0.4 mol/L CaC12 was added and the timer was
started. The apparatus Qas rapidly rptéted on the warming
plate for 20 seconds to mi# the reagents. A fine wirg with a
small hogk in the end was passed through the plasma every 1
to 2 seconds. When clotting occured there was an lncrease In
the viscosity of the plasma and gelatinous o{J;ibrous mater-

.

ial could be seen adhering to the wire hook. The wire was

bent approximately one cm.from the end so that the shoulder

of the well prevented the hook from coming in contact with
and damaging the tissue.
o

22. Light microscopyv

For light microscopy, specimens of tissue fixed with
formaldehvde, glutesraldehvde or pa:aformaidehyde were dehvd-
rated through increasing concentrations of ethanol, and then
embedded in Histowax, o cléa:eé in xvliene and embedded :in

Fd
Paraplast. Secticns (4 um} were stained with haematoxylin
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and eosin (H @nd E) for routine histology, Martius yellow~
scarlet red-celestine blue (MSB) to demonstrate fibrin, and

Verhoeff-van Gieson (VvG) to demonstrate elastic tissue.

23. Scanning Electron Microscopy

Segments of aorta aproximately 2.5 cm in length were
cut open to expose the luminal surface and attached to a
coverglass with cyano—acrylic glue (Eastman 910) (Richardson
and Moore, 1980). The tissue was kept moist with 0.2 mol/L
cacodylate buffer during the mounting procedure. The speci-
men was post fixed in osmium tetroxide, dehydrated thro;gh
gradeéd ethanol, critical point dried from CO,, mounted on a
'SEM stub with double sided tape, and coated with gold. “

Specimens were examined in a Philips 501 SEM.

%

24. Transmission Electron Microscopv.

Tissue for examination by electron microscopy was
diced so that each sample had a surface area of approxiﬁately
1 mm%. The specimens were post-fixed in 1 per cent buffered
osmium tetroxide in Q.1 mol/L sodium cacodylate, embedded in
Spurr's fi:m resin (Spurr, 1969), and sectioned on a Reichert
Ultramicrotome, Ultratﬁin sections were collected on

.4
uncoa:;d 200~-mesh copper grids, stained with lead citrate
(Venable and Coggeshall, 1965), and examined on a Philips 301
or an AMR 1000 (Advanced Metal Research} transmission

~
electron microscope.
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25, Statistical Analyses

ill.results ére expressed as mean + standard error.
An analysis of variance, and a Student's 't' test or a
Studentized range test was used for s€é$¥stical‘compa:isons.

Statistical significance was defined at a p value of <0.05.
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CHAPTER III

NEOINTIMAL INJURY
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NEQINTIMAL INJURY

A. Introduction

Most ©of the studies on platelet response to vascular
injury have egamined the accumulation of platelets following
injury to a pgeviously undamaged vessel. In previous studies
it was demonstrated that a layer of blateiets with little.ﬁ
evidence of fibrin formed on the subendothelium exposed by a
single injury with a balloon catheter (Groves et al., 1977;
Groves et al., 1979). However; Stemerman (1973) observed
that platelet-fibrin thrombi formed on the surface of a
vessel following injury to the neointima that had formed 4 »
weeks after removal of‘the endothelium. The presence of
fibrin on the injured necintima indicated that coagulation
nad been activated on this surface. Since fibrin formed on
the injured neointima, whereas there was little evidence of
fibrin on the exposed subendothelium, it appeared that the
properties of the surface egéosed by injury to the neointima
differed from the §roperties of the surface exposed by injury
of a2 normal vessel.

Coagulation can be activated through two pathways and
each of these pathways could possibly contribute to the de-
velopment of platelet-fibrin thrombi on injured vessel walls.
For example, the exposure of factor xf: (Hageman £factor) to

collagen activates the intrinsic pathway of coagulation

(Ratnoff and Rosenblum, 1957), whereas tissue factor (-issue
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thromboplastin) elaborated at\sites of injur§ activates the
extriﬁsie pathway of coagulation (Howell, 1912; Nemerson and
Bach, 1982). Thrombus forﬁation oen a damaged vessel can
involve platelet adherence %o connectiv% t%fsue co;bonents,
or -the activation of coagulation by the injured surface.
Since fibrin forms on reinjured or diseased }essels
{(Stemerman, 1973), and platelets are stimulateé by thrombin
and inte;aéi with fibrin during its polymerization
(Niewiarowski et al., 1966), some of the platelet accumu-

lation on the injured neocintima might be dependent on the

activation of coagulation.‘ Therefore, it was important to

detérmine a) the reole that thromb?nséeneration and fibrin
formation éiay in the accumulation of plaﬂbleés on an injured
vessel, and b) the pathway of coagulation most.likely to be
responsible for the formation of platelet-~fibrin thrombi on a
reinjured vessel.

In his studies of the reaction to injury of the neo-
intima, Stemerman (1973) did not examine whether the reac-
tivity of an injured neocintima to circulating blood constit-
uents changed with time, whether there were changes in the
turnover of platelets in the circulation as a result of their
interaction with fibrin and activated coagulétion factors on
thé injured vessel, or whether this affected the survival of
slatelets in the circﬁlation. Therefore, the objectives —of

the experiments reported in this chapter were to determine: -
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the extent of damage produced by injury with a balloon
catheter~?f a vessel that had préviously been

de-endotHeTialized.

the extent to which platelets accumulate on the surface

of an injured neointima.

the extent toﬂ§§ich platelets continue to interact with
the vessels during specific periods following injury to

the neointima.

the effect of injury to the necintima on platelet

survival. ' : . ‘ -
the role of activation of coagulation on platelet
accumulation on the injured neocintima.

the ability of injured neointima to activate coagulation
compared to the procoagulant activity of the

endothelium, subendothelium and undamaged neointima.
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B. Results -

1. Injury of the Neointima with a Balloon Catheter: Extent of

‘.

Damage and Comparison with Single Injury

.

The passage of.a balloon Eatheter thrbugh the lumen of
a previously undamaged aorta removes the éndothelial lining.
and exposes the suSendothelial connective'hissue:_ Figure 3
shows an aorta 4 days following such an Enjury. The area§ of
the vessel from which the endothelium is remcved are stained
with Evans blue dye that binds to albumif and is carriéd into
the vessel wall in areas of increased permeability. This
increased permeability to albumin-bouné Evans blue persists
until re-endothelialization occurs. Small unstained white
regions surrounding intercostal arteries and other brancﬁ '

vessels were areas covered wi?h endothelium that had not been

removed by the balloon catheter or had proliferated and

.

spread from intact endothelium lving within the branch
vessels: the endothelium in these areas is protected frecm
injury during the mechanical denudation produced by the
passace of the balloon catheter.

L

Figures 4 and 5 show sections of an a

H

terial wall

"

following the passage 0f a ballocn catheter through a

[

previocusly undamaged aorta. Althcugh the endothelium waéfd
removed Ifrom the vessel, as seen in the electron micrograph

{(Figure 5), the internal elastic lamina appears largely

*

igures 4 and 5 ).

+i)

intact (



FIGURE 3

EVANS BLUE STAINED AORTA

FOUR DAYS FOLLOWING QEMOVAE OF THE ENDOTHELIUM

To determine the extent to which the balloon catheter
injured the aorta, \some of the animals weré given an injec-
tion of Evans blue dye (4.5 mg/kg) 30 minutes before they
were killed. Dark areas of this aorta indicate the regions
where the endothelium was removed and the albumin-bound dy;
penetrated the vessel. Pale regions represent areas of the
aorta that were not damaged by the balloon catheter, and
areas'of endothelium that had proliferated onmto the aorta
from iﬁtact,endothelium’lining the intercostal arteries;
albumin-bound dye does not penetrate intact endothelium

éignificantly.

~

b
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FIGURE 4

"LIGHT MICROGRAPH OF A RABBIT AORTA

FOLLOWING A SINGLE INJURY WITH A BALLCON CATHETER

A rabbit aorta following the removal of the
endothelium with a balloonrcatheter is shown in this light
micrograph. Tﬂe internal elastic lamina (arrow) appears
intact. The tissue was stained with haematdkylih and eosin.

o Y
P x 250






FIGURE 5

v

TRANSMISSION ELECTRON MICROGRAPH OF RABBIT AORTA

FOLLOWING A SINGLE INJURY WITH A BALLOON CATHETER

Transmission electron micrograph of the surf;ce.of a
rabbit aorta following de—endo;helialization with a balloon
catheter. The internal elastic lamina (E) exposed’ by the
paséage of a balloon catheter appears undamaged. Platelets

(P) and a leukocyte (L) can be seen on the surface of the

damaged vessel. X 6,500

' , :






155

Seven days after the removal of the endothelium, a
smooth muscle cell-rich neointima ha§ formed above the
internal elastie lamina of the aortae (Figures 6, 7 and 8).
Althdugh most of the vessel is covéred by a neointima
approximately 4 cell layers thick, there is greater intimal .
thickening in regions adjaceng}to and opposite intercostal
vessels {Eigure19), and in so&é areas there‘is little evi-
dence of intimal thickeninq_gfigure 7). The extent of neo-
intimal thickéning in these %?ecimens was mapped moerphologi-
cally by Dr. L. Jgrgensen while he was on sabbatical in our
laborateory.

Following balloon catheter injury to the aortic neo-
iqtima that had formed 7 days following the removal of the
endothelium, the neointimal smooth muscle cells can still be
seen above the internal elastic lamina in some regions of the
vessel (Figure 10), indicating that the balloon catheter did

N
not remove all the smooth muscle cells of the neointima.

p—

Therefore, in these regions, the balloon catheger damaged the
surface of the smooth muscle cells or exposed deeper layers
~

of the neointima. In some areas it appears that the internal
elastic lamida is exposed, indjcating that, either 1) the
neointima was removed by the palloon catheter, or 2) there
was little intimal thickenirdg present in these areas of the
vessel before reinjury {Figure 9). ?hese results show that

the surface exposed to the flowing blood following injury of

the neointima is different from the surface exposed by re-



FIGURE 6

SCANNING ELECTRON MICROGRAPHS OF RABBIT AORTA

SEVEN DAYS FOLLOWING THE REMOVAL OF THE ENDOTHELIUM

This micrograph shows the surface of the smooth muscle
cell-neointima that formed by 7 days following the removal of
the endothelium with a balloon catheter. Occasional

leukocytes (L) are seen on this surface. x 400
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FIGURE 7 -

NEOINTIMA OF RABBIT AQRTA

SEVEN DAYS FOLLOWING THE REMOVAL OF THE ENDOTHELIUM

These light micrographs show: a section of rabbit
aorta one week following the removal of the endothelium with
a balloon catheter. A. Thickened ‘smooth muscle cell neo-
intima lies above the internél elastic lamina (arrow). x 280
B. At the right is a thickened cushion-like neointima that
lies lateral to the ostium of an intercostal artery. There
is iittle intimal thickening in the region of the vessel at
the left of the slide. The tissues were Stained with

hematoxylin.and eosin. x 500
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FIGURE 8

NEQINTIMA OF RABBIT AQRTA

SEVEN DAYS FOLLOWING THE REMOVAL OF THE ENDOTHELIUM

-

Transmission electron micrograph of a secticn of

rabbit aorta one week following the removal of the

-endothelium with a balloon catheter. A neointima composed of

'l
several layers of smooth muscle cells (M) lies above the

internal elastic lamina (E). x 10,000






w FIGURE 9

-

DRAWINGS OF THICKENED INTIMA OF ]

RABBIT AORTA SEVEN DAYS FOLLOWING INJURY

These drawings illustrate the thickened intima
observed by light microscopy of transverse sections of rabbit
aorta. All these sections %re at the level of branches of

intercostal arteries in the lower thoracic aorta. There is

considerable variation in the extent of intimal thickening; /r

/
the greatest intimal thickening tends to occur adjacent to

and* opposite the orifices of branch vessels. These data were
I3

obtained in collaboration with Dr. Leif Jgrgensen who mapped

the extent of intimal thickening in the aorta of animals used

in these -studies.

i






TIGURE 10

J

RABBIT AORTA FOLLOWING INJURY TO THE NEOINTIMA

. ,_
WITH A BALLOON CATGETER

This light miIcrograph of a rabbit aorta 30 ﬁinutes
following injury with a balloon catheter to the-néointima
that formed by 7 days following d%—endothelializgtion of a
previously undamaged vessel, shows the thickened neointiﬁg
lateral to the ostium of an intercostal artery. This section
was stained with Verhoeff's elastic stain.r The smooth muscle
éell-rich neointima lies above the darkly stained internal

elastic lamina. ?he media of the artery is also rich in

darkly staiq&ng elastic tissue. x 200
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‘moval of the endothelium from a previously undamaged vessel.

2. Platelet Accumulation on Iﬁ}ured Neointima In Vivo:
\ . ' ' .
Comparison with Afcumulation on Subendothelium

Previously I showed that, following the removal of the

endothelium from an apparentiy normal vessel, approximately

2

i - h
40,060_platelets/mm2 accumulate on the exposed sub®ndothelium

by 10 minutes after injury (Groves et al., 1979). "Although

-

the number of plateiégs associated with the vessel appears to

remain fairly constant during the first 24.hours fcllowiqg _
injury, 4 days éftér injury many of éhe piaéélzts.are lost
é}ém_the vessel wall, and by 5 days few plaEel ts remain
associated with the dortae (Table I). =

| TO detetmiqe the extent of platelet ac;umulation on a
reinjured vessel, the accumulation of radiolabelléd platelets
following injury with a balloon catheter to the nedintima
that formed 4 weeks folldwing removal of the endothelium was
guantitated. The number of labelled platelets that accumu-
lated by specific t{%@s foilowing injury is shown in Table
I. Approximately 50,000 platelets/mm2 accumulated on the
injured neointima 10 minutes following injuxry. Although
there was¥no significant difference between the accumulation
10 minutes, 30 minutes, one hour or 3 hours following imjury’
to the neointima, by one day following injury fewer platelets
were.associated with the vessels. Seven days following
injuryv, little radiocactivity remained associated with the &

v £



TABLE: I
: . 4
'ACCUQULATION OF PLATELETS ON AORTAE

FOLLOWING EXPOSURE OF SUBENDOTHELIUM OR ‘INJURY TO NEOINTIMA

b PLATELET ACCUMULATION -
TIME AFTER . NO. PER SQ. MM.

INJURY - R
SUBENDOTHELIUM INJURED NEOINTIMA

10 MIN . 40,300 + 6,700 49,400 £ 5,000 a
30 MIN © " 40,300 + 10,000 57,900 + 14,200 b
1 HR T £2,000 + 1,500, 65,100 + 16,100 ¢
3 HR 40,700 + 2,100 40,300 + 6,700 &
1 DAY 43,200 * 16,900 18,800 '+ 4,900 e
4 DAYS © . 1,100 + 100 » 13,%00 + 4,600 f
7 DAYS T 7,600 + 1,800 g

-~

Values are mean + standard error for 4 animals. Sler-labelled
atelets were injected 18 hours before removal of the endo-
thelium from a normal vessel (results of previous studies),
or injury to the neointima that had formed 4 weeks following
exposure of the subendothelium. At specific times following
injury the animals were perfused with Locke's-Ringer solution
and fixed with paraformaldehvde. The aortae were removed
from the animals, the associated radioactivity measuréd, and
-platelet accumulation calculated. Aan Qnalysis of variance of
the platelet gccymulatiqn on the injured necintima shows that
there is no significant &ifference among thé groups a, b, c
and d (}ight column) . Resﬁlts of the Studentized range test
show that, for the comparison between abecd vs e, p<0.05;
abcd vs f, p<0.005; abed vs g, p<0.501.



aortae. Tz
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These results indicate that, following necintimal
injury, either: a) Slor-1abelled platelets were lost from the

1
surface of the vessel, as occurred follot}ng exposure of.the

subendothelium (Groves et al., 1979), or b) labelled plate-

lets with a high specific radioactivity were lost from the

.

surface and replaced by fresh platelets from the circulation

Ve ‘ . .
that had a lower specific radiocactivity than the platelets
4 / ‘

that initially accumulated. Thgrefore, the aortae were

examined morphologically to determine the extent of platelét

-

~accumulation on the vessels.

‘3. Morphelogv of Injured Neointima :

Thirty minutes .following injury of the smootd muscle
cell-rich necintima with ; balloon catheter, smalX platelet-
£ibrin thrombi are preseét Sn much of ﬁie surﬁmgé 5f tgé
injured vessels (Figures 11-13). These thrombi are éligned
in the direction of blood flow, and this is particularly
obvious ét branch vessels wher2 the thrombi are.directed into
the orifices im a slightly curved manner (Figure 13).
Platelets are associated with fibrin on the surface of the
injured neointima (Figures 16 and 17).- Fgguré*Ih'éhows a
light micrograph o£ €ibrin on the surface of a vsssel étained
wich Mar:ius scarlet blue. Sy.compa:ison, figuze 19 shows a

raver of platelets with no'gvidence of fibrin cn the surface

of a vegsel 30 minutes follcwing exposure of the subendo-
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FIGURE 1l

<

\ .
T&JOMBI ON INJURED NEOINTIMA ADJACENT

T0 ORIFICE OF INTERCOSTAL ARTERY

Scanning electron micrograph of platelet throembi on a
rabbit aorta adjacent to the orifice of an intercostal
"artery 30 miﬁutgs following injury of the neointima with a.

balloon catheter. platelets (P). x 4,000

- -
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- -~ - FIGURE 12

-

THROMBI ON INJURED NEOINITIMA OF RABBIT AOR‘I‘;K

.- Scanning -electron micrographs of small thrombi (Th) at

R . T S .
the orifice of an intercostal artery 30 minutes following

-
injury of the neocintima with a balloon catheter. A. The

intact "endothelium (E) lining the intercostal art was

~

protected from damageoduring the passage of a ballcon

-

" catheter. x 1,000. B. A higher magnificatien of a platelet_"

thrombus. platelets (P). x 4,000






THROMBI ALIGNED INI\THE DIRECTION OF FLOW.

ARDUND ORIFICE OF\ INTERCOSTAL ARTERY

» Séanning electron micro raph of thrombi on éﬂe surface
of a fggbit aorta around ﬁhe orifice of an intercgostal aftéry ~"
30 minutes following inju;; to thé/neointima with a balloon
catheter. Thr;mbi are -aligned in the direction of flow in

the regions above and adjacent to the vessel orifice. The

direction of blooé flow—is indicated by the arrow. x 600

\






FIGURE 14

LOWER LIP OF ORIFICE

OF INTERCOSTAL ARTERY

‘Scanning electron Qicrograph of the lower lip of the
orifice of the intercostal artery seen in figure 13. 1In
contrast to the appearance of the upéer lip of this vessel,
there are few thrombi in this regi&h of the aorta 30 m@nufes
following neointimai injury. However, numerous leukocvtes

(L) are present on the .lower region of the lip. x 600.
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FIGURE 15

THROMBI ON SURFACE OF RABBIT AORTA

BETWEEN ORIFICES OF ADJACENT INTERCOSTAL ARTERIES

'i.,'-

L

Scanningrelectron micrographs ¢f a rabbit aorta 30

L

_minutes followiny injury with a balloon catheter to the

A

neointima that had formed 7 days after the removal of the
endothelium. A. The thrombi (Th) are aligned ig the ]
direction of flow (indicated by the arrow). This region of
the aorta lies between the orifices of adjacent intercostal
arteries. x 800. B. Higher magnification of platelet-fibrin

thrombi on thé surface of the vessel. platelets (P),

fibrin (). x 1,600

3






FIGURE 16

FIBRIN ON INJURED NECINTIMA

OF RABBIT AORTA

“

<

Transmission electron micrograph showing fibrin (F) on

the surface of a rabbit aoqu\30 minutes following injury had
9D .
with a balloon catheter to the neointima that formed 7 ‘days

followiﬁg removal of the endcthelium. x 14,000

N
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— FIGURE 17 ' ' .

PLATELET-FIBRIN THROMBI ON INJURED NEOINTIMA

- ~ QF RABBIT AORTA

'

Transmission electron micrograph of platelets (P) and

-

fibrin (F) asscociated with the surface of the vessel 30
L
minutes following injury to the neointima with a ballcon
—

rcatheter. X 9,500.






FIGURE 18

"+ FIBRIN ON INJURED NEOINTIMA

L]

Light micrographﬁgf a rabbit aorta 30 minutes follow-
ing injury to the neointima shows pink staining £fibrin (F) on
the sdrface of - the vessel. The ﬁeointima that remained on
the vessel following injury with a balloon catheter lies
above the internal elastic lamina (arrow). The tissue is

stained with Martius scarlet blue. x 500
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FIGURE 19

"PLATELETS ON SUBENDOTHELIUM Of RABBIT AORTA

Trénsmission electron micrograph of a rabbit aorta 30
minutes following an injury with a‘balloon cqfheter to a
previously undamaged vessel. The exposed subendothelium is
covered by adherbnt platelets (arrows). The internal elastic

lamina (E) appears intact. X 5,500






187

-

thelium with a balloon éatheéér. Occasional large platelet-
rich thrombi are seen on the sqrface (Figure 20). As pre-
vicusly shown, whereas_blatelets appear to have accumulated
on f£ibrin that formed on the vessel wall in some regions
(Figure 17), in other areas, the platelets achere diréctly to
the surface of the injured vessel ‘with little or no evidence
of fibrin formation (Figurg 21 and 22). 1Inm other iegioné of
the reiﬁju:ed vessel, very few platelets accumulate on the
injured surface, and many of the platelets assoé?ated with
the vessel are not spread exéensively on the'surface but re-

.

tained their disc shape (Figure 23}). Thus, platelet cover;
age on the injured neointima is not uniform. ™

Leukocytes are'oqcasionally seen on the surface of the
injured necintima (Figure 24A). More leukocytes appeared to
accumulate in regions adjacent to and on the lower lip cf
branch vessels (Figure 15 and 24B).

#

Ffour days following injury to a 7-day neointima there
appeérs to be lit:le fibrin and few platelets on the surface
of the vessel {(Figure 25). |

Overall, these results show that, although clatelet-
f£ibrin thrombi formed on much of the injured surface, in some
areas there is no evidence of f£ibrin, and platelets acdhered

.
Girectly to the vessel wall, whereas in other areas there is
little platelet accumulation. 1In comparison, following the

telets with little.

f

removal of the endothelium a laver of ol

evidence of fibrin forms on the vessel. Thus, ia these



FIGURE 20

THROMBI ON INJURED NEOINTIMA

( ABOVE AN INTERCOSTAL ORIFICE

A. Sganning electron~mic§ographs of a platelet-rich
tH}ombus on‘the surface of a rabbit aorta 30 minutes follow-
ing injury to the neointima. This thrombus-.is located above
the orifice of an intercostal artefy. x 400. B. Higher

magnification of "a". x 15,000
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Ficure 2L

PLATELETS ON-SURFACE OF EABBIT AORTA

FOLLOWING INJURY TO A PREVIQUSLY INJURED VESSEL

Scanning electtoﬂ micrograph showing the surface of an
aorta 30 minutes following injury to the neointima of a
vessel that was de-endothelialized 7 days.earlier. A. In
this section significant fibrin formation is not apparent and -
many ©f the adherent platelets are not extensively spread;
some of the plateiets have retained their discoid appearance.

x 1,600. B. Higher magnification. x 3,200






FIGUORE 22

PLATELETS ON SURFACE OF DAMAGED AQRTA

Transmission electron microéraph of platelets (arrows)
on the amorphous material exposed by injury to the.neointima
with a balloon catheter. Constituents ;% the vessel wall
include smooth muscle cells (M), elasgic tissue (E) and

collagen {C). x 5,400
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FIGURE 23

A
v

SURFACE OF RAEBIT AORTA

FOLLOWING INJURY TCO A PREVIOUSLY INJURED VESSEL

\ ’

;/> Thirty m;%utes following injury with a balloon
catheter to the neointima that had formed 7 d;ys following
the removal of the endothelium, few platelets (P) pad
accumulated on this area of the vessel. In this region, the
surface appears morphologically similar to the subendothelium
connective tissue (CT) exposed by a single injury with a

balloon catheter. x 1,600






FIGURE 24 *

LEUKOCYTES AND PLATELETS

ON INJURED NEOINTIMA

fScanning electron micrographs of the surfacé of a
vessel 30 minutes following ihjury to the-neoinyima.
A. Leukocytes can be seen in association with piatelets and
thrombi. x §50. B. Accumulétion of leukocytes and nuﬁ%rous

platelets on the injured surface near the lower margin of an
intercostal vessel. x3,100

»






FIGURE 25

SMOOTH MUSCLE CELL-RICH NEQINTIMA

FOUR DAYS FPOLLOWING INJURY TO THE NEOINTIMA

Light micrograph of a rabbit aorta 4 days foliowing
-injury to a vessel that was de-endothelialized 7 days
earlier. A smooth muscle.cell-rich neointima is seen lying
above the ihtérnal elastic lamina (arrow). Neither fibrinm
nor platelets are in evidence. The tissue was sta}ned with

haematoxylin and eosin. x 500






200

-

studies, the response of platelets follewing injury of a .
previously injured vessel is different from the response

following injury of a previously undamaged vessel.

4. Platelet Interaction with the Neointima during Specific

Periods following Injury

- In previous studies, following the initial rapiga"
accumulation of platelets on the exposed subendothelTum, the
vessel wall lost much of its reactivity and there was little
further platelet accumulation on the injured surfaéq_igroves
et al. 1979). ~Sin§e many of the platelets on the reinjured
vessels were associated with fibrin, it appeared that the
accumulation of these platelets on the injured neointima
might be dependent on the activation of coagulation and the
formation of fibrin. 1If platelet accumulation was dependent
on fibrin formation, then it appeared likely that the sjiface
would remain reactive to platelets while fibrin continued toj

form on the injured surface.

\\\ To determine whether the injured neointima also loses
much of its reactivity following injury, or whether platelets
continue to interact with and turnover on the injured sur-
face, 5ler-1abelled platelets were infused into rabbits at -
specific times fo%lowing injury and allowed to circulate for
30 minutes before the animals were kxilled by perfusion-

fixation.

- "Figure'26 shows the resulis of this study. When



- p FIGURE 26
»

ACCUMULATION OF °lCr-LABELLED PLATELETS ON AORTAE

DURING A 30 MINUTE PERIQOD AT SPECIFIC TIMES

- FOLLOWING INJURY TO THE NEOINTIMA:

) . COMPARISON WITH ACCUMULATION FOLLOWING

EXPOSURE OF SUBENDCOTHELIUM

This graph shows the accumulation of Sicr-labelled
platelets on the aortae of rabbits during a 30 minute period
a spécif}c times following injury with a balloon catheter of
the necointima that formed 4 weeks following de-
endotheli;lization {dark bars). For comparison the light
bars show the accumulation of platelets following exposure of
the subendothelium (Groves et al., 1979). In one group of

animals °1Cr-labelled platelets were infused into the

circulation before injury and the animals were killed by
Qgrfusion—fixation 30 migutes following injury (the first
béés on the left). . The other groups received an infusion of
labelled platelets at 1 hr, or 1, 4 or 7 days following
injury, and the animals wére verfusion-fixed 30 minutes
following the infusion of labell;d platelets. There were 5

animals in each group. The error bars indicate the standard

error of the mean for each group.
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radicactive platelets were in the circulation at the time of
injury, the number of platelets that accumulated on the
injured neocintima by 30 minutes follow%ng injury was similar
t§ the accumulation on the subendothelium 30 minutes f0110w7
ing injury that was found in previous studies (Groves et al.,
1979). However, when fresh 5lcr_labelled plateiets were
injected into the circulation one nhour following injury, few
platelets accumulated on the injured neointima during the
following 30 minutes. Similarily, when fresh SlCr-lébelled
platelets were infused one, 4, or 7 days following injury,
few platelets accumulated on the vessel in a 30 minute
period. Platelet accumulation on the inﬁured neointima
during a 30.minute period at specific times following iajury
Qas similar to the accumulation observed during the same
period following exposure of the subendothelium. These
results indicate that the surface of the injured neocintima
also loses much of its reactivity to/platelets soon after
injury.

Thus, although there is morphological evidence that
coagulation 1s activated when the necintimal is injured,
following the initial platelet accumulation on the injured
necintma, the damaged surface rapidly lgses much of its

reactivity to circulating platelets.
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5. Platelet Survival following Injurv to the Necintima with a
L

Balloon Catheter

As demonstrated previously, the number of plateleté
~that inﬁeracted with a rabbit aorta following removal of t;%
endothelium with a balloon cagheter was not sufficient to
affect platelet suivival-(Groves et al.., 19795. Since, in
the presént study, the initial platelet accumuiation on the
injured neointima involved only a émgll percentage of the
total circulating platelet population, and: few platelet;
subseqqently interacted with the damaged veésel, it appeared
.ﬁnlikgly that necintimal injury would affect platglet

survival.

k]

To determine the effect of necintimal injury on plate-
let survival, SlC:-labelled platelets were infused into the
circulation 2 hours before the neointimarwas injured with a
balloon catheter. glood samples for the measurement of
platelet survival were obtained  immediately before and at
specific times following neointimal injury. Since the

thrombogenicity of a vessel might be greater following i

o}
w
o
b ]
<

to a thicker or older neointima, and greater numbers of
platelets could interact with and accumulate on the vessel,
the effect on platelet survival of injury to the neointima
that had fcrmed.7 énd 14 days after removal of the endothel-
iuﬁ was examined.

Table II shows the results of these studies. The re-

= . - 51 . - . . . e
covery of infused S-C:-labelled.pLa:e;ets in the <irculation



TABLE Il

PLATELET SURVIVAL IN RABBITS ‘ T

FOLLOWING INJURY TO THE NEOINTIMA WITH A BALLOON CATHETER -

TREATMENT '“ - PLATELET RECOVERY OF

OF ANIMALS" . SURVIVAL ‘ Sler-PLATELETS
IN HOURS “ AT 2 HOURS
STUDY A
UNDAMAGED AORTAE ©57.2 + 8.4 . 77.8 + 2.2
INJURY TO 7 : )
DAY NEOINTIMA S 67.9 + 4.4 : 77.2 + 0.9
STUDY B *
UNDAMAGED AORTAE 80.2 + 4.3 . 81.5 + 3.8

INJURY TO 14 . '
DAY fspINTIMA 80.4 + 2.0 , 73.8 + 8.0

Values are mean + standard error. There were 6 animals inﬁﬁ
each group for study A and 4 in each group for study B.
5lcr-1abelled platelets were infused 2 hours beforg injury.
The recovery of labelled platelets in blood samples bbtained
immediately before injury and at specific times following
injury was determined and the platelet survival was calcu-
lated with the computerized gamma function. Results of the
Studentized range test showed that differences iﬁ platelet
survival or plaﬁelet recovery between the rabbits with

undamaged and those with injured aortae are not significant.
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?2 hours following infusion (immediately befogs injury) was -
greater than 75 per cent, aﬁd was not significantly different
between Ehe groups in eilther study. This indicated that 1)
most of the infused platele;s were'noﬁ substantially altered
by the labelling procedure and were capable of surviving in
the circulation, and 2) thé population of labelled platelets
in the circulation at the timé cf injury was likély to be
similar in both groups.

The mean platelet life span for the group of animals
that received no injury was not significantly different from
the mean platelet survival in animals that received an injury
with a balloon cétheter to the neocintima that formed by 7

days following the removal of the endothelium (Table 1I1I,

study A). Similarily, platelet survival in animals that

received no injury to the aorta, was not significantly dif-
ferent from survival in the group that received an injury té
Ehe neointima that fa?;ld by 14 days after the removal of the
endothelium (Table II, Study B). ;

If approximately 40,000 platelets/mm2 accumulated on
the injured neointima (Figure 26), and there was littie sub-~
sequent interaction with the 12 cm? of injured aorta of a 3
kg rabbit with a blood v%}ume of approximately 150 ml, then
it can be calculated thét, the total number of platelets that
associated with the injured vessel wall represented

%_‘

approximately



- 207

40,000 x 103 x 12 X 100 = 0.1% of the total circulating

150 x 3 x 108
platelet population. Since the platelets that associated
with the injured vessel represent such a small percentage of
the ci;culating platelets, and since few additional platelets
accumulated on vessels under these conditions (Figure 26), it
is not surprising that the measured platelet survival was not

reduced.

6. Comparison of Platelet Adhesion to Injured Neointima In

-

Vivo and In Vitro Jf

by

The accumulation of platélets on the subendothelium
and on the injuﬁed necintima in vivo appeared to be quanti-
tatively similar. 1If, as indicated by the morphological
studies, platelet accumulation on the injured neointima was
dependent on fib:in“%ormation, whereas platelet accumulation
on the subendothelium was not associated with fibrin form-

[

ation, then under test conditions where coagulation factors

ol

were absent, platelet accumulation on an injured neocintima
should be decreased in comparison to the accumulation on the
subendothelium. Therefore the extent of platelet adhesion to
F
injured neointima and to subendothelium in vivo, and also in
vitro were compared; in the in vitro studies the vessels were.
exposed to washed platelets resuspended in a medium without
coagulation factors.

In the in vivo studies, the number of platelets that
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adhered to a vessel was similar 30 minutes following the
exposuréﬂof the subendothelium or injury to the neointima
(Table III). As previously demonstrated, few platelets
accumulated on the neointima formed 7 days after
de-endothelializatioR;when it was exposed to labelled
platelets for 30 m;putes.‘ However, in the in vitro studies,
the number of platele;s that adhered to the surface of the.
neointima of e®Perted aortae mounted on a rotating probe, was
substantially less than the platelet adherence to the
supendothelium. These results are compatible with the
hypothesis that much of the platelet accumulatioﬁ on the
injured necintima is dependent on thé activation of

coagulation with the generation of thrombin and formation of

fibrin.

7. Effect of Heparin on Platelet Accumulation on Injured

Neointima In Vivo

To determine the role of fibrin formation on platelet
accumulation on injured neointima in vivo, the effect of
inhibiting coagulation by administering heparin before injury
was examined. Since heparin has been reported to affect
platelet functicn, the effect of heparin on platelet accumu-
lation on the subendothelium was alsc examined to determine
whether the dose of heparin used in these studies had an
affect on platelet accumulation under cenditions wnere there

was little evidence of fibrin formation. The effect of



TABLE III

PLATELET ACCUMULATION ON RABEIT AORTAE IN VIVO AND IN VITRO.

FOLLOWING EXPOSURE OF SUBENDOTHELIUM OR INJURY TO NEOINTIMA

SURFACE STUDIED n PLATELET ACCUMULATION
NO. PER SQ. MM.

INTVIVO | ’
SUBENDOTHELIUM 10 43,400 + 4,600 a
UNDAMAGED NEOINTIMA 4 2,000 + 300 b

URED NEOINTIMA 12 . 42,400 + 8,200 c

IN RO '
SUBENDOTHELIUM 18 36,800 + 2,600 d
INJURED NEOINTIMA 10 -~ 15,200 + 3,000 e

Values are mean + standard error. 'n' equals number of

animals. For the in vivo studies ?lCr—platelets were infused
before removal of the endothelium ér injury to the necintima
that had formed 7 days following de-endothelialization.
Thirty minutes following injury‘the animals were killed by
perfusion-fixation. To study platelet accumulation on the
undamaged 7 day neointima, labelled platelets were infused
and allowed to circulate for 30 min before the animals were
killed by perfusion-fixation. For in vitro studies, everted
aortae on the rotating probemwere exposed to labelled
platelets for 10 min. Results of the Studentized range test
showed that, for the comparison bétqeen a vs b, p<0.001;

o vs ¢, p<0.00l; a vs ¢, not significant; & vs e, p<0.01.

-
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several doses of héparin was examined. In these studies,’a
sing;e dose of heparin &500 or 200 U/kg) preolonged the
clotting time of blood in a glass tube to more than 30
minutes.

In the first study, the éffect of treatment with 500
units of heparin per kg on the accqgulation of platelets 60
minutes after removal of the endothelipm or injury to the
neointima was examined. Although the accumulation of plate-
lets on the subendothelium of animals that recieved no hep-
arin, and on the vessels of heparin-treated animals, was not
significantly different, the accumulation of platelets on the
injured neointima was significantly decreased by treékﬁent
with heparin (Table IV). Figure 27 shows platelets assoc-
iated wiga the gibrin that formed on the*injured necintima.
In contrast, figure 28 shows adherent platelets but no fibrin
on the surface ¢f an acorta from an animal treated with hep-
arin before injury to the necintima. Although platelet
accumulation on the subendothelium in heparin—treated animals
was not significantly different from accumulation in animals
that received ﬂo hepafin, hepa;in-treatment appeared to
decrease platelet accumulation élightly, raising the possib-
ility that heparin might have a slight effect on platelet
adhesioﬁ to the vessel wall.

Since high concentrations of heparin inhibit platelet
responsiveness to collagen and to ADP (Mohammad et;al.,

1981), the high dose of heparin (500 U/kg) used in this



// EFFECT OF HEPARIN ON PLATELET ACCUMULATION

TABLE IV

ON SUBENDOTHELIUM OR INJURED NEOINTIMA‘IN VIVO

.injury. Heparin was given 10 min before injury with

catheter. Animals were killed by perfusion-fixation

HEPARIN SURFACE n PLATELET ACCUMULATION P
TREATMENT STUDIED NO. PER SQ. MM.
500 U/kg
SUBENDOTHELIUM [N
NO HEPARIN 8 - 68,400 + 6,100
HEPARIN - 8 53,900 + 6,300 .  >0.05
INJURED NEOINTIMA . ‘
NO HEPARIN 1l 61,500 + 11,800
HEPARIN 12 31,900 + 7,600 <0.05
250 U/kg
SUBENDOTHELIUM . )
NO HEPARIN 4 39,500 + 6,800
HEPARIN S 25,800 + 7,000 >0.05
INJURED NEOINTIMA .
NO HEPARIN 4 52,900 + 9,900
HEPARIN 4 24,200 + 3,600 <0.05
L4
200 U/kg
’ SUBENDOTHELIUM
NO HEPARIN 6 43,200 + 6,000
HEPARIN 5 29,000 + 6,300 >0.05
INJURED NEOCINTIMA
NO HEPARIN 6 67,600 + 13,000 \_/
HEPARIN 6 36,000 + 8,200 >0.05*
values are mean i‘standard error. 'n' eguals number of
animals. °lcr-labelled platelets were infused 18 hr before

a balloon

60 min

following injury in the group that received 500 U/kg of,
heparin, and 30 min following injury in the groups that
received 250 or 200 U/kg of heparin. Results of the Student-
ized range test are for the comparison between the group that

received no heparin and the heparin-treated group in each
study. *The result 6f the Student's 't' test is p<0.025.



FIGURE 27

PLATELET-FIBRIN THROMBUS ON THE SURFACE

OF AN INJURED NEOINTIMA

This transmission electron micrograph shows platelets
(P} and fibrin (F) in a thromgus on the surface of a vessel
60 minutes aftér the neocintima was injured with a ballooq
catheter. Fibrin is associated with the vessel, and platelets

are associated with this fibrin. x 8,000

<






FIGURE 2éﬁ\\\\

PLATELETS ON THE SURFACE OF AN INJURED NEOINTIMA

IN HEPARIN-TREATED ANIMALS

This transmission electron micrograph shows platelets
{arrows) on the surface of a vessel 60 minutes after the
neointi&a was injured with a balloon catheter in animals
treated before reiﬁjury wiéh 500 units of heparin per kg of

body weight. Smooth muscle cells (M). x 8,000
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experiment'might/%ave botq.inhibited coagulation -and inter-.
fered.w}th platélet adhesion to the vessel surface. ’
Therefére,&;'e effects of lbwer doses of heparin on plételet
accumulation were also determined. Wheh a lowgr dose of
heparin (250 U/kg) wés.used, although the platé\et accumu-
lation on the subendothelium of heparin-treated animals
appeared slightly less than the accumulation in the group
that received no heparin, this difference was not significant
{Table 1IV),., However, treatment with hepar;n produced a
significant decrease in platelet accumulation on the injured
neointima.

Platelet accumulatien 30 minutes folloﬁing exposure of
the subendothelium in control animals andé animals that
received hevarin (200 U/kg) was not significantly different.
The difference in platelet accumulation on the injured neo-
intima in the group treated with heparin and the croup not
treated with hepa:in'wés not significantly éifferent by the

-~
Studentized range test. However, it appears possible that
the lack of signifigance in the difference in accumulation
between the groups was due to the high standard erxror for the
values in the g:ou? that w;s not treated with heparin. The
stanéard error £or this group was much higher than for the
cther groups in these and other similar experiments.

Thus, treatment of aanimals with a dose heparin
(200-5C0 U/kg) %=hat prolonged clotting time in a glass tube

tc more that 20 minutes, produced no significant decrease in
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platelet accumulation on the subendothelium, whereas this
concentration of heparin significantly decreased platelet

accumulation on the injured necintima. These results provide

"

additional evidence that platelet accumulation on the injured
¥

neointima is dependent in part on activation of coagulation

with the generation of thrombin and the formation of fibrin.

/J

]

8. Activatién of Coagqulation bv Injured Aortae

The obserQation that fibrin formed on the injured
neointima; whereas little fibrin formed on the exposed sub-
endothelium, indicated that the injured neointima was more
capable than the exposed subendothelium of activating coagu-
lation. To determine whether the ability of the injured
necintima to activate coagulation was enhanced when compared
to that of the subendothelium, a coagulation chamber was
designed to be used for testing the procoagulant activity of
the luminal surface-of a vessel. The apparatus, described in
detail in the section on materials and methods, consisted of
a chamber with the walls formed by the luminal surface of a
segment of siliconized glass tubing, and the floor formed by
the luminal surface of the vessel. Plasma was added to the -
chamber, recalcified, and the coagulation time determined by
measuring the time required for fibrin strands to form on a
wire hook. -

When there was no vessel ia the chamber, the coagu-

- lation time of recalcified plasma was greater than 400
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seconds (Table V). The coagulatidn time of plasma exposed to
a vessel with an intact endothelium was 85.7 + 11.6 seconds.
The coagulation'times of plasmas incubated with the subendo-
thelium exposed pyNinjury with a balloon catheter.in situ
after the animal had been exsanguinated, ex vivo after the
vessel was removed from the animal, or in vivo 10 minutes
before the animal was exsanguinated, were not significantly
different. However, when compared to the cpagulation time of
plasma exposed to the endothelium, coagulationlwas signifi-
cantly accelerated {ie. the coagulaticon time was decreased)
by the surface of the acrtae injured in situ, ex vivo or in
vivo.

Since it ‘was possible that the generation of thrombin
on the surface of the vesselg following exsénguination or
during removal of the vessels, could enhance the procoagulant
activity of the surface, in one study, heparin (3 U/mL dlood)
{a dose sufficient to iéhibit thrombin generation in plasma)
Wwas given %to-animals prior to exsangﬁination. When the
animals were treated with heparin, the coagulation tiﬁes'of
plasma exposed to the endothelium was 97.3 + 6.8 seconds
(Table V). For heparin-treated animals, the coagulation
times of plasma ex?ose& to aortaze injured in situ, ex vivo,
or in vivo were significantly less than the clotting times c¢f

- .
plasma exposed to’ the endothelium. There was no significant
difference among the clotting times of plgsma exposed vessels

injured in vivo, in situ, or ex viveo. &although tae



TABLE V

EFFECT QF INJURY AND HEPARIN TREATMENT ON

AQRTA-CHAMBER COAGULATION TIME OF PLATELET-POOR PLASMA

COAGULATION TIME

SURFACE

STUDIED - ‘ TREATMENT OF ANIMALS
i NO HEPARIN HEPARIN
NO VESSEL 16 ~  406.0 + 43.0
ENDOTHELIUM 24 85.7 + 11.6 a 97.3 * 6.8 e
AORTA INJURED WITH
A BALLOON CATHETER:
Iy SITU 18 55.7 + 4.2 b 63.1 + 5.0 £
EX VIVO 18 63.8 + 4.4 ¢ 73.6 + 4.4 g
.. IN VIVO 12 © 6l.2 + 5.94 65.3 + 6.2 h

-

Values are mean + standard error. 'n'eguals number of aortae.
The clotting times of PPP exposed to the luminal surface of
vessels was determined following injury with a balloon
cathete: in situ before the vessels were removed from -the
anlmals, 1njuruuex vivo shortlv before the coagulatlon assay.,
or injury in vivo 10 min before exsaSEulnataon. One group of
animals recelved-heparln prior to exsanguination. An
analysis of variance shows that the qifferences among the
groups injured with a balloon catheter and treated with
heparin, and those not treated with heparin, are not
significant. Results of the Studentized range test show that,
for the comparison between a vs bed, p<0.05; e vs f£gh,
2<0.05; a vs e, not significant.

21
-~
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coagulation times for vessels from thé heparin-treated groups
.appeared to be slightly longer than the élotting times for
the groups that recedyed no heparin, the values were not
significant;y different. Thus, treatment of animals witﬂ

heparin did not have an inhibitory effect on the activation

of coagulation by the vessels.

Since platelets could contribute to the activation of
coagulation, the coagula;ion times wére determined for both
platelet-rich plasmé {PRP) and Q&atelet—pooz éiésma (PPP)
exposed to subendothelium or injured necintima. The coagu-
lation time for PRP and for PPP exposed to endothelium, sub-

endothelium, undamaged neocintima, or to injured necintima are
x - .

shown in Tabkle VI. The coagulation times of PRP and PPP
i : o

exposed to subendothelium were significantly-éhorter than the
? .
coagulation times of the plasmas exposed to endothelium, and
the coagulation time of PPP expcsed to injured neointima was
shorter than the ccagulation time‘of plasma exposed to the
undamaged neointima. Although the coagulation time of PR?
exposed to the injured necintima appeared to be shorter than
the coagulation time for the undamaged neointima, these
values were not significantly different. This lack of sig-
. &
nificant difference could be due to the high standard error
in the values fo? the coagulation times for the undamaged
necintima. The coagulation times of PRP were not signifi-

cantly different from the coagulaticn times of PPP exposed Lo

endothelivm, to subendothelium, tc undamagec neointima, or o

X'V
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TABLE VI

AORTA-CHAMBER COAGULATION TIME OF

PLATELET-RICH AND PLATELET~-POOR PLASMA

SURFACE : COAGULATION TIME
STUDIED ‘
: PRP . PPP
NO VESSEL 253.6 + 22.5 T 271.3 + 9.5 .
ENDOTHELIUM 92.8 + 10.7 a 88.0 + 10.7 e
SUBENDOTHELIUM 56.1 + 7.1 b 57.6 + 4.7 f

7 DAY NEOINTIMA 111.2 + 23.2 ¢ 134.1 + 7.3 g

INJURED NEOINTIMA g§9.8 + 8.7 d g8.2 =+ 7.1 h

Values are mean + standard error. The coagulation-times
following the recalcification of PRP and PPP exposed to the -
luminal surface of aortae were determined. The subendothelium
was exposed or the neointima was: injured with a balloon
catheter ip situ. For the studies with platelet-rich plasma
{(PRP) n=12, and with platelet-poor plasma (PPP) n=24. !

i |
results of the Studentized range test show that, for the ;

1
comparison between a vs b, p<0.05; ¢ vs d, not significant;
e vs £, p<0.05; g vs h, p<0.001l; b vs £, not significant;

é vs h, not significant. |
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injured neointima.

Thus, although iniury to a previousiy undamaged veééel ;
or reinjury of a vessel wali enhanced the ability of the /
vessei sugface-to activate c?agulation, in this systém the
procoagulant activity of the injured necintima Qas.not

greater‘than the procoagulant activity of the subendothelium.
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c. Disgu%sibn o .

The results of these experiments show that repeating ¢
the injury to a previously damaged véssel leads to changes in
the vessel wail that are more representative of the develop-
ing lesions of early atherosclerosis than thosg that develop’.
in response to -othexr forms of vascular injury. Following
this form of vascular injury there is a) thickening of the
vessel wall, b) a tendency for focal development of lesions
around vessel orifices, ¢) formation of thrombi associatéd
with the lesiocns,. and d) "activation of cbagulation. In
additiod, since changes in the response of iﬁjured vessels
aEE_}mportént in‘the progression and development of vascular
disease, the properties of the sﬁfface exposed by repeated
injury were examined and it was showﬁ that vesgels injured in
this way lose their rea@rity to c:ircn':lating platelets- with

the passage of time.

l. Extent of Damage to the Neointima

In these studies, although a neointima of approki—
mately 4 cell lavers formed on most of the vessel by one week
following the removal of the endothelium, intimal thickening
Wwas greater in régions adjacent to andéd opposite branch
vesﬁels; In some areas there were few neointimal cells.
Although injury to the neointima exposéd damaged smooth
muscie cells on most of the vessel surface, connective tissue

was exposed in a few areas where there might have been little
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smooth muscle cell proliferation. In contrast, most of the
surface .exposed by a single injury with a balloon catheter is
composed of subendothelial connective tissue (Groves et al.,

1979).

2. Platelet Accumulation on the Injured Neointima

Although the surface of the neointima that formed by 7
days following the removal of the endothelium was essentiaily
nonureactive-to cizculating platglets, when this surface waq;
injured platelets rapidly acdumulated on the vessel.
Numerous platelet-fibrin thrombi formed on the injured neo-
intima, particulgrly aroﬁnd the orifices of branch vessels.
This response contrasts with the response to a single injury
where a 1ayer'?f_plateléts with little evidence of fibrin
formed on the expecsed subendotheiium (Groves et al., 1979).
In other areas of the reinjured—vessel the layer of adherent‘
platelets that formed on the vessel appeared similar to the
layer of platelets that.formed following a single injury with
a balloon catheter, and there was litéle evidence of fibrin
formation. These platelets appeared to be adherédnt to
reinjured subendothelium or to connective tissue exposed by
removal of neocintimal smooth muscle cells. There were also
occasional areas where few platelets adhered té the vessel,
Although the nature of this thrombo-resistant surface is not
xnown, it might be that in these regions of the vessel there

was little injurv of the vessel during the passage of the
 f
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balloon catheter ang‘tbg underiying cénnective tissue was not’
exposed. Aiternatively, the exposed surface of the injured
vessel might have beén compqsed of substances that are not
reactive for platelets. _ |

) Although, in earlier studies Stemerman (1973) demon-
strated that platelet-fibrin thrombi formed on vessels fol-
lowing injury to the neointima that forqu by 4 weeks after
the removal of the endothelium, the r?étlﬁs of the present
studies showed that platelet fibrin-thrombi formed on the

surface of a vessel injured with a balloon catheter as soon

as 7 days following the initial removal ‘of the endothelium.

3. Reactivity of the Injured Neointima

Although platelets rapidly acqumulat?J on the injured
neointima, and much of this accumulation appeared to be as-
sociated with the activation of coagulation and the formation
¢f fibrin, the surface of the injured vessel rapidly became
nozfreactive to the further acc&mulation of platelets. These
findings are compatible with the observations of Piepgras and
his colleagues (1973) who demonstrated that the surface of
endarterectomized carctid arteries in cats became non-
thrombogenic hy approximately 4 hours following injury.
Therefore, even when coagulation is activated and platelet
accunmulatian appears to be associa:?d with fibrin formation

on a reinjured vessel, the surface of the vessel remains

reactive for only a short period following injury. Thus,
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most cof the platelet-derived growth factor delivered to
vascular smooth muscle cells would be made available by the
platelets that rapidly adhered to the surface eqused by
injury. This isrsubported by the findings of Goldberg and
his colleagues (1980) who demonstrated that platelet factor
4, another alpha granule protein, could be demonstrated in

~ the media by 10 minutes following injury,ialthough ‘there was
little evidence of its presence 4 hours. later.

k]

4. Platelet Survival

Although endothelial injury is associated with a
decrease in platelet survival (Xinlough-Rathbone, 1983), 1if
the number of platelets that accgmulate on an injured vessel .
represent only a small percentage of the circulating platelet )
pepulation, and there is little platelet interaction with the
vessel following the initial platelet accumulatioﬁ, measure-
ments of platelet survival are unaffected {Groves et al.,
1979). 1In the present studies onlv about 0.1 per cent of the
circulating platelet population became associated with the
injured neointima, and few platelets subsequently accumulated
on the Vessel surface. This is likely attributable to the
~fact that the injured necintima rapidly became non-reactive
to further platelet accumulation. Therefore, it was not
surprising that platelet survival was not dec:efsed following
injury of the necintima. }

S

However, when :the acrtaé in rabbits or zats are ex-
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N

posed -to continuous injury with indwelling catheters plateleF
survival is shortened (Mueleman et al., 1977; ﬁueleman et
al., 1980;.Somers et al., 1980; Winocour et al., 1980;
Winocour et al., 1982). Platelet survival is.also shorténed
in monkeys exposed to continuous arterial injury by the
infusion of homoéysteine (Harker et al., 1976) or in humans
with homocysfinemia (Harker et ai., 19775. Therefore,-it
appears that repeated or continuocus vessel injury is required
to shorted platelet survival. Thus; the results of previous
studies.and those presented in this thesis show that the
measurement of platelet survival is of only'limited value

as an indicator of vessel injury and thrombosis. ’

5. Role of Activation of Coagulation in Platelet Accumulation

on the Injured Neointima

in contrast with the platelet accumulation on the
subendothelium exposed by a single injury with a balloon
catheter, the mecﬁanisms responsible for the accumulation of
platelets on the iﬁjured neointima appear to involve the
activation of coagulation with the generation of thrombin and
the formation of fibrin. The reasons for this are that:
1) many of the platelets on the injured neointima were
associated with fibrin, and 2) treatment with heparin that’
prevented the formation of fibrin reduced platelet
accumylation by approximately 50 per cent. When heparin was

dresent, probably only the non-coagulation-dependent adher-
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ence of platelets to connective tissue occurred. In addi-
tion, since during the in vitro experiments the ;urface of
thé injured neointima was only exposed to platelets suspended
in Bagle's media with added albumin, the components required
for coagulation were not present. Thus, the decrease in
platelet accumulation on the injured nepintima in the present

experiments was probably due to the fact that coagulation

could not occur in these studies.

6. Activation of Coagulation by Idjd}ed Vessels

Alfhough the ability of the endofhelium to activate
éoagulation in vitro was substantially less than that of an
injured vessel, the endothelial surface activated coagulation
more rapidly than the empty chamber. Since small areas of
_endothelial damage were observed on other aortae prepared f;r
study on the rotating probe device (Dejana et al., 1983), it
was possible that ccagulation was activated by exposure of
the piasma to connective tissue in areas f;e:e the endothel-
ium was damaged during the removal of the vessel from the
animal and its preparation for assay. Since Maynard and co-
workeis {1976) reported that the transfer of cells to new
culture media was sufficient to stimulate the cells to pro-
duce tissue factor, it was also possible that manipulating
the vessel or exposing it to new culture media was sufficient

to stimulate the endothelial cells to produce tissue factor

that could accelerate coagulation.
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In the present séudies plasma coagulated more rapidly
when exposed to thg subendothelium than when exposed to the
endothélium, indicating that injury enhanced the procoagulant
properties of the vessel wall. Since the time required for’
plasma to‘%tot,following its exposure to vessels injured in
situ or ex vivo was similar, it appears tﬁat the factor or
‘factors produced by the vessel wall that were responsible for
accelerating coagulation were not iost or‘inactivated between
injury of the vessel in situ and assay of its procoagulant
activity.

Since the injured vessel rapidly lost its reactivig§
to circulating platelets fofiowing the forpation of a layer-
of ﬁlatelets on the surface, it was consideréd possible‘that‘
the layer of adherent platelets either might decrease Ehg
procoagulant activity of an injured vessel by concealing
those factors on the injured véssel wall that were responsi-
ble for initiating coagulation, or might increase the acti-
’vation of coagﬁiation by making platelet-géctor 3 available
to enhance coagulation. However, in the present studies, the
coagulation time for vessels de-endothelialized in vivo and
exposed to circulating platelets for 10 minutes was similarx
to the coagulation time for vessels-injured in situ or ex
vivo. Thus, it is not possible to conclude whether the
platelets had no effect on the procoagulant properties of the

vessel wall, or whether they inhibited coagulatien by con-

cealing some of the reactive sites on the injured vessel as
/

S
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‘well as contributed to the activation of coagulation by

making platelet factor 3 available.

Since the coagulation times of PRP or PPP were similar
for each group, it appeared that platelets in the plasma did
not play an important role in the activation of coagulation
in this coagulation-chamber system.

In these studges the acceleration of coagulation by
segments of vessel Qas not due to the effects of thrombin
generated during exsanguination of the animals or removal of
the vessels, since treatment of animals with heparin PSrior to
exsanguination did not decrease the rate of activation of
coagulation in plasma exposed to the vessels. In addition,
these results indicate that. either heparin was not adsorbed
to components of the vessel wall or absorbeg by Yhe vessel,
that any heparin associated with the véssel was not capable’
of inhibiting the coagulation of plasma exposed to the vessel
surface, or .that the quantity of‘heparin associated with the
vessel was not sufficient to inhibit coagulation. Otheé
investigators have reported in several studies reviewed by
Salzman (1971), that although treatment with heﬁarin made
some surfaces non-thrombogenic, in other studiés treatment
with heparin did not decrease the thrombogenicity of sur-
faces. Therefore, there are several possible reasons why
treatment of vessels with heparin 4id not inhibit their
activation of coagulation in these studies.

b
Since fibrimw formed on the neocintima following injury



in vivo, whereas there was "little evidence of. fibrin forma-

tion on the subendothelium exposed by a single injury, it
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appeared likely that the procoagulant activity of the injured

neointima was greater than that of the subendothelium.

-

However, in the present studies, the procoagulant activity of

the injured neocintima and subendothelium were similar. The

reason for these results remains unclear. It is possible

that some of the procoagulant factors generated by the in-

jured neointima were lost during preparation of the tissues

for assay, or the conditions were not suitable for the vas-

cular cells to generate or release these factors. Thus,

although the coagulation-chamber was useful to demonstrate

_—~ that the prococagulant activity of a vessel was increased

following injury, the factors responsible for the formaticn

of £ibrin on the injured neointima in vivo could not be

determined using this technigue.

=]

7. Conclusions -

1.

4

In conclusion these studies showed that:
Neointima tnickening in response to removal of the

endothelium is greatest in regions adjacent to and

4

opposite branch vessels. These are the sites at which

A .

atherosclerotic lesions tend to occur.

Platelet-accumufﬁpion on the injured neointima is
*
. b
. ' . . % . .
similar to the accumulation on the subendothelium.
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Some, but not all of the platelet accumulation on the

injured neocintima is dependent on the activation: of

coagulation and the formation of fibrin.

—

The injured neointima loses its reactivity to platelets

L

soon after the initial accumulaticn of platelets.

Injury to the neointima that results in activation of

.géagulation and the formation of platelet-£fibrin thr;;B&~f*~\%*

does not decrease platelet survival. . C.

»

Injury of the neointima increases the procoagulant

properties of its surfade.

-



CHAPTER IV

EFFECT QF PRODUCTS OF ARACHIDONIC ACID
FORMED BY THE VESSEL WALL

ON THE ACCUMULATION OF PLATELETS ON RABBIT AORTAE
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" EFFECT OF PRODUCTS OF ARACHIDONIC A&ID FORMED BY THE VESSEL

WALL ON THE ACCUMULATION OF PLATELETS ON RAEBIf LRORTAE

A. Introduction

Wheﬁ cells are stimulated by substances such as those
generated at sites of inflammation or thrombus formation,
phospholipases A, and C are activated to free arachidonic
acid from mémbrane phospheolipids (Bell et al., 1979; Broekman
et al., 1980; Agrancff et al., 1983). Since several products
of arachidonic acid metabolism can affect platelet function,
these substances have the potential to affect platelet

J .
interaction with vessel walls in vivo. (The generation of

products of the arachidonic acid pathway and their potential
role in.inhibiting-pla£elet interaction with vesifh walls is
discussed in more detail in Chapter I.) 1In particular,
arachidonic acid metabolites such as PGI, and products of the

lipoxygenase pathway have been speculated to play a role in

the response of vessels to circulating platelets.

1.‘gg;

It has been argued thak PGI, generated by cells of the
vessel wall is responsible for preventing platelet accumu-
lation on normal vascular endotheligmffﬁ\vivo {Higgs et al.,
1978). The observation that ;arigﬂﬁmﬁﬁgzs of PGI, are
released from organs such as 1un§“&§ryglew$ki et al., 19?8),

as well as from endothelial cells (Moncada and Vane, 1977),
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lead Moncada and his colleagﬁes (1578) to spgcﬁlate that
circulating PGIé functioned as an antithrombotic agent.
However, there are several theoretical and practical points
that mitigate agaﬁnét PGI, products being responsible for the
noh-fhrombogenicity of normal blood vessels in vivo: 1) The
concentrations of PGI, required to exert an antithrombotic -
effect are high (Cazenave et al., 1379a; Karniguian et al.,
1978a;.Karnigui%n et al., i978b), and it is unlikely that
normal endothelium wouid be sufficiently stimhléted to
produce these high concentrations; 2) the half-life of PGI,
in the circulation is very short (Dollery et al., 1983), and
the amount of PGI, in the circulation is so low that it is
barely detectable (Haélam and McClenaghen, 1981; Blair et
al., 1982; Dollery et al., 1983): 3) there is no évidence of
an increased thrombotic tendency in individulas on long-term
aspirin therapy; aspirin inhibits PGI, production and if the
hypothesis were correct aspirin-treatment should enhance
thrombosis. ' &

A regulatory role for PGI, has not been excluded in
injured or diseased vessels, however. It is possible that
PGl, could limit thrombus formation at or near an injury
site. Thrombin binds to endothelial cells (Awbréy, et al.,
1979; Lollar and Owen, 1980) and stiﬁulates PGI, production
by endothelial cells (Weksler et al., 1978). PGI, produced

under these conditions could limit the extension of thrombi

at sites adjacent to injurv. Furthermore, both the subendo-
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thelium that is exposed following de-endothelialization and
;he injured neointima {Groves et él., 1979£ Chaptetr I?I)
rapidly lose thei; reﬁctivity to circulating platelets., This
raises the possibility that mechanical stimulation of the
vessel wall by inflated balloon catheters that were used té
injure the vesse;s cguld stimulate medial smooth muscle cells
or smooth musclé cells of the necintima to produce PGI,; the

PGI, produced might inhibit further platelet accumulation on

these injured surfaces.

P
2. Procducts of the Lipoxvgenase Pathway

Arachidonic acid freed from membrane pﬂkspholipids of
stimylated cells can be metabolized ‘by the iipoﬁygenase
pathigy as well as by the cyclo-oxvgenase pathway. Several
products of this pathway have been reported to affect plate-
let function (See Chapter I). Buchanan and h%s colleagues -
(1983b) reported that inhibition of lipoxygenase result in
the accumulation of radioisotopically—labelied platelets on
cultured endothelial cells, However, since these plételets
were labelled with -H-adenine and 3H-labell;ed metabolites of
adenine could be released from the platelets and taken up by
the endothelial cells, it 1s possidble that the radioactivity
assoclated with the cultured endothelial cells was derived
from metabolites of adenine and did not represent platelats

adhereﬁt to the surface of the endothelial cells. Therefore,

the role of products of\the lipoxygenase pathway in the

Y



237

non-reactivity of normal endothelium and the loss of
B

reactivity of injured vessels remains uncertain.

3. Objectives of the Study

Thus, the specific objzctives of these studies were to
détermine’whether: | |
1. PGI, produced by undaﬁaged vessel walls could be

responsible for the non-thrombogenicity of.norﬁal

endothelium.

2. PGI, produced by endothelial cells with thrombin bound
to their surface limited the accumula?%oy of platelets

on the endothelium.

3. PGI, produced by vessel walls was responsible for the
loss of reactivity of damaged vessél following the
accumulation of a layer of platelets on the surface

.o ~

-exposed when the vessel was de-endothelialized by a

) ballcocon catheter. )

4. PGI, produced by vessel walls was responsible for the
loss of reactivity of a vascular surface several days

following injury.

5. PGI; produced by vessel walls was responsible for the

loss of reactivity of vessels following the



/\
accunnlation of platelets on a surface where there was
activation of coagulation and generation of thrombin,

for example, on injured necintima.

products of the lipoxygenase pathway were responsible
for the non-thrombogenic properties of the undamaged

endothelial surface.

products of the lipoxygenase pathway were responsible
for the loss of reactivity of a damaged vessel soon

after injury.

238
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B. Results

1. Effect of PGI, Produced by Vessel Walls on the

Accumulation of Platelets on the Endoéhelium
To deterﬁine whether the production of PGI, by vessel
walls is responsible for preventing platelet accumulation on
the surféce of normal endothelium, PGI, production by rabbit
aortae was inhiSited by treatment with aspirin, and the
effect was examined on the accumulation of platelets on the
aortic endotﬁelium in vivo and in vitro. -

- As previously discussed in thé.Méterials and Methods,
some radioactivity became associated with the aortae on the
rotating probe when they were exposed to supernatant from
suspensibns of Slcr-labelled platelets. Similarily, some
radioactivity from suspensions of Sler-labelled platelets
injected into the animals became associated witk normal
gidamaged vessels. However, morphological examination of
these vessels reve?led no adherent plételet§ on the vessel
surface. When platelet adherence was high (approximately
40,000 per mm?) , values for adherence determined radiometri-
cally were similar to the values determined morphometrically.
-Thus, when the quantity of radicactivity associated with the

vessels is very low, it may not represent the accumulation of
labellgg platelets, but rather the .association of non- .
platelet bound radicactivity with the vessel wall.  With

platelets prepared and labelled as aescribed in the Materials

and Methods section, values for platelet accumulatéon of
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approximately l,SOO/mm2 on vessels on the rotating probe, or
2,500/mm2 on vessels in vivo can be attributed to zedioac-
tivity associated with tﬁe vessels that does not represent
'platelet'accumulation on the veséel surface.

In vzvo, the accumulatlon of Slchqsrlum on the endo-
thelium 15 minutes folloﬁlng the infusion of aspirin (100
mg/kg) was similar to the accumulation of SlChrqmium on
aortae in animals treated with Tyrode's solution (Table VII).
Previous studies showed that accumulations of this -amount of
radicactivity did not represent Dlatelet accumulation on the

‘\..
surface of the vessel, but was due to non-platelet- bouﬁd

Slehromium associated with the vessel. Therefore, these

results indicate that there was no platelet accumul;tion'on
the endothelium in animals treated with aspirin or with
Tyrode's solution.

Platelets might not accumulate on aortae in animals
treated with.aspirin because: 1) the surface has retained its
nonjteactivity to platelets through a mechanism that is
independeﬁt of PGI, production, or 2) the platelete exposed
to aspirin are incapable of accumulating on the endothelium.
As shown in a later experiment (Table XI), when aspirin-
treated élatelets were infused into rabbits their accumula-
tion on damaged vessels was similar to the accumulation of
" platelets that were not treated with aspirin. These results

indicate that platelets in animals treated with aspirin were

capable of accujulating on a reactive surface. Since abol-

-

~
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TABLE VII

EFFECT OF A£;I€IN ON THE ACCUMULATION OF RADIOACTIVITY

FROM A SUSPENSION OF °lCR-PLATELETS

ON AORTAE WITH NORMAL EN?OTHELIUM—IN Vivo
+

i
TREATMENT PLATELET ACCUMULATION PGI,

OF ANIMALS NO. PER SQ. MM. NG/MG DRY WEIGHT
TYRODE 3,000 + 1,000 0.15 + 0.05

x

ASPIRIN .

{100 MG/KG) 3,500 + 1,000 0

Mean valuesli SEM for 3 animals in each group. Two hours
after the infusion of 51Cr-platelets, the animals received an
intravenous injection of aspirin (100 mg/kg). Fifteen min
later, the animals were killed by perfusion~fixation. The
aortae were removed, the radiocactivity associated with them
was measured, and the accumulation of platelets was calcu-
lated. (As pointed out in the materials and methods, this
does not represent platelet accumulation, but rather non-
specific accumulation of radicactivity.) In a separate group
of animaléwtﬁéﬁg}fgsffgg this concentration of aspirin on
PGI, production by the aorta was examined. Animals were given
elther Tyrode solution or aspirin intravenously 20 min before
they were exsanguinated and the acortae were removed for the
measurement of PGI, production by the biocassay (method 2)
described in the Materials and Methods. In this method
arachidonate was not added to the medium used for incubatiecn
of the vessels. Results of the Studentized range test show
that the difference in élatelet accumulation between the
groups is not significant.
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ishing éélz production by vessel walls did not result in -the
accumulation of platelets-on ;he endothél!tm,_it appears that
PéIz is not responsible for the non-thrombogenid properties
of the endothelium.

When the effect of treatment of aortae with aspirin
(2 mM) in vitro on.the adherence of untreated platélets to
the endothelium of vessels éverted on a‘rotgting pFobe was
examined, the adhesion of platelets to the-damaged vessels
treated with aspirin and those not treated with aspirin was
similar {Table VIIf). The concentration of aspirin used in
these studies was sufficient to abolish the production of
PGI, by the cells of the vessel wall, even in the presence of
added sodium arachidonate (Table VIII). Therefore, these.

results do not support the hypothesis of Moncada and his

colleagues (1977).

¥
2. Effect of PGI, Produced by Vessel Walls on the Adherence

of Platelets to Thrombin-Treated Endothelium In Vitro

Since, PGI, production by endothelial cells exposed to
thrombin might be iﬁportant in limiting platelet accumulation
on the surface of the vessel, particularly in regions
adjacent to thrombi forming at sites of vascular injury, the
effect on platelet accumulation of inhibiting PGI, produc;ion |
by 'undamaged' aocrtae treated with thrombin was examined 1in

vitro. (Since some small areas of endothelial were injured

during preparation and eversion of aortae on a probe



TABLE VIII

EFFECT OF TREATMENT OF UNDAMAGED AQRTAE WITH ASPIRIN

ON THE ADHERENCE OF PLATELETS IN VITRO

TREATMENT ‘ PLATELET ADHERENCE .PGI, PRODUCTION
OF AORTAE NO. PER MM. SQ. NG/MG DRY WT.
TYRODE 7,300 + 1,000 3.5 + 0.5
ASPIRIN 7,100 + 1,400 !

Mean Galues + SEM for 4 aortae in each group. The vessels
were mounted on probes and incubated for 30 min in Eagle's
medium containing 4 per cent albumin ®nd either Tyrode
solution or aspirin (2mM). The vessels mounted on a probe
were rinsed in 2 changes of 10 ml portions of .Eagle's medium
before the adherence of platelets was tested. A segment of
vessel was removed from the aortae after they were everted on
the plastic tubing (but before they were rotated in a
suspension of platelets), and the production of PGI, by the
segments was measured by the bicassay method 2 described in
Materials and Methods. Results of the Studentized range test
show that the difference in accumulation between the groups
1s not significant.

7

o

i
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[Figure 29B, page ;48] the endothelium studied in these
experiments was not completely undamaged.) Table IX shows
that treatment of aortae with thrombin (20 U/ml) increased
platelet a@herencé to the 'undamaged' endothelium of
‘thrombin-treated vessels several fold when compared to the

. s
adherence. to untreated vessels. However, the accumulation of
plafelets on the untreated aortae or those treated with
thrombin was not enhanced by treatment of the Qessels with
aspirin (2 mM). Although the concentration of aspirin that
was used in these experiments abolished the production of
PGI, by the vessels that were not treated with tﬁrombin, this
concentration of aséirin was. not sufficient to comple;ely
abolish the production of PGI, by the vessels that were
stimulated by treatment with thrombin.

Sincé plafelets can produce ;GGz and PGH,, that could
be used by the cells of the acortae as precursors for the
production of PGI,, the effect of treating platelets with
aspirin on their adherence to aortae that were treated with
thrombin was also studied. In addition, the production of
PGI, by these vessels was determined.. Table X shows that . the
treatment of 'undamaged' vessels with aspirin did not alter
the accumulatioﬁ of aspifin—treated platelets on the vessels.
Altheough thrombin treatment increased platelet accumulation
on tha 'undamaifd' endothelial surface of both the aspirin-
treated and control vessels, treatment of the vessels with

aspirin did not enhance the accumulation of platelets when



TABLE IX

EFFECT OF TREATMENT OF AORTAE WITH ASPIRIN

ON THE ACCUMULATION OF UNTREATED PLATELETS

"

ON 'UNDAMAGED' RABBIT AOQORTAE EXPOSED TO THROMBIN'_

TREATMENT PLATELET ACCUMULATION PGIZVPRODUCTION
OF AORTAE NO. PER MM. SQ. NG/MG DRY WT.
TYRODE-TYRODE 7,500 + 1,400 a 0.4 + 0.1
ASPIRIN~TYRODE 6,600 + 700 b 0
TYRODE-THROMBIN 31,400 hal 6,400 ¢ f 5.8 + 0.8
ASPIRIN-THROMBIN 24,400 + 3,300 & 0.9 + 0.03

=
Mean values + SEM for 4 aortae in each group. The vessels
were mounted on a probe-and incubated for 30 min in Eagle's
medium containing Tvrode sclution or aspirin (2 mM). The
aortae were then rotated for 1 min zat 200 rpm in either
Tyrode .solution or purified bovine thrombin (20 U/ml) in
Tyrode solution, and rinsed twice in 10 ml portions of
modified Tyrode solution before rotating in a suspension of
SlC:—platelets to measure platelet accumulation, The Results
of the Student's 't' test show that a vs b, not significant;
a vs ¢, p<0.02; b vs d, p<0.02; c vs 4, not significant. A
segment of vessel was removed from the aortae after they were
everted on the probe (but before they were rotated in a
suspension of platelets), and the production of PGI, dy th?/#
segment of vessel was measured by the biocassay (method 2)
described in the Materials andé Methods. h



TABLE X

EFFECT OF TREATMENT OF AORTAE WITH ASPIRIN
ON THE ACCUMULATION OF PLATELETS TREATED WITH ASPIRIN

ON 'UNDAMAGED' RABBIT AQRTAE EXPOSED TO THROMBIN

PREATMENT " PLATELET ACCUMULATION- PGI., PRODUCTION

OF AORTAE NO. PER MM. S$Q. NG/MG DRY WT.
TYRODE-TYRODE F 6,000 + 500 a . 0.3 + 0.1
ASPIRIN-TYRODE 8,000 + 1,300 b 0
TYRODE-THROMBIN 32,300 + 3,400 ¢ 0.8 + 0.1
ASPIRIN-THROMBIN 27,000 + 3,000 & 0

Mean values'i SEM for 6 aortae iﬁ each group. Platelets were
incubated for 15 min with 2 mM aspirin in the second washing
solution. The vessels were incubated -for 30 min in Eagle's
medium containing Tyrode Solution or aspirin (ﬁ mM) , rotated
for 1 min at 200 rpm in either Tyrode solution or purified
bovine thrombin (20 U/ml) in Tyrode solution, and rinsed
twice in 10 ml portions of modified Tyrode solution before
platelet accumulation was measured. The results OF the
Student's 't' test show that, for the comparison between

a vs b, not significant; a vs ¢, p<0.0l; b vs d, p<0.01;

¢ vs d, not significant.

{;4
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compared to the %ccumulation on vessels that were not treated
with aspifin; Although the aspi;in-treated vessels were
capable of generating some PGI, when the platelets werenﬁdt
treated with aspirin (Table IX), when the platelets were
treated with aspirin; the producticn of PGI, by the
'undamaged' wvessels that were treated_with aspirin was
'abolisheé,‘even when the ve§éels were exposed to thrombin.
These results indicate that the vessa2l wall was capable of
utilizing the PGG, and PGH, contributed by plateletg for the
generafion of éGIz. | 9
Scannihg electron micrographs of the surfaces of
everted aortae used in these studies showed that platelets
achered only in regions where the endothelium was accident-
ally &amaged {Figure 29)}. There was no evidence of plét_let
accumulation on the surface of the undamaged*endothelium of

vessels not treated with thrombin (293}, or c¢n the undamaged

endothelium of vessels exposed to thrombin (20 U/ml) Safore

L)
LY

rotation of the vessels in suspensions of platelets (29C).
However, platelet accumulation on damaged regions of the
vessels (29B) was gréatly enhanced when the vessels were

treated with thrombina (29D).

-
”~

Thus, since platelets did not accumulate on the

Iizm
3

«

\ .- . . v - -.
»endothelium when Plal , praduction was inhibited, 1t appears .

that the nen-thrombogenicity of the endothelium is not due to
' o R ‘
the generation of PGI, by the” vascular cells.

. Although tHPombin treatment did not promote platelet
‘b ‘1 - . " . % )

- . L - ) ) -
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FIGURE 29

SURFACE OF ENDOTHELIALIZED RABBIT AORTA

FOLLOWING EVERSION ON PROBE AND EXPOSURE TO THROMBIN

These scanning electron micrograph show the surface of
previously undamaged rabbit aortae that have been everted on

a probe and then rotated in suspensions of platelets. There

-

is no evidence of platelet accumulation on the, undamaged

endothelium (A). Single platelets adhere to the subendo-
thélium exposed by vessel injury (B). These areas of-the
vessel were likely damaged during the prep&ratiou and
everéion procedure. There is no evidence of platelet

accumulation on the endothelium on the- undamaged endothelium

\\- .

L s »
when véssels mounted on a probe were exposed to thrombin (20
™~

. . .
U/ml) before they were rotated in a suspension of platelets
(C).. However, platelet thrombl accumulated on the in regions

L]
of endothelial damage on vessels yexposed to thrombin (D).

~
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accumulation on undamaged endothelium, this treatment in-
creased platelet accumulation in regions where thé.Lndothel-
ium was damaged or lost. However, PGI, generation by the
vessel wall was not capable of 1im%ting the accumulation of

platelets on these damaged areas of the thrombin-treated

vessels under these experimental conditions.

3. Effect of PGI, Produced by Vessel Walls on the

Accumulation of Platelets on the Subendothelium In Vivo

and In Vitro

Although a de-~endothelialized vessel is only capable
of generating approximately 2 ng of PGI,/mg of dry weight of
tissue, this represents appfoximately 95 per cent ¢of the
total PGI; generated by the vessel wall (Moncada et al.,
i977). iince cells of the vessel wall generate PGI, in
responsiéto stimuli, the removal of the endothelium with a
balloon catheter might stimulate the vascular cells to gen-
erate sufficient PGI, to limit platelet accumulation soon
after injury, and inhibit subseguent platelet accumulation on
the vessel. Therefore, the effect of inhibiting vessel wall
PGI, producﬁion with aspirin on the accumulation of platelets.

on the subendothelium in vivo and in vikroc was examined.

. A
In vivo

k]

The accumulation of platelets in vivo on the aortae of
- -3

rabbits 10 minutes foilowinWﬁe endothelium
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was similar for animals that dé?gitreaﬁed with aspirin

(25 mg/kg) 10 minutes before injury, and for animals that
received no'éspirin (Table XI). Similarly, treatment with a
higher dose of aspirin (100 mg/kg) did not affect platelet

. . ‘

zaccumulétion on the subendothelium of rabbit aortae.
Although the lower concentraéion of aspirin (25 mg/kg} did
not abolish the production of PGI2 by the vessel wall, the
highexr concentration (100 mg/kg) was sufficient to inhibit
PGI, production completely. Thus, the inhibition of the
generation of PGI, by aortae by treating rabbits with aspirin
produced no significant difference betwéen the accumulation
of platelets in the group that were treated with aspirin and

the control group.

'In vitro

Table }II shows the effect on platelet adhesion in
vitro of treating platelets with aspirin to prevent the pro-
duction of PGG, and PGHp, that could be used;by the vessels
for’ the generation of PGI,;. As can be seen in table XII,
1) the acdherence of aspirin-treated and édntrol platelets to
the subendothelium of untreated vessels was similar, and
2) treatment of the vessels Qith éspirin did not change the
extent of adherence of control or aspirin-treated platelets.
In additicn, when vessels were\tisated with sodiuﬁ arachidon-
ate to provide substrate for the cyclooxvgenase in the cells

cf the vessel wall and thereby enhance the possibility of

-~

A}



TABLE XI

EFFECT OF ASPIRIN ON PLATELET ADHERENCE

TO AORTIC ENDOTHELIUM AND SUBENDOTHELIUM IN VIVO

' 3
SURFACE  TREATMENT PLATELET ADHERENCE PGI, PRODUCTION
STUDIED OF ANIMALS NO. PER MM. SQ. NG/DL
A
EXPERIMENT A "y
ENDOTHELILUM 2,300 + 900 0.15 + 0.05
SUBENDOTHELIUM »
NO ASPIRIN 47,900 + 4,200 a  0.23
. .
ASPIRIN (25 MG/KG) 54,900 + 6,500 b 0.04 + 0.006
EXPERIMENT B*
SUBENDOTHEL IUM .
NO ASPIRIN 34,800 + 1,900 ¢ 0.37 + 0.1

ASPIRIN(100 MG/KG) 31,800 + 3,400 & 0

INFUSED WITH
ASPIRIN-TREATED
PLATELETS 34,300 + 4,300 e

Mean vai:%ﬁ + SEM for 12 or 3* animals in each group. Animals
that were-infused witn SlCr—platelets 2 hr earlier, received
an intravenous injection of aspirin 10 min before removal of
the endothelium with a balloon catheter. Animals were killed
by perfusion-£fixation 10 min following injury and the radio-
activity asscciated with the aortae was measured. One group
was infused with aspirinétreated 51Cr-platelets before
injury. Results of the Student's 't' test show that there are
no significant differences between adherence in groups a and
b, or among groups ¢, € and e. In a separate group of
animals Tyrode solution or aspirin was given 10 min belfore
exsanguination and removal of vessels for measurement of PGI,
production by the bioassay (method 2) described in Materials
and Methods.

)

|
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TABLE XII ”
EFFECT OF TREATMENT OF PLATELETS AND AORTAE WITH ASPIRIN
ON THE ADHERENCE OF PLATELETS TO SUBENDOTHELIUM IN VITRO
TREATMENT OF: PLATELET ADHERENCE PGI-, PRODUCTION
PLATELETS AORTAE NO. PER MM. SO. NG/MG DRY WT.
TYRODE . .
TYRODE* 36,500 + 4,700 0.4 + 0.7
ASPIRIN® 41,700 + 3,100 0
ASPIRIN i :
TYRODE 42,900 + 2,900 0.5 + 0.05
ASPIRIN ) 37,100 + 1,300 0
TYRODE + Na 39,600 + 1,600 1.5 + 0.3
ARACHIDONATE
ASPIRIN + Na 38,200 + 2,500 0
ARACHIDONATE

Mean values + SEM for 6 or 3* aortae in each group. The
suspensions of platelets were incubated with aspirin 1 mM or
Tyrode solution in the second washing soluticn. Vessels

were incubated in Eagle's medium containing either Tyrode
solution or aspirin (2 mM) for 30 min, and 15 min after :the
beginning cof incubation, either Tyrode solution or sodium
arachidonate (0.05 mM) was added to the incubation solution.
The aortas were rinsed twice in 10 ml portions of Eagle's
medium before platelet adhesion was tested. An analysis of
variance showed that there is no significant difference among
the values for platelet adhesion in each of the groups. A
segment of vessel was removed from the aortae after they were’
“everted on the probe (but before thev were rotated in a
suspension of platelets), and the production of PGI, by the
vessels was measured by the bicassay (method 2) described in
the Materials and Methods.
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PGI, production, the accumulation of platelets on the aortae
was not diminished when compared to the accumulation on the
vessels that were treated with aspirin to prevent the
generation of PGI,. In each of the groups the treatment of
vessels with aspirin abolished the productiocon of PGI,.

Since the inhibition of the productign of PGI, by the
vessel walls dees not alter the accumulation of platelets on
the subendothelium of aortae in vitro or in vivo, it appears
that the production of PGI, by the vessel is not responsible
for the loss of reactivity of a vessel soon %fter the removal
of the endotheliuﬁ. In addition, the treatment of platelets
with aspirin does not diminish their ability to accumulate on
damaged vessels. These results indicate that the cyclooxy-
genase pathway is not required for platelet adhesion to a

<

damaged vessel wall.

4. Effect of PGI, Produced by Vessel Walls on the

Accumulation of Platelets on Acortae 4 or 7 Days fellowing

Removal of the EndotHelium with a Balloon Catheter

Since the capacity of the vessel wall to génerate PGI,

begins to recover several days following removal of the

(endothelium §Eldor et al., 1981), it was considered possible

that the PGI, produced by the vessel could be responsible for
the non-reactivity of the injured surface during this period.
Therefore, the effect on platelet accumulation of inhibiting

PGIy produc?ion by vessels 4 or 7 days following injury was

L3
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examined.
' when Slcr-labelled platelets were infused}in}o animals
before the removal of the'endothelium, 29,100 pl_atelets/mm2
éccumulated on the vessel during a 30 minute pe}iod following
injury (Table XIII). However, when Sleg~labelled platelets,
or labelled platelets and aspirin were infused into animals 2
days following injury, few platelets accumulated during the
following 30 minute period on the vessels of aspirin-treated
animal or animals that didé not receive aspirin. The accumu-
lation of platelets in thg aspirin-treated groups was'nqt
significantly different from the accumulatioﬁ in the control
groups dpring.a 30 minute period 4 or 7 days following
injury.

Table XIV shows that 4 or 7 days following removal of
the endothelium with a balloon catheter, the accttmulation of
platelets in vitro on vessels that were treated with aspirin
and vessels that were not treated with aspirin was similar.
The results of these experiments!indicate that PGI, produc-
tion by aortae was not responsibfe for preventing platelet
accumulation on the vessels during a period of 7 days

following the removal of e endothelium.

5. Effect of PGI, Produced by Vessel Walls on the

Accumulation of Platelets on Injureé Necintima In Vivo
Since thrombin is generated on the injured neocintima,

and thrombin stimulates vascular cells to generate.PGI,, it



TABLE XIII

EFFECT OF TREATMENT OF RABBITS WITH ASPIRIN
ON THE ACCUMULATION OF PLATELETS ON AORTAE IN VIVO

2, 4 OR 7 DAYS FOLLOWING DE-ENDOTHELIALIZATION <

PLATELET ACCUMULATION

TIME OF INJURY NO. PER MM. S50Q.

WITH A BALLOON . )
CATHETER NO ASPIRIN ASPIRIN (100 MG/KG)

FRESH INJURY : 29,108 + 1,200

DAYS AFTER INJURY

2 : 7,800 * 4,300 ~

\ .
4 6,300 + 3,000 3,500 + 500
7 1,800 + 500 3,200 + 500

Mean values + SEM for 3 animals (*n=2) in each group.
SlCr—platelets were infused into rabbits ihmediately before
removal of the endothelium, or SlCr-platelets and aspirin
{100 mg/kg) were infused 2, 4 or 7 days following injury.
Anﬁmals were killed by perfusion-fixation 30 min after the
infusion of platelets. The radiocactivity associated with the
vessels was measured and accumulation cof platelets on the
vessels was calculated. Resulits of the Studentized range :test
show that the differences in accumulation between the group
that received no éspirin and the group treated with aspirin

at 4 days or at 7 days. are not significant.



" TABLE XIV

EFFECT OF TREATMENT OF AORTAE WITH ASPIRIN
. ON THE ADHESION OF PLATELETS TO THE VESSELS IN VITRO

4 OR 7 DAYS FOLLCWING DE-ENDOTHELIALIZATION

' : PLATELET ADHERENCE
TIME OF INJURY . . NO. PER MM. SQ.

WITH A BALLOON _ :
CATHETER TREATMENT OF AORTAE
- NO DRUG ASPIRIN

FRESH INJURY 47,100

DAYS AFTER INJURY
4 6,800 6,200

7 - 2,200 2,000

;EMean values cobtained for 2 aortae in each group. The vessels
€?Were incubated in Eagle's medium with 4 per cent albumin and
Tyrode solution or aspirin (2 mM) for 15 min. The aortae
* were rinsed twice in 10 ml portions of Eagle's medium with 4
per cent albumin before ptatelet adhesion was tested. The
radicactivity associated with the vessels was measured and

the adherence of plateleté to the vessels was calculated.
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was considered possible that PGI, produced by the injured
neointima might be capable of limiting platelet accumulat%pn
on the vessel, Therefore, the effect of'treatmént of aortae
with aspirin on the accumulation of platelets in vivo on the
neoinﬁima injured with a balloon catheter was determined.
Tabie XV shows that-the‘accumulation of platelets on aortae
lO.minutes following injury to the necintima .in animals that
recelved no aspirin was not significantly different from the
accumulation in the group that were treated with aspirin (100
mg/kg). The concentration of aspirin used in these studies
did not aboliéh PGI, production by the vessels, although its
generation.qu decreased by more than 90 percent; the accum-
ulation of platelets on the surface of the injured neointima
was not altered under these cirxcumstances. Since the vascu-
lar cells are capaﬁle of generating new cyclooxygenase, it is

~

possible that newly synthetized enzyme was reéponsible for
the PGI, generated by the vessels treated with aspirin.

Thus, although thrombin was generated and. fibrin formed on
the injured neointima, PGI, production by the vessel wall was

not responsible for limiting platelet accumulation on this

surface.

(‘-w.
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EFFECT OF INHIBITING PGI, PRODUCTION
BY TREATMENT OF RABBITS WITH ASPIRIN

ON THE ACCUMULATION OF PLATELETS ON INJURED NEOINTIMA IN VIVO

TREATMENT PLATELET ACCUMULATION PGI, PRODUCTION
OF ANIMALS NO. PER SQ. MM. PER CENT PRODUCTION
. BY NORMAL VESSEL

NO INJURY ’ 100
INJURY TO NEOINTIMA .

NO ASPIRIN 53,200 + 11,200 96.4

ASPIRIN (100 MG/KG) 48,100 + 7,900 9.3

Meanmvalues + SEM for 8 animals in each group. Seven'days
following removal of the endothelium ahd 2 hr following the
infusion of SlCr—pla_telets, the animals received an intra-
venous'injection of aspirin and 10 min later the necintima
was injured with a balloon catheter. The animal$§ were killed *
by perfusibn-fixation 10 min following injury, the radicact-
ivity associated with the aortae measured and the accumula-
tion of platelets calculated. The Studentized range test
showed no significant difference between the groups. PGI,
production by the vessels was measured in another:group of
animals. These animals were given espiiin 10 min before they
were exsanguinated and the vessels were removed for the
measurement of their PGI, production by the biocassay (method
2} described in the Materials and Methods. Since synthetic
PGI, was not available for a dose-response curve at the time
¢f these studies, PGI, production was determined by measuring
the of inhibition of release of platelet granule contents
produced by the supernatant in which the vessels were incu-
bated! and expressing the values as a percentage of the value
for aortae from which the endothelium was not removed. |
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6. Effect of Products Generated by the Lipoxvaenase Pathway

on the Accumulation of Plateléts on Rabbit Aortae

In Vitro X

Since arachidonic acid released by stimulated cells
can also be metabolized by the lipoxygenase pathway, products
of this pathway migh; be capa‘ble of affecting platelet -}
adhesion to vessel walls. Buchanan and co-workers (1983)
reported that inhibition of the lipoxvgenase pathway in
cultu:ed.endothglial cells enhanced platelet accumulation on
their surface, LTherefore, the effect of inhibiting lipoxy-
genase on the accumulation of platele®s on the endothelium
ané the subendothelium of aortae was determined in in vitro
studies. _

In these experiments, ETYA (15-hydroxy-5,8,11,13-
eicosatetraenocic acié), NDGA (nordihvdroguiaretic acid}, or
salicylate were used to inhibit the generation of procducts of
the lipoxygenase pathwav. When everted aortae with
'undamaged' endothelium were rotated in a suspension of S}Cr—
labelled platelets, onlyvy 2,300 platelets/mm2 acdhered to thg
vessel (Table XVI). Similarily, few platelets adhered to the
endothelial surface of vessels treated with ETYA, NDGA oz
salicylate for 20 minutes before rotation in a shspension of

5 c . LN : .
5lcr-1abelled platelets. As indicated previously in £th

(1)

Materials and Methods, this may not represent actual pl

fu

telet

adhesion, since much of this value likely represenis non-
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TABLE XVI

EFFECT OF TNHIBITORS:OF THE EIPOXYGENASE)PATHWAY—"

. ON THE ADHERENCE OF -PLATELETS TO ENDOTHELIUM IN VITRO

. DrRUG ‘PLATELET ADHERENCE’
TREATMENT . NO. -PER SQ. MM.

A.VESSEL TREATED WITH DRUG

5 K .
NONE 2,300 + 300
v ETYA 30 uM : 3,700 + 1,000
. NDGA/10 unM - 2,900 +3 500
SALICYLATE.100 u’ 2,500%
.sanzcynafé‘sao_ﬁm - 1,900* .

B.PLATELETS + VESSELS TREATED WITH DRUG -

! NONE . 1,400 + 600
. ETYA 30 uM 1,300 + 100
NDGX 10 uM 1,700.+ 100

Mean values + SEM 4 aortae (*n=2) in each group. In experi-
ments in which the vessels alone were treated, they were in-
. cubated with the drug in Eaglels medium\containing 0.35 per
cent albumin for 30 min before-rotatién.‘when the vessels and
plgteleté wére treated with drug, the vessels were treated as
above, and in addition, the platelet suspensiong‘were incu-
bated with drug for 10 min before platelet adhesion was
tested. An analysis of variance shows that the differences
i? platelet acdherence among the groups in each study are not
significant. When suspensions of. these platelets were exposed
to subendothelium they adhered to the surface in numbers sim-
ilar thosé seen in other studies, indicating that they wére A
’;apable of adhering to a reactive surface.

14 \\_
—
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platelet bound radioactivity that became assébiatéé with the
-vegsélz’,In addition, previous'observations\(ChaptetiIIIy

. . ‘ o7 \
indicate that some of this accgmulgtipn is due to the adher-
ence'of'piaﬁelets in areas of'endothelial dahaged érbduced
during the preparation and eversion of ;ﬁefvgsseié on the

probe. When suspensions of the platelets used in these
- : . -

studies were exposed to everted de-endothelialized aortae on

-

a Fotating probe approximately 22;800.platets/mm2 adhered to
the éurface of the vessels; iﬁdicating that these platelets
. werésacapable of adheriné to a reactive surface.
It was possible tﬁét, when vessels were treated with

-

the drugs prior to the rotation of the vessels on the probe,

some of the drug was'washed out of the tissue during the

period of rotation, thereby diminishing the effect of the

~

drug. Therefore, Ehe_effect of treating both the vessels and
platelets:with the drﬁgs prior to and during rotation was
also examined. There‘was little platelet accumulation on the
endothelial surface when neither splatelets or vessels were
treatea\with drugs, or ghen'both platelets‘and vessels were
‘treated with NDGA or ETYA (Table XVI).

When the effect on the adherence of platelets to the
subendothelium of treating both platelets and vessels with
lipoxygenase inhibitors was examined, there was no signifi;
cant difference between platelet adherence- in the groups that
were treated with drﬁgs and adherence in the group that was

not treated with drug (Table XVII). In addition, the treat-—
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‘ “PABLE. XVII .
.,{ [ ] > c . . : .
EFFECT OF TREATMENT OF PLATELETS AND VESSELS
WITH INHIBETORS OF THE LIPOXYGENASE PATHWAY
ON THE ADHERENCE OF‘ELATELETS TO SUBENDOTHELIUM
DRUG TREATMENT OF: ’ PLATELET ADHERENCE
PLATELETS AND VESSELS n : _NO. PER SQ. MM.
. . . .. i
ETYA 30 uM 8 33,400 + 4,200Q
- . . -
NDGA .10 uM 4 . 38,100- ¥ 8,400
SALICYLATE 500 uM 4. . .39,400 + 5,700

Mean values + SEM. 'n? equals number of ahiméls in each
group. Everted vessels mounted on a probe were incubated
with_€he drug in EBagle's mediuth céntaininé 0.35 per cent
albumin for 30 min and rinsed twice in 10 ml portions of
J/Qeglé's medium befdre rotation in a platelet suspension
containing platelets treated with the drug for, 10 min before
platelet adhesion was tested. An analysis of variance shows
that the differences in adherence among the groups are not
significant. £

——
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ment of platelets with aspirin did not alter their adherence
to vessels treated with ETYA, or with £TYA and aspirin

.= " -
. } .

{Table XVIII).. -

‘Since the'inhibitiop of either the cyclooxygenase
pathway or the lipoxygenasefpathway could result in the
di&efsion oflarachi@onig acid to the other paﬁhway‘and en-
hance the generation of its products,,théﬁeffect of pteveqt—
ing the :elease‘gf arachféonic acid from membrane phospho-
lipids, thereby making theqsubst¥ate for eitber_éathway
unavailable, w;s examined. 'The results o{/;hese studies are
shown in fable‘XIx, Experiment A. There was litéigzélatelet
adherence to the endothelium when either platelets, vessels,

botp platelets ang vessels were treated with mepacrine, or

neither platelets nor vessels were treated with drug. These

-

\xesults are consistent with the view that the products of /
neither the cyclooxygenase nOf lipoxygenasé pathways are
respopsiblé'for preventing plateléts from accumuiating on the
endothelium under the conditions of these experiments.

| -When eiéhef platelets, vessels, or both platelets and
vessels were tregted with\hepacriAe to inhibit reléase of
aréchidonic acid by the phospholipaes, pl;telet adherence{té
the subendothelium was similar to the adherence when neither

platelets or vessels were treated with drug . (Table XIX, L

Experiment B), ) -
: A .

'
oducts of arachidonic acid formed by the vessel

N : a

-
results of these experiments which examined the b'
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. EFFECT OF TREATMENT OF PLATELETS OR VESSELS Y -~
i ' ' NasE 3 éxx,/// |
~-WITH INHIBITORS OF THE LIPOXYGENASE PATH

ON'THE ADHERENCE TO THE SUBENDOTHELIUM
; . .
OF PLATELETS TREATED WITH ASPIRIN .

DRUG_TREATMENT .QF': ‘ . PLATELET ADHERENCE
PLATELETS  VESSELS n NO. PER SQ. MM.
NONE NONE 5 . 43,900 + 6,700
“NONE - ETYA s 38,200 + 7,300
ASPIRIN NONE 4 - 36,900 » 2,800~ — -
ASPIRIN ETYA + e 032,900 + 7,200

ASPIRIN

Mean values iTSEM. 'n? equal§'ﬁu$5er of vessgels in each
group. Platelets were incubated with aspirin (1 mM) in the
second washing solution for 15 min. Vessels were incubated
'witg ELYA (30 uM) or'a combin;tion of aspirin (1 mM) and ETYA
(30 uM) in Eagle's medium containing 0.35 per &ent albumin
£or 30 min and then rinsed twice in 10 ml bbrtions of Eagle!ls
medium without any added dfugs before platelet adhesion .was
eggsi;;_ii_analysis of variance shows that the differences

in platelet adherence among the groups are not significant.

e |
t -

~
-~
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- : TABLE XIX
— . ' .
EFFECT OF MEPACRINE, AN INHIBITOR OF PHOSPHOLIPASE Ay,

o : . . : 4
ON THE ADHESION OF PLATELETS TO ENDOTHELIUM OR SUBENDOTHELIUM

-

v SURFACE MEPACRINE' PLATELET ADHERENCE
STUDIED_ : TREATMENT NO. PER S5Q. MM,

EXPERIMENT A

ENDOTHELIUM NONE . 1,100 + 200
¥ 77 prateLETS . 1,700 + 700
VESSEL : L 1,400 + ~500 =
PLATELETS + VESSEL 1,000 ¥ ° 100
EXPERIMENT B - - h |
SUBENDOTHELIUM NONE — 26,500 + 3,100
| “PLATELETS ’ . 28,300 + 7,800
"VESSEL ) 25,100 + 4,600,
PLATELETS + VESSEL 28,800 + 9,000

Mean values + SEM for 4 aortae in each group. Platelets were
incubated with mepacrine (100 uM) for 30\min in the second’
wash, and then washed a third time. Vessels were incubated
with mepaciine (100 um) in Eagle's medium for 30 min, ringed
_in fresh Eagle's medium for 1 min, and for 10 min in a second
wash before platelet adherence was tested. An analysis of
varianée shows that the differences in'platelet adherence
among the groups are not“;ignificant. In experiment A, when
suspensions of these platelets were exposed to subendothelium
(data' not shown) they accumulated in numbers similar “to those
seen in other studies, indicating thét these plateleté'were
‘capable of adhering to a2 reactive surface.
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" wall on t@e aécuﬁukatioqi&? platelets on ;}bbit:éartae

: \indica;efthat pébducts of neither the cycioekyéena;e'nor
'lipoxygenase péthways are ‘responsible for a)'the.nonl )

reactiviiy of ﬁormal endothelium:todeateiets, 53 ;imitiné or

otherwise modifying platelet interactionfﬁith damaged v

vesse;:;ic} ﬁhe'loss‘gf feactivity of a vessel soon after

injury,:or d) the non-reactivity of the surface of a vessel

éevera; déys-following injury.
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a) Role of PGI, in non-thrombogenicity of endothelium

~ . | o '26-8’

C. Discussion

‘. It has been speculated that products_of the arachi-, r 7
3 AN -

~ - . _ .
donic ‘acid pathway formed through both the cyclooxygenase and

lipoxygenase pathwéys might play a role in preventing plate-
1et'accﬁﬁulag}on on ‘'undamaged endotheliﬁé and liﬁiuing

plaﬁeret accumulation on the surﬁace'quéamaged vesselé? The
fesults of the studies described beloy indicate that, l)-PGlz )
produced by vessels does?not appeai to be responsible for the
lack of thrombogenicty of undamaged_veséels or the loss of
reactivity. of injured vessels, and 2) that proéucts of the
lipoxygenase-pathway do.not contribute significantly to the

'

non-reactivity of normal endothelium, or to the loss of

reactivity of an injured vessel.

- +
.
b

1. PGI, Produced by Vessel Walls: Its Role in InXibiting

»
Platelet Accumulation on Vessel Walls

- - )

The results of the present experiments show that the
inhibition of PGI, production by aspiriﬁ had ne effect on

p}gtelet accumulation on the endothelium of rabbit aortae
h . N

either in vivo or inm vitro. although these results do not
agree with the hypothesis that PGI, production by the vessel
wall is responsible for the non-thrombogenicity of normal .

vascular endotheliumk(Moncada and Vane, 1979b}), these findings
|

are in agreement with those of Czervionke and co-workers

A
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(1978) ;nd Curwen and co-workers (1980), whp %eported ‘that
aspirin=-treatment of‘endothelial cé}is-in cultuge did_gzg *
enhance ﬁi%ﬁel&f adherence té the cell surface. Although
Dollery aﬁd Hensly (1958) Enitially suggesteé that circulat-“
ing PGI, functions assan aétithrombotic agent, it has sub-
sequ;ntly beenlgkbwn that li;tie PGI, exists in the cizcu-
lation,(Dollgry'et al., 1983). Certainly tﬁé\p;esent étgdies
éhow tﬁg%‘%ﬁhibition of 'PGI, production does not lead to
thrombus fétmation-on vessel_wélls, which wouild be expected
if the eqﬁgtheiigl surfade was thrombogenic and nbrméi vas-
cular “endothelium were continucusly stimulated to p:oddce
sufficient amounts of Pélz to inhibit platelet qccumulaﬁion

on their surface. Thus, it is not surprising that the inhib-

ition of PGI, production by aspirin does not result in

e

Y

platelet accumulation on the endothelium. Rather, this in-
dicates ‘that PGI, generated by the vessel wall is not res-
ponsible for thé non-thrombogenicity of its undamaged sur-

face. It is more likely that other properties of endethelial

cells are responsible %or their lack of thrombogenicity.

i} Role of PGI, produced bv endothelium expose¢ to thrombin
° . .

Thrombin generated at sites of thrombus formation on

damaged or diseased vessels could affect platelet interaction
- o .

with vessel walis in several ways. 1) Since thrombin is a

-~

potent stimulator of platelets, thrombin which might decsme

bouné 90 endothd&ial cells adiacent to sites of thrombus

" e
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formation ‘could promote platelet accumulation and extelsion

3

of throﬁbi o?to the surface of endothelial'cellg. ‘2) Sinée'
exposure to throﬁbin stimulates PG&Z production by endothel-
ial cells, PGI? producé& by endothelial cells wéthfthrombin
bound to their surface might be responsible for preventing
platgzﬁt accumulation on tﬁese cells. 3) Since‘exposure of

- -~
.platelets to thrombin results 1\che act1vat1a§ of the

Y

arachidonlc acid pathway with the generatlon of\prostaglandln
’ -

endoperoxldes, PG62 and PGHZ -generated by the platelets mlght

be made avallable.to cells of the vessel wall as a substrate

for the generation of" PGIZ. -

-

: Although thrombln blnds to endothelaal cells (Dejana
at ali, 19833), thg results—a{ these studies ‘show that it
does -not lead to piatelet accumulation on their sufface. In
addition, although the thrombin bound to the surface of the
endothelial cells enhances theif production of'PGIZ fwhich
confirms the earlier findings‘of Weksler and her colleagues
(1978)] tﬁé\silg produced' y these cells does not appear to
be responsible‘for preventing platelet accumulation on their
surface. |

Although treatment with thrombin did not lead to
platelet aécumuiation on intact endothelium in the present
studies, pla:eiet accumuiation on damaged areas of a vessel
was enhanced following-exposure of the vessel to thrombin.

These Tobservations are compatible with the finding§ of

Mohammed and Mason (198l), who showed that thrombin did not
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. promote platelet accumulation on the endothelium in- their

-

experiments in which berfused umﬁi;icél veins were exposed. to

Lrthrombin.'\@hey attribute@ this lack of effect to thelfact

- ﬁbat thrombin could have been neutralized by the hepérin and
antithrombin III in the perfusate that was uséd.ﬁn their
studies. In the studies reported hefé, the suspending medium
did not co&tain heparin or antitﬁrombin IlI, therefore this
cannot be the explada;idn for our findings. It appears
likely that, ié the present studies, platelets adhered to
areas of the vessel wall damaged during removal of the aortae
from the ahimals or during eversion of the vessels on the
probe. The failure of piatelets to adhere to the intact
endotheliué, even when thrombin was’ associated with its
surface, might be 939 to the neutralization of the thrdmbin
by the endothelial célls. —_—

In the preseng stuéies heparin reduced platelet
accumnulation on damaged regions of thrombin-treated vessels
{(Dejana et al., 1983), indicating that fscreased plate&et
accumulation at sites of vessel injury was depen.ent on
thrombin; Other investigators have-fepo§ted that thrombin

Preatment increases platelet accumulation on 'unda&aged‘_

b

aortae (Essien et al., 1978) or on umbilical veins'(Barnhart

and Chen, 1978). However, since the 'undamaged' vessels were

not examineé morphologically, it was possible that platelets

were adhering to areas of exposed Subendothelium“and not to

undamaged endothelium. Since fibrin has been reported to
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enhance platelet accumulation {lough aﬂa Moore, 1975), the

.piatéiét aggregates on t$e thrombin-treated .umbilical veins

might hayé been associated with fibrin deposited on the

endothelium and not directlf adherent to‘ihe endothelium

itself.. Other investiga;grs have reported that the‘inhibif
tioﬁ by aspirin of PGI, production by thiombin-treatéé endo-
thelial cells in culture increased -the accumulation of
platelet aggregateg.when thrombin was present‘in the sus-
pending fliud (Czervionke et al., 1978). However,‘aépiiin
treatment did nét enhance.prate;et‘accumulation when thrombin

o . . n -

- was not present in the suspending fluid. Therefore, it was

—_—
-

: oésiblé that in the stidies of ‘Czervionke and his colleagues
(lQT&T?hfﬁe interaction of thrombin with released fibrinogen’
was responsible for the formation of platelet aggregates and
that these aggregates settled onto the surface of the endo-
thelial eells grown in culture.

Dejana and her colleagues (1983) in this laboratory '
showed that l251 thrombln whlch became bound to the endo-
thelium of rabblt aortae in vitro was dlsolaceé by heparin.
This indicates that the lack of platelet-accumulation on the
endothelium cannot be attributed to the failure ef thrombin
to bind to the-endothelial surface. However, it is possible
that heparan sulfate on the surface of the endothelial cellé
(Wight, 1980} might neutralize the bound thrombin so it is

not available.to interact with platelets. This'was not

tested in the present studies. Dryjski and his colleagues

. *



al., 1977; Weksler et al,., 1977;'Nozdoy et al., 1978; Marcus

-

’ L

(}982)-showded that, although thrombin bound to gasé&lar
endothelium retained its enzyﬁatic activity, the bound
thrombin wis rapidly inactivated in the presence ?f anti= Vs
thrombin III. ™hus; at sites of thrombus formation in vivo
endqtheliaf'cells might decrease the effects of thrombin on
platelets by binding thrombin so thatLEE is not available to
stimulate plateléts. -

The theory that platelets proéide PGH, for use by the
cells of the vessel wall in the synthesis of PGI, (Moncada et

*

et al,, l§30) was. supported by the findings ¢f the pfesent

RN
.

studies. The generation of PGI, by egments of aspirin-

- —

treated aortae in theé presence of platelets and thrombin, was
abolished by aspirin treatment of the platelets, indicatingr?
that tHe endoperoxides PGG, and PGH, generated by stimulated
platelets were dtilized by the vascular’ cells for -the
generation of PGI,. - N .
Thus, the results of these expétiments show that PGIy
production by the Qessel wall is not résponsible for 1) the

non-thrombogenicity of the whdamaged endothelium, 2} the Tack

-~

of platelet interactiﬁn with the endothelium when thrombin is

. / e i i
bound to its surfaceﬁ or 3) limitiag platelet accumulation in
the regions of endothelial cell demage, even when thrombin
associated with an injured vessel is responsible for some of

the platelet-accumulation in these areas,
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b) Role of PGI, in limiting platelet 'accumulation on injured

ﬁésééls
Although platelets rapidly accumulate on a vessel
following exposure.of the subendothelial connectigE—Fissue.or
injury of the neointima, few additional platelets accumulateg
on vessels following the formétion'of a layer of adherent
platelets. " the factors responsible for limiting platelet
accumulation on a _damaged vessel, have never been clérified.

¥
Since the stimulation of cells of a vessel from which the

endothelium has been removed could theoretically lead to
aégévation of phospholipases, the generation of products of
“¥he.arachidonic acid . pathway, such as PGI,, that might be

responsible for limiting platelet accumulation on the sub-

endothelium or the injured neointima.

i) Subendg ‘helium

We found that the capacity of the vessels to produce
PGI, was considerably diminished when the acrtic endothelium
was removed, an observation that is in agreement with that cf
Moncada and co-workers (1977). Theyv demonstrated that,
1) the removal of the endothelium results in a decrease in
the capacity of the vessel wall to generate PGI,, and
2) endothelial cells in culture are éapable of producing more

c
L

differ from those of other investigatcrs. 3Baenziger and

[

s}

PGI, than arze smooth muscle cells. However, these £i ngs

co-workers (1979) repcrted that there was no difference in
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PGI, production by endothelial cells and smooth muscle cells

in culture, and Macintyre and co-workers (1978) were uniable

, to demonstrate PGI, production by vascular smooth musgle

'cells.

~—

Aithough the capacity of ghe veésel_wali to produce
”@GIQ waﬁ‘considerablf reduced bﬁ/the removal of the endo-
thelium in the present study, it seemed regsonable to specu-
late that mechanical stimulation oﬁ_th; vessel produced by
the inflated catheter during'the removal of the endothelium
could stimulate the cells of the vessel wall to increase PGI, .
-g;pduction, so that the acgual PGI, production by the de-
endothelialized vessels might be sufficient to limit platelet

accumulation on the subendothelium. However,. the results of

these studies show that treatment of the de-endothelialized

~aortae with aspirin in concentrations sufficient to inhibit

PGI, production did not increase platelet accumulation on the

subendothelium either in vitro or in vivo. Other i;veétiga-
tors have reported that the inhibition of PGI, production by
aspirin or other non-steroidal anti-inflammatory drugs that
inhibit cyclooxygenase activity resulted in enhanced platelet
accumulation on damaged vessels under conditions where there’
Las platelet aggregation and thrombus formation including:
chronic damage of pulmonary arteries with the canine heart-

-

worm Dirofilaria immitis (Schwab et al., 1981l), ligation of

coronary arteries in baboons {(Ruf et al., 1980), injury'of

rabbit aorta by 6 passages of a 5F Fogarty catheter inflated

!

4

¢,

]

EN
o
-

—
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to a pressure of approximately 735 mm Hg {(Wu et al., 1981),

and exposure of evarted aortae to flow1ng blood-in a -

perfu51on chambdr (Jaeger et al., 1979). In each of these

cases, ?lthough the exterdt of injury was not guantitated, it

-

.appears {;kely that there was extensive thrombin generation

and- fibrin formation that lead to the. accumulation of plate-

let thrombi on the injured surfaces. Under the conditions of

the present experiments a layer of platelets formed on the
exposed sqbendothelidm in vivo with little if any evidence ef
fibrin feﬁ%eéion, and the adherence of individual platelets
and not platelet aggregates was determined in the in vitro
studies, so tdat the PGI, effects studied were the effects
upon platelet adhesdon and not upon platelet aggregation.

<

Althqugh under the conditions of the experiments done by

‘other investigators, PGI, production by tﬁé vessel wall might

have been sufficient to inhibit platelet aggregation amd
th:omSus formation, in the present experiments PGI, produc-
tion by the vessel wall was not responsible for limiting
platelet adhe{ence to the subendothelium. -

In studles that are toc be presented in Chapter V, it
was demonstrated that 100 nM PGI, was reguired to inhibit
platelet adherence to subendothelium or collagen-coated

glass, and other investigators have reported that 10~100 nM

synthetic PGI, was required to inhibit platelet adherence to

the aortic subendothelium (Cazenave et al., 1%79a; Higgs et

e -

al., 1979; Weiss and Turitto, 1979). Since;:in the present

-
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experiments, vessel wall'PGiz p‘bduction (0.4‘ng/kg dry i

weight) .was much less than that required to decrease platelet -

LS
adhesion or to inhibit the release of serotonin from adherent
’ L

platelets, it was not surprising that the inhibition of the
small amount of PGI, produced by the vessel wall did‘not
enhance platelet accumulation on ths subendothelium. ~

ii) Injured neointima

Although platelets and platelet-fibrin Qﬁzombi rapidly
accumulate on the injured neointima,' the number of platelets
that accumulate on the reinjufed vessel are similar to the —~ \ﬁ&
number that accumulate on the freshly exposed subendothelium.
It waﬁ;ggesidered possible that the amount oé PGI, produced
by é reinjured vessel would be greater than the amount gen-
érated followin@'expgsure of the subendothelium and might be
sufficient to limit platelet accumulation on the injured neo-
intima for the following :eésons. 1) Other finvestigators
have r;potted that Ehe vessel wall regained some of its cap-
acity to generate PGIé by one.week following removal of the
endothelium (although the ability of the injured vessels to
produce PGI, did not reﬁurn to normal values until approxi-
mately 10 weeks following denudation} (Zldor et al., 1981),
2) PGI, production by the ianjured neointima could be stimu-
lated by thrombin generated at its surface, and 3) PGI, pro-
duction could be stimulated by mechanical injury of the

vessel. In addition, since the concentration of PGI, re-
2
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quired to inhibit the ;eéponse of-platelets to the concen-
trations of'thromSin maée available at the surfacé of a re-
injured vesée} might be less than the concenération of Péiz

- required to inhibit platelet adhesion to compénents 6n dam-
aged vessel wails, platelet accumulaéion on the injgggd nec-
intima might be mo;e‘susceptible to ;nhibition by PGI, than

platelet accumulation on' the supbendothelium. However, in the
: ' ' - - .
present experiments inhibition of PGI, production by the \(

vessel wall did n;t enhance ﬁlatelef accumuiatipn on the
injured necintima that had formed 7 days following de-
endothelialization.  Thus, it appears that PGl produced by
the-VESSel wall is not responsible for limiting platelet
achmulation;oh thelsurface of the injured neointima, even

when coagulation is activated and thrombin is generated on

the surface of the vessel,

¢) Role of PGI, in Loss of Reactivity of Injured Vessels

» 'l// }
Although we have demonstrated that ‘the vessel wall is

non-reactive to platelets at later. times following injury
(during a one week period of observation), even when the
layer of adherent platelets are lost from the surface of the
vessel, the factors responsible for the loss of reactivity of
an injured vessel are not clearly understood. Since we:and
others have demonstrated that vessel walls regain some of
their ability to gene;ate PGI, by several days following

removal of the endothelium (Eldor et al.,, 1981), and in our



N

279

h . studies the capacity'of a vessel to generate PGI, was similar
to that of an undamaged vessel by one week followlng injury,
it was bpeculated that PGI, produced by a vessel might be;
responsible for its loss of reactivity at later tlmes fol-

1 lowiné injury. However, in thée péesent studies the inhibi--

L tion of PGI, production by_treatment with aspirin during
periods up to 7 days feollowing injury did not increase
platelet accumulation on rabbit aortae. This leads to the
conclusion fhat vessel wall production of PGI, is not res~

-

ponsible for the nog—reactiv{ﬁy of the surface exposed when
adherent.platelets are no longer present on the ekposed sub-
‘endothelial connectiv? tissu€, or for the lack of reactivity
to circulating platelets of the necintimal smooth muscle
cells that form much of the lu@inal surface: by one week
fBllowing injury.

‘i
2. Products of the Liboxvgenase Pathwav: Their Role in the

\
the Non-Thrombogenicity of Endothelium and Effect on

-

Platelet Accumulation on Damaged Vessels

In 1983 Buchanan and his co-workers reported that
a lQn6€;1c acid derived product of the lipoxygenase pathway,
mové recently identified as 13- hvdr&%”ggﬁﬁaggfdlen01c acié
(Buchanan et,él., lSBSb),'reduced platelet accumulati;n on'
endothelial cells in culture. They speéulated that lipoxy-
genase  products might be respbnsible for the non-reactivity

of normal endothelium. In subsequent studies (Buchanan et

/%/ y 5 ) ,
Y YR A



al., 1985a) dgmonstrated that although_inhibition of lipoxy-
] ) e

genase enhanced the production of -PGI, and inhibition of*

cyclookygenésé enhanced thé generation of products of the

lipoxygenase pathway, in neither case was platelet accumu-

" lation affected. However, since they observed that when both

lipoxygenase and cyclooxygenase were idhibited.platélet
1 ] . . .

accumulation on éulture@ endothelial ce%ls increased, and.
plateléé accumulation on a ‘thrombogenic surface was
decreased by ;Eeatment of the surface with
13—hyd£oxyoctadecadienoic acid, they concluded that this
metabolite of 1ipoxygena$% was responsible for the non-

~

: / .
thrombogenicity of normal endothelium. However, in the

~

—
present studies, the treatment of vessels or platelets with

drugs that inhibit lipoxygenase alone or inhibit both lipox-
ygenase and c¢yclooxygenase, or prevent the release from-mem—
brane phospholipigs of argchidonic acid.to be used by either
the lipoxygehase of cyclooxféenasé pathways, did not :ésult
in plateléé adﬁuﬁulatiogign the endothelfum. These results
indicate that products of the lipoxygenase pathway do not

S

contribute signifjftantly to the non-reactivity of norpal

—_

aortic endothelium. In addition, Buchanaﬁ and his colleagues
-{1985b) also demonétrated that treatment of endothelial cells
fith‘thrombin decreased the psoducéion.of \
13-hydroxyoctadecadienoic aééé. If the production of this

substance by endothelial cells was responsible for the non-

thrombogenicity offghe endothelial surface, then treatment

-
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with thrombin should lead to the accumulation of platelets on

. . 3 .
the endothelium. Howeve®, in the present studies, treatment
/

with thrombin did not‘iead to platelet acgpmulation on

-

endothelium. * Thus, it appears unlikely that

lB-hydroxyoctadecaéiénoic acid is respynsible for the

' non-thrombogenicity of normal endothelium or of endothelium

with thrombin bound to its surface.

These findings indicate that the non-thrombogenic

properties of the endothelial surface are not due to:

1) products qf the lipoxygenase pathﬁay, 2) enhanced
production of 9912 foilowing!th% inhibitien of lipoxygenase,
3) enhanced generation of- produc¢ts of the l%poxygenase path-
way-following the inhibitidén of cyclooxygenase, or 4) the

combined effects of PGI, and products of thé lipoxvgenase

pathways.

The results of these studies also show that inhibiting
lipoxygeﬁase, or preventing the release from membffne phos-
oholipids of arachidonic acid to be used by either the lipox-
vgenase or cyclooxygenase égthways, does not enhance platelet

accumulation on the subendothelium of rabbit aortae. Thus,
the generation by the vessel wall of procducts cf the lipoxy-
genase pathway is not responsible for limiting platelet

acchmulation on a fresnly injured vessel.

N
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N

3. Conclusions ' . -

In conclusion the results . of the studies presented in
2 N

this chapter show that:

1. PGI, genefated by the vessel wall under the conditions

of these studies is not responsible-for:
a) preventing platelet accumulation on vascular
p )

" endothélium even when thrombin is bound to the
d .
endothelial cell®surface. N

b} limiting platelet accumulation on injured vessels

even when thrombin is generated on the vessel

/

; -

surface. ' C;/
¢) the loss of reactivity of vessels following a single

injury or reinjury of a previously damaged, vessel.

*

2. Products of the lipoxvgenase pathway are not responsible
for preventing platelet accumulation on normal
endothelium, or for limiting platelet acg$mulation on

the surface of damaged vessels. _ N

€&
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LOSS OF REACTIVITY OF INJﬁRED VESSELS FOR PLATELETS:

EFFECT OF BLOOD COMPONENTS

[

A. Introduction

i

! -Although it appears that the surface of the rayer of
platelets that rapidly covers the subendothellum exposed by’
vessel injury is responsible for the loss of react1v1t¥ of a
vessel soon after 1nju;y, the factors respon51ble for the.
loss of reactivity of the ves3el surface exposed to the cirx-
culating blood’ follow1ng the loss of the adherent platelets
‘are not known., The results of studies presented in Chapter
IV show that the products of arachidonate metabolism that are
NN geﬁerated by the.vassular cells are not responsible for ths
., lsss‘of :Eactivity-of the surface of an injured vessel.

However, otEer substances generated by the vessel wall, or
the inseraction of blood components including plasma or

- .
formed elements, might decrease the reactivity of an injured

. ‘
vessel (see Chapter I for a more detailed discussion). -
Blood components might decrease reactivity of vessel

walls in several ways including: 1) digestion of surface

domponents such as cocliagen or elastin by proteolytic enzymes

' * ) \ - -
\ released from adherent plateLgts, leukocytes, or derived from

- 2 S : S

other sources such as the activation of plasminogen; 2) alter-
ation of the properties of the reactive sites by adsorbed
plasma proteins; 3) loss of proteins such as von Willebrand

factor or 4) masking of reactive sites by remnants of mem-
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N
. ) _ .
brane components left on the surface following the loss of
adherent platelets, or following the contact of circulating
red cells. Several of these possibilities were examined.

-~

1. Platelets

Platelets that initially adhere to injury sites are
‘lost over a period of several days. The adherent platelets

might lyse and leave their membrane reninants on the vessel

-

where they -could mask reactive sites on the injured surface
Since platelet granules contain a number of proteolytic |
enzymes (Kaplan, 198l), and since released granule proteins
lpenetrate the vessel wall (Goldberg and Stemerman, 1980); it
is also possible that proteolytic enzymés réleased from ‘
a@herent platelets might diéest components of the injured
vessel and alter the reactivity of the surféée.

If platelet interaction gith aQ“injured ve&sel were
responsible for its loss of rgactivity, then thé‘injured
éurface would likely remain r;active if platelet int?raction
with it was inhibited; if other factors were responsible fér
the loss of reactivity, then the injured vessel wall would
likely become non-reactive even though platelet interaction
with the surface was inhibited.

Three experimental approaches were used to determiﬁe
whether the sﬁrface ofithe‘injured vessels became non-

reactive even in the absence of platelets or other forméd

elements of the blood. These include: 1) decreasing the
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number of platelets available to interact with the injured
vessel wall by inducing tHromg;cytppenia—(gvensen et al,,
1968) in the animals before injuring their vessels;
2) decreasing platelet accumulation on the .vessel surface
with drugs that are~known to inhibit platelet adhesion to
surfaces, for example éipyridamole and PGI, (Pacﬁhgm et al.,
1978); and 3) incqbating in a culture media in vitro, vessels
that were injured in situ. -
| In the past several experimental approaches have been
used to induce thrombocytopenia in rabbits incdluding: the
administration of drugs, exposure to iconizing radiation, and
in}ections of antiplatelet serum'(Evénsen et al., 19§8;
Mcore et al., 1976). Each of these approaches has some
problems for'example, the exposdre of animals to ionizing
radiation might affect their vascular cells so that their
response to injury is altered, and thé use of antiplatelet
serum’could result in the formation of immune complexes that
might affect platelet interaction with damaged vessels
(Knicker and Cochrane, 1968).- However, treatment with
busulfan an alkanyl sulfonate that inhibits cell divﬁsion by
alkylating the purine base'guanine, can be used at concen-
trations that inhibif platelet production while having 1ittie
effect on the production of leukocytes (Evensen et ;l., \
1968). Therefore, in this study busulfan ‘was used to. confirm
the concentrations required to produce thrombocytopenia and

-

to examine the effect of buslufan-induced thrombocytopenia on
S .
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the subsequent reactivity of injured vessels.

2. Plasma Factors . - 1 ) -
It is reported that the adsorption of plasma proteins
alters the reacti&ity of a surface in vitro (Salzman, 1971;
Packham et al., 1969). Since injured surfaces will be
exposed to plasma proteins in vivo, adsodrption of proteins

could result in a rapid loss of reactivity. To test this

hypothesis the reactivity of de-endothelialized aoptae

following incubation in vitro in plasma, serum, or Eagle's

medium containing albumin was determined.

3. Red Blood Cells

The surface of circulating red cell membranes appears

to be non-thrombogenic, since coagulation is not activated by

exposure to these cells and platelets do not accumulate on
their surface. Since red cells in_xhedklbwing blood are
likely to come in contact with the surface of an injured
vessel; and the accumulation of materials from red cell
membranes might mask reactive sites on the damaged vessel
wall, the possibility that\birculating red cells might be

responsible for the loss of reactivity of an injured vessel

was examined.

4. Objectives of the Study

Thus, the specific objectives of these studies were t

o



- | _ - 288

determine whether the loss of reactivity of injured vessels

1

x
results_from:

1. _the interaction of platelets or red blood cells with the

injured vessel.

~ . : . . -

2. the adsorption of plasma proteins or the effects of
- . . . B ‘

other plasma factors at the injury site. ‘

» .



B. Results . . !

~

1. Inhibition of Platelet Accumulation on injured Aortae

To determine whether the l@ss of reactivity oqeurs

- ) . - - - - . .\’
independently of platelet interaction with an injury site, - =

the accumulation of platelets-on ‘injured vessels was inhib-
ited.by using antiplatelet .drugs,.or by inducing thrombocyt-

openia before vessel injury to reduce the number of circu-

-

lating platelets available to interact wigh the vessels.

J

Changes in the reactivity of an injured vessel that occurred
during incubation of the vessel in vitro in the absence of

plateleﬁs, were also examined,

a) Thrombocvtopenia: Effect on the Subsequent Reactivity of
.

Injured Vessels

i) Effect of Busulfan on Platelet Count <

The results of studiés to -determine the dose of busul-

fan and the time required for this treatment. to reduce the

platelet count below 20,000/mm> are shown in Table XX

{busulfan was administered through an esophageal catheter). ~
On the eleventh day after the administration of busulfan at a
dose of 25 mg/kg on day 0 and dav 2, fhe circulating platelet

count decreased to less than 20,000/mm3

-
-

L



TABLE XX

EFFECT OF TRERTMENT WITH BUSULFAN

ON WHOLE BLOOD PLATEQET COUNT IN RABBITS
: - - N
PLATELET COUNT
DAY a \ NO. PER CUBIC MM.
0 16 552,800 X 45,000
2 15 625,900 + 32,600
| 15 608,200 + 26,600
6 '8 396,700 + 27,300
\ _
7 7 241,900 1_24,800
9 15 53,200 + 6,400
10 . 15 32,200 + 3,100
11 11 16,600 + 2,500
valués“are mean + standard error. 'n' equals the number of .
animals in each group. Busulfan (25 mg/kg) was administered
on day 0 and dady 2. ]
- .
- J
. -

3
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ii) Effect of Thrombocytopenia on Subsequent Reactivity of

s

the Injured Vessel to Circulaéing Platelets

Io these studies, Qhen the plaoelet count had falleo
beloo 2Q,000/mm3 on the eleventh day following treatment with
busulfan, the aortic endothelium was removed with a bailoon
catheter. One group of animals was infused with Slepa
labelled platelets 8 hours followfng de-endothelialization of
the aorta‘futh a balloon Cathet r and perfusion-fixed 30
minutes following the 1nfu§}6ﬁ;2f platelets. A control group
of animals that received no\busuifan treatment, and a group
of animals that were treateé with busulfan were infused with

Slcr-labelled platelets before the aortic endothelium was

removed and killed by perfusion-fixation 30 minutes following

.‘

injury to- the aortae, The results-of these studies a;é shown
in Table XXI. Platelet accumulation on aortae of busulfan-
treated animals exposed to circulating Slér—labelled‘plate-
lets for a 30 minute period 8 hours following injury with a
balloon catheter was significantly less than the accumulation
on the aortae of control animals 30 minutes following injury.
These results raised the possibilioy that in the thrombocyto-
penic_animals much of the reactivity of the injured vessels

was lost by 8 hours following injury. Howeu;;, the platelef
accumulation in the 30 minute period following injury in the
busulfan-treated gfoup infused with labelled platelets immed-

iately before removal of the endothelium, was similar to the

accumulation during a 30 minute period 8 hours following

;o |

LY



TABLE XXI

EFFECT OF BUSULFAN-INDUCED THROMBOCYTOPENIA
ON THE ACCUMULATION OF PLATELETS ON THE SURFACE

OF AORTAE DE-ENDOTHELIALIZED WITH A BALLOON CATHETER
. 4

~
DRUG _INJECTION OF PERFUSION PLATELET ADHERENCE
TREATMENT 5 CR-PLATELETS -FIXATION NO. PER SQ. MM.
CONTROL BEFORE INJURY - 30 MIN AFTER 24,200 + 1,400
(NO BUSULFAN) INJURY
BUSULFAN BEFORE INJURY 30 MIN AFTER 13,3C0 + 3,000
' INJURY . '
BUSULFAN 8 HR AFTER 30 MIN AFTER 12,000 + 2,300
’ INJURY - INJECTION OF

PLATELETS .

Values are mean + standard errors for 6 animals in each
group., Control animaldwere infused with SlCr—glatelets
before injury and perfusion-fixed 30 min folowing.injbry.
Busulfan-treated aninfals were infused with >!Cr-platelets
8 hr following injury with a balloon catheter killed by
and perfusion-fixation 30 min following the infusion of
platelets. The per cent of infused SlCr-—platelets recovered
in the circulation immediately before perfusion-fixation was
90.1 + 3.6 per cent in the group that received no busulfan,
and 105.5 + 3.4 per cent in busulfan-treated ‘animals.
Results of the Studeﬁﬁized range test showed that, for the
comparison between the contreol group,and either group treated
with busulfan, p<0.05. The difference between-;he groups
treated with busulfan is not significant.

A

! -
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injury in tge busulfan-treated animals. These results indi-
cate that the decrease in rate of plat?let accumulﬁtion on
the aortaé'ofrbusulfan-treated animals_B‘ﬁours following in—‘
jury compared to the rate of accunulation on freshly injured
gurface, could not be solely,atttibutaple to loss of reactiv-
ity of tﬁe injured vessel with‘time, but rather that the drug
had some effect on the properties/of the véssel‘;all‘itself,
or the de?reased aégﬁmﬁiat§on resulted from the lower éumbers
of ciréulating platelets in the busulfan-treated animals.”

To examine this possibility, the effect of treatment of
animals with busulfan on the adherence of platelets to the
sugendothélium of their aortae in vitro was examined.

Animals were treated wi£h busulfan (25 mg/kg on da}bo and day
i

2), and on day 11 the animals were;exsanguinated, the endo-
thelium of the aortae removed with a balloon catheter, and
the vessels removed and everted on a probe for the determin-
ation of platelet adherence. In these studies, 18,700 +
3,200 platelets/mm3 adhered to the aortae from busulfan-
treated animals, compared to the 30,400 + 5,500 platelets/mm3
that adhered to the aortae from control animals. These
resultg indicate that-the reactivity of the vessels was
decreased by treatment of the animals with bg;ulfan.

The results of the in vivb studies with busulfan were
complicated by the observation that, although the weight of
both groups was the same before treatment with drug, by the

end of the period of the studv the weight of the busul fan-

treated animals decreased by approximately 15 percent com-
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b

pared to the control group (busulfan-treated 2.63 + 0711 kg;
control 3.09 +0.09 kg). The hematocrit was also decreased
\by approximately 25 percent (busulfan-treated 26,2 + 1.6;
control 35.5 %+ 1.0) and the_er?&hrocyte sedimentation rate

was ilncreased.

Since changé; in hematocrit, or properties of the
"vessel wall could influence platelet'accumu;ation on the
suéface of an injured vessel, the effects of thrombocytopenia
on the reactivity of injured vessels could not be studied in
animals that were treated with busulfan.

b) Anti-Platelet Drugs: Effect on Platelet Accumulation on

Injured Vessels

Although a number of drugs are known to affect plate-
let function including platelet accumulation on collagen—xi
coated(glass or de-endothelialized vesséls in vitro (Mustard
and Pégkham, 1878), it was not known whether these drugs
would inhigit.platelet accumulation on the damaged surface of
vessel walls ih vivo. .Therefore, the effect on platelet
accumulation of treatment with several anti-platelet drugs
was examined to determine which drug inhibited platelet
.accumulation to the greétest extent in viveo.

]

!) Dipvridamole

Results of studies on the effect of dipvridamole on

platelet adhesion to surfaces in vitro are shown in
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Table X¥II. Dipyridamole (100uM) reduced platelet accumu-

ulation on collagen-coated glass and subendetheliom when

H
compared to _the accumulation when no drug was used., The

releasé'of l4c-serotonin from the granules of platelets

-

adherent to eithe;.surface was also reduced.
’ Table xXiIf shows that the. incubation of vessels with_l
dipyridamole produced no inhibition of'plate;et accumulation
on the vessel, indicating that tbe‘ééduct&on in platelet
accumulation.was-not due to changes in the properties of the
vessel‘wall‘produced by dipyridample..

A : To detefmine the effect of dipyridamole on plateleé
‘adhesion to the subendothelium of .rabbit aortae in vive, -
dipyridamole was administered intravenously 10 minutes before
the removal of the endothelium, and the aortaé were
perfusion~-fixed 10 minutes following de-eéndothelialization.
Platelet accuﬁulation in aniﬁals treated with dipyridamole
(12.5 mg/kg) was‘significantiy reduced when compared to
accumulation in the control group (Table XXIV). When a lower
dose of dipyridaﬁole {2.5 mg/kg) was used, the extent of ;
reduction in platelet accumulation was less than that pro- ‘
duced by the higher dose of drug. Treatmeﬁt with aspirin, at
concentrations sufficient to complétely inhibit cyclooxyéen—
ase and abolish the generation of PGI,, did not diminish the
inhibitory effect of dipvridamole on platelet accumulation.
Thus, treatment with dipyfidamole inhibited platelet accumu-

lation in vivo, and the inhibitory effect of dipyriaamole-on



- TABLE XXII
) ) N
EFFECT OE DIPYRIDAMOLE ON THE ADHERENCE OF PLATELETS

’

TO SUBENDOTHELIUM OR COLLAGEN-COATED GLASS IN VITRO

SURFACE. DIPYRIDAMOLE PLATELET PER CENT

EXPOSED TO (uM) ADHERENCE RELEASE OF
PLATELETS ' NO.PER MM. SQ. l¥c-sErorToNIN
COLLAGEN= G
COATED GLASS 0 89,900 + 3,100 43.9 + 2.0
' 1 . 79,900 + 3,700 43.9 + 3.0
~ - 10 79.900 + 3,800 35.2 + 3.0%
7 100 61,300 + 5,300%%% 17.7 % 2.8%**
SUBENDOTHELIUM 0 30,700 + 2,500 31.8 + 4.6
- 1 27,200 +.2,500  28.2 x 36
10 23,200 + 2,500 24,7 + 3.1
100 16,400 '+ 2,700**  15.3 + 3.8%

v

Values are mean + standard error Tcollagen—céated glass n=8;
subendothelium n=6). Dipyridamole was incubated with
platelets suspended in Eagle's medium containing 4 per cent ~
albumin and apyrése for 10 min before the addition of red
cells (hematocrit 40 per cent). Platelet count for
experiments with collagen-coated glass, 300,000/mm3; w{th
subendothelium, 500,00/mm3. Imipramine (lpM) was added to
inhibit the reuptake*of serotonin released bv the platelets.
Results of the Student's *t' test are” for the comparison with
the control not treated with drug (* p<0.05; ** p<0.01;

*** p<0.001).

LY



. TABLE XXIII

EFFECT OF INCUBATING AORTAE WITH DIPYRIDAMQLE.

. ON THE ADHERENCE OF PLATELETS TO SUBENDOTHELIUM IN VITEO

TREATMENT _ PLATELET ADHERENCE
" OF ‘VESSELS : NO. PER SQ. MM.
! .
' CONTROL (NO DIPYRIDAMOLE) 20,500 + 5,900
' '
DIPYRIDAMOLE . 29,100 + 3,300

Values are mean * standard errors for 8 vessels. Vessels
were incubated in Eagle's medium containing 4 per cent
albumin for 30 min at 37 °C. To treat the aortae with drug,
dipyridamole (0.22 mg/ml}) was added to the medium before
incubation of the vessels. The vessels were rinsed in 2
changes of Tyrode's solution before they were rotated in a
suspension of Sler-1abelled platelets suspended in Eagle's
medium containing 4 per cent albumin, apvrase and-red cells
(5ematoqrit 40 per cent) .’ Thé dose of dipyridamole us&d was
equivalent to the theoretical maximum plasma concentration
that could be attained following the intravenous injection of
12.5 mg/kg ¢f the drug. Results of the Studentized range

. test show that the difference in platelet adhesion between
the groups is nct significant.



TABLE XXIV

'EFFECT OF DIPYRIDAMOLE

ON THE ACCUMULATION OF PLATELETS ON SUBENDOTHELIUM IN VIVO

[

»
TREATMENT PLATBLET ACCUMULATION
OF ANIMALS “n NO. PER SQ. MM.
PLACEBO - 15 - 41,100 * 3,800
 DIPYRIDAMOLE (12.5 mg/kg) 15 18,100 + 3,000%**
A -
PLACEBO 9 37,400 + 3,700
DIPYRIDAMOLE (2.5 mg/kg) N\ _ % 22,200 + 3,600%
PLACEBO 6 56,200 + 8,600
DIPYRIDAMOLE (2.5 mg/kg)
+ ASPIRIN (100mg/kg) 6 25,200 + 7,800%*

Values are mean + standard error. 'n' egquals number of

— -animals in each group. Animals received an -infusion of
Sler-labelled platelets 18 hr before th refioval of the
endothelium. Dipyridamole, placebo (vehicle for
dipyridamole), or aspirin das Jiven inpfavenOQSIy 10 m%ﬁ\
before injury. The aortae were perfusion—ﬁ&xed 10 min
.fo}lowing injury. Results of the Studentized range test are
for the comparison between the placebo and the, drug-treated
groups (* p<0.025, ** p<0.05, and *** p<0.005). The level of
dipyridamole in plasma samples taken from 5 animals 15 min
‘after they had received an intravencus injection of
dipyridamole (12.5 mg/kg} was 13.5 + 1.1 pg/ml.
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platelet adhesion was not dependent on the geﬁération of PGI,

by the vessel wall. " .
- . ' i
Since much of the platelet accumulation on the injured

neointima is dependent on the activation of coagulation wigh
<X

the generation of thrombin and the formation of fibrin, while
platelets appear to adhere directly to subendothelium exposed

by a single injury with a balloon catheter, the effect of di-

pyridamole on platelet accumulation feollowing injury of rab-

»

bit aorta that had been de-endothelialized 7 days previously

was examied. When dipyridamole "s administered intravenous-
ly 10 minutes beforq balloon injuiy to the neointima, and the
aortae were perfu31on—f1xed 10 minutes following injury,

-

platelet accumulatlon was re d when compared to the
accumulétion in the control group that received no drug

(Table XXV). Platelet accumulation ip the group tieatedrwith-
the vehicle in which the drug was dissolved was not signifi-

cantly different from'ihe accumulation in the control group.

Thus, treatment with dipvridamole inhibits piatelet

"accumulation on collagen-coated glass and subendothelium in

S

vitro, and on subendothelium and injured necintima in vivo.

ii} PGI oA -
Since the half-l%fe of ?bIZ in the circulation is
extremely short, a continuous infusion of the drug was used

to determine its effect on platelet accumulation on injured

vessels in vivo. A continuous infusion of PGI, was begun one



TABLE XXV .

EFFECT OF DIPYRIDAMOLE

ON THE ACCUMULATION OF PLATELETS ON INJURED NEOINTIMA IN VIVO

TREATMENT ) PLATELET ADHERENCE

OF ANIMALS _ *, NO. PER SQ. MM.
CONTROL (NO DIPYRIDAMOLE) 48,100 + 6,300
PLACEBO 47,800 + 6,900

. DIPYRIDAMOLE (12.5 mg/kg) 33,200 + 5,100

Values are mean + standard error for 7 animais. The animals
received an 1ntravenous 1nject10n cf dipyridamole ox placebo
(vehicle for dlpyrldamole) 10 min before the necintima that
had formed”7 days following the removal of the endothelium
was_injuzgd with a balloon catheter. Jlcr-labelled platelets
were infhsed into the circulation of the animals 18 hr before
neointimal-injury.ﬁ Aortae were perfusion-fixed 10 min .
following injury. The result of the Studentized range test
for the comparison between the dipyridamole-treated group and
either the vehicleltreated group or the éroup that received

. no dipyridamole is p<0.0S5. \\\\\
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minﬁte before the exposure of the subendothelium with a
:balloon catheter, and'maintainéd until the aortae were
perfusion-fixed 10 minutes fblloﬁing injury. The effects on .
platelet accumulétidn of infusing several.doées of PGI, are
shown in Table XXVI. The infusion of PGI, at a rate of 850
or 425 ng/kg/min significantly reduced piateletléccumulation
" when compared'to the ;Fcumulation in the controls. that
received no 3rug. However, lower doses of PG12 were less
effective as inhibitors of plateiet accumulation.

The extent of inhibition of platelet accumulation Sn
the aortic subendothelium in vivo produced by the infusion of
850 ng/kg/min of PGI, was examined in a larger study (Table
XXVII). 1In these experiments the infusion of PGI, (856 ng/
kg/min) significantly reduced platelet accumulation compared
to the controls that received no drug. Although PGI, also

produced a decrease in blood pressure (Figure 30), this

extent of hypotension was well tdlerated by the animals.

1ii) Dipyridamole and PGI,

In-Vitro'

In earlier studies 1% was demonstrated tbat 2 mM
aspirin completely abo}ished PGI, production by de-endothel-
~ialized aortae (Table XI). However, this concentration of
aspirin had no effect on plaeélet accumulation on the surface

of damaged vessels (Table XXVIII). On the other hand, treat-
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- " 'PABLE XXVI
' r

3

EFFECT;O? INFUSING DIFFERENT CONCENTRATIONS OF PGI,

ON THE ACCUEULATION OF PLATELETS ON SUBENDOTHELIUM IN VIVO

TREATMENT" = ) » - PLATELET ADHERENCE

OF ANIMALS n _NO. PER SQ._ MM.
CONTROL (NO PGI,) - 3 ' 45,100 + 5,900 a
PGI, (ng/kg/min)

80 . 2 6,200 + 508 b
425 - 3 13,200 + 2,000 ¢
212 SO 2 30,200
106 - 2 © 23,300

Values are mean + standard error. 'n’ equals number cof

animals in each group. The infusion of PGI, was begun 1 min
before removal of the endothelium from the aortae of rabbl.s
that were infused with 2iCr-labelled platelets 18 hr earller.
The aortae were perfusion-fixed 10 min follow1n% balloon
injury.  Results of the Studentized range test show that, for
the compariscon between a vs b, 9<0.001; |

b vs ¢, p<0.05.



TABLE XXVII

EFFECT OF INFUSING PGI,

ON THE ACCUMULATION OF PLATELETS ON SUBENDOTHELIUM IN VIVO
1

TREATMENf ’ ) - PLATELET ADHERENCE
OF ANIMALS n NO. PER SQ. MM.
’
CONTROL (NO PGI,) 11 48,900 + 5,800
PGI, (850 ng/kg/min) 10 6,400{;\;,100
Values are mean * standard error. ‘'n' equals number of

animals in each group. The infusion of PGI, into the aorta
was begun 1 min before the removal of the endothelium from
the aortae of rabbits that had received an infusion of
5lcr-labelled platelets 18 hr'eariier. The aortae were
perfusion-£fixed 10 min following de-endothelialization with a
balloon injury. The result of the Studentized range test for
the comparison between the groups is p<0.001l.

~ .

!



FIGURE 30

= EFFECT OF INFUSION OF PGI,

ON SYSTOLIC BLOOD PRESSURE IN RAEBITS

This figure shows the effect of infusing PGI,
(850 ng/kg/min) on the systolic blood pressure in rabbits.
A solution of PGI, was 1infused through_a cannula introduced -
through the left common carotid'gftery and Qagbed into the

T
ascending aorta to approximateislo.s cm above the aortic

yalve. A pressure-sensitive4ftansducer for monitg{ing blood
;ressure was intro@uced into {the right common carotid_arté:y ,
and conqected to a Mingograf 34. The xecording of .bload ‘
pressure wa§ begun before the infusion_éf‘?ﬁlz'was started

and was cdntinued after the infusion was stopped. In this
study a continuouﬁ infusion of PGI, was begun at time '0' and
maintained for 11 ﬁinutes. In other studies, the 33;&525 in
blood pressure produced by a continuons infusion of PGI, for

periods up to 8 hours were similar to those. observed in this

study. -

Ta
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TABLE XXVIII

/

EFFECT OF DIPYRIDAMOLE ON THE ADHERENCE OF PLATELETS TO

SUBENDOTHELIUM OFvAORTAE_PRETREATED IN VITRO WITH ASPIRIN

. TREATMENT OF
ACRTA PLATELET - _ - PLATELET ADHERENCE
- NO. PER MM. 5Q.

_ASPIRIN ODIPYRIDAMOLE

- (mM) {uM)
o 0 ' 68,400 + 4,200
10‘?‘3 * 0 = 69,400 + 2,000
\ 0 =~ 100 47,500 + 3,200%*
10 . 100 51,800 + 2,300%

Values are mean + standard error for 8 aortae. Dipyridamole
was incubated with Slcr-labelled platelets suspended in
Eagle's medium containing 4 per cent albumin and apyrase for
10 min before the addition of red blood cells {(hematocrit 40
per cent). Aortae were incubated in Tyrode solution con-

taining aspirin and 0.35 pér cent albumin for 15 min at room

temperature before they were rinsed twice and mounted ¢n the

probe. The platelet count in the suspension was SOO,OOO/mm3
Results of the studentized range test for the comparison of
platelet adherence when neither aortae or platelets were

incubated with drug was p<0.05:
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ment of platelets with dipyridémole reduced their adherence
to both aspirin-treated vessels and those not treated with

aspir@n (the difference in platelet adherencerbetween groups
was not-significant). Therefore, treatment -of vessels with

aspirin, in a dose sufficient to inhibit PGI, production, did

' r

not diminish the inhibitory efféct of dipyridamole on plate-
let adhésion in vitro. Since PGIé.stimulates adenylate cyc-
lase it increas?s concentrations of cAMP, and th5§‘is main-
tained by dipyridamole which inhibits cAMP phoséhodieste:ase
so that it cannot breakdown caMP. If aspirin blocks produc-
tion of PGI, so that it is not available to stimulate an
increase in c¢AMP, but dipyridamole still' inhibits platelet
adhesion ({even when PGI, production is blocked by aspirin),
tﬁen the inhibitory effect of dipvridamole on platelets could
not be due to its inhibition of phosphodiesterase.

To determine whether the inhibition of platelet
adhesion by dipyridamole could be due to its inhibition of
phosphodiesterase activity, we also examined the effect of
treatment of platelets with both PGI, and dipyridamole. The
efgects of treating platglets with dipyvridamole and PGIZ, on
their adhesion to collagén—coated glass are seen in Table
XXIX. Although treatment with‘dipyridamole (10 pM) or PGI,
(0.1 uM) reduced platelet adhesion, the extent of inhibitiop
produced by the combination of dipyridamole and PGI, was no

greater than the extent of inhibition produced by PGI, when

used alone. These results provide further evidence that the



TABLE XXIX : -

.EFF£CT OF DIPYRIDAMOLE AND PGI,

ON THE ADHERENCE OF PLATELETS TO COLLAGEN-COATED GLASS

-

"INHIBITOR

| "n " PLATELET ADHERENCE
DIPYRIDAMOLE  PGI, - - NO. PER MM. SQ.
(kM) (pM o - .
0 0 24 65,500 + 1,600
10 0 6 56,3004+ 3,000%
0 0.10 4 47,500 +  700%*
10 0.10 & 52,700 +  700%x

Vaiues are mean + standard error. Four segments of glass
were used in each experifment. 'n' equals the number of
experiments. Dipyridamolt and PGI, were incubated with
5lcr-labelled platelets suspended in Eagle's medium contain- -
ing 0.35 per cent albumin and apyrase for 10 minute§\bé§ore_
.the addition of red blood cells (hematocrit 40 per cent).

The platelet count in the suspension was 300,000/mm3. ’
.Results of the Student's 't' test are for the comparison with
platelet adherence when neither drug was used (* p<0.0l;.

** p<0.001). o

-
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inhibitory effect of dipyridamole on platelet adhesion is not

dependent on its phosphodiesterase activity. :

In Vivo
The effect of dipyridamole and PGI, on platelet acc-
umulation on the subendothelium Qas studied in vivo, to det-
ermine which treatment produced the greatest inhibition. The
results of these studies show that the extent of réduction in
platelet accumulation Qas greater when both drugs were used,

than when either drug was used alone (Tablé XXX} .

<

Since thrombin plays a large role in platelet accumu-
lation on injured neointima jin vivo, and poth PGI, and dipy-
ridamole have aﬁ inhibitory effect on the response of plate-
léts.to thrombin, a higher contentration of these drugs was
used in the studies on platelet accumulation on the injured
neointima. Under these,conditioﬁs, the extent of reduction
in platelet accumulation on the injured neocintima in vivo
prodﬁced by treatment with the combination of dipyridamole
and PGI, was no greater thaijhhen PGI, was_used alone (Tabbg
XXXI). Thus, maximal inhibition of platelet accumulation on

the injured neocintima could be achieved by the infusion of a

high concentration of PGI, (850 ng/kg/min) alone.

iv) PGI-, and Heparin

The extent of reduction in platelet accumulation on

injured subendothelium produced by the combination of PGI,

»



b ' | TABLE XXX

EFFECE?OF DIPYRIDAMOLE AND PG12

-4

ON THE ACCUMULATION OF PLATELETS ON SUBENDOTHELIUM IN VIVO

TREATMENT PLATELET ADHERENCE
OF ANIMALS . NO. PER SQ. MM,
CONTROL (NEITHER DRUG) 58,200
DIPYRIDAMOLE (2.5 mg/kg) 31,500
PGI, (106 ng/kg/min) 15,800
DIPYRIDAMOLE + PGI, 7,500

Y

Values are.the mean for 2 animals. The animals were infused
with 2lcr-labelled platelets 18 hr before the removal of the
endothelium. Dipyridamole was administered intravenously 10
min before iﬁjury. Thekinfusion of PGI, was begun 1 min
before balloon injury. The aortae were perfusion-fixed 10
min following the removal of the endothelipm.

—
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TABLE XXXI

. ’ <

b

EFFECT OF DIPYRIDAMOLE AND PGIz

ON THE ACCUMULATION OF PLATELETS ON INJURED NEOINTIMA IN VIVO

TREATMENT PLATELET ADHERENCE
OF ANIMALS NO. PER SQ. MM.
CONTROL (NEITHER DRUG) 48,400 + 4,700 a
DIPYRIDAMOLE (12.5 mg/kg) " 12,400 + 3,800 b
PGI, {850 ng/kg/min) 5,300 + 1,700 ¢

DIPYRIDAMOLE + PGI, 7 3,600 + 300

d

Values are ﬁégn * standard error for 4 animals. The animals
were infused with 2lcr-labelled platelets 18 hr before injury - -
to the neointima that formed by 7 days following the removal

of the endothelium. Dipyridamole was administered intraven-
ously 10 min before injury. The infusion of PGI, was begun 1
min before the necintima was injured with a balloon, catheter

and continued until the aortae were perfusion-fixed 10 min

. following neointimal injury. Results of the Studentized

p<0.025; a vs ¢, p<0.0l; b vs d, p<0.025;:
¢ vs d, not significant.

range test showed tha¥;- for the comparison between a ws b,

=

!
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(850 ng/kg/min) (which hag primarily an anti-plateleg‘effect)
and a single injection of heparin (500 U/kg) (which is prim-
arily an inhibitor of coagulation that will therefore inhibit
the production of thrombin .and its effecys on platelets) was
no greate; than the reducticon in platelet accumulation pro-
duced by PGI? élone (left haﬁd column of Table XXXII). When
the combination of PGI, and heparin was used to treat animals
who receivea an fNiury to the peoiﬁtignghat had formed 7
days after de-endothelialization, platelet accumulation was
also not significantly less than when PGI, was used alone
(left hand column of Table XXXIII). This observation indi-
cated that, although thrombin generation is demonstrated to
p}ay a major role in the response of circulating platelets to
injured necintima, treatment with PGI 5 a10neqis sufficient to
inhibit the accumulation of platelets on the neoihtima.
Although heparin at the concentration used in these studies
alggrpartially inhibited platelet accumulation on the exp@®sed

1 .
subendothelium, PGI, was a more effective inhibitor and the

extent of, inhibition was not enhanced by comé;ggd\si:rapy.
/ | -

¢) Reactivity of Injured Vessels: Effect of Inhib*ting

Platelet Accumulation on Damaged Vessels

Since dipyridamole and PGI, inhibited platelet accum-
ulation on injured aortae in vivo, these drugs were used to
inhibit platelet accumulation on injured aortae, so that

changes 1ia the reactivity of the vessels that might occur in
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TABLE XXXII

EFFECT OF_PGI, AND HEPARIN

ON THE ACCUMULATION OF PLATELETS ON SUBENDOTHELIUM IN VIVO

e -

PLATELET ACCUMULATION

TREATMENT NO. PER SQ. MM.
OF ANIMALS . TIME AFTER INEBRY _
10 MIN 20 MIN
CONTROL (NO DRUG) ' 55,000 + 9,600 a 38,300 + 3,300 e
PGI, (850 ng/kg/min) ° 7,900 + 1,800 b 37,000 + 5,500 f
HEPARIN (500 U/kg) 28,900 + 5,500 ¢ 24,800 + 3,400 g

BGI, + HEPARIN 8,700 + 5,200 & 24,500

I+

9,100 h

Values are mean + standard error for 3 animals. The animals
were infused with 2lcr-labelled platelets 18 hr before
removal of the endothelium.. Heparin was administered intra-
venously 10 min before injury 3nd the infusion of PGI, was
begun one min before injury. The aortae were perfusion-fixed
10 min following the removal of the endothelium or 10 minutes
following the end of the PGI, infusion. Results of the
Studentized range test show that, for the comparison between
a vs b, p<0.025; a vs ¢, not significant; b vs 4, not
significant; ¢ vs d, p<0.025; a vs e, not significant;

b vs £, p<0.025; ¢ vs g not significant; 4 vs h, not
significant. An analysis of variance shows that there is no
significant differences between groups e, f, g and h.



TABLE XXXIIX

- EFFECT OF PGI, AND HEPARIN

ON THE ACCUMULATION OF PLATELETS ON INJURED NEOINTIMA IN VIVO

. PLATELET ACCUMULATION
TREATMENT ‘ NO. PER SQ. MM.

OF ANIMALS TIME AFTER INJURY
10 MIN 4 = 20 MIN
CONTROL (NO DRUG) 69,400 74,200

PGI, (850 ng/kg/min) 17,600 + 1,900 a 63,700 + 25,200 &

HEPARIN (500 U/kg) 38,900 + 13,200 b 19,900

f+

65,100 e

PGI, + HEPARIN © 11,600 + 2,800 ¢ 37,900 + 7,800 £

Values are mean * standard error for 3 animals (control n=2).
The animals were infused with 51Cr-platelets 18 hr before
injury to the necintima that formed by 7 days following the
removal of the endothelium. Heparin was administered 10 min
before the injury to the neointima, and the infusion of PGI,
was begun one min before injury. The animals were killed bv
perfusion-fixation 10 min following neointimal injury or 10
min following the end of the PGI, infusion. Results of the
Studentized range test show that, for the comparison between
a vs b, not significant; a vs ¢, p<0.05; a vs d, p<0.025;

b vs e, not significant; ¢ vs £, n<0.025.

—
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the absence of platelet interaction, could be examined.

i) Dipyridamole -

Although'a single intravenous injection of dipyrida-
mole (12.5 mg/kg) given 10 minutes before removal of thér'
‘endothelium inhibited platelet accgmulation on the expoéed
subendothelium during the 10 minutes following injury (Table
'XXIV),‘the duration of the inhibitory effect~of a. single
injection of drug was not known. Table XXXIV sh;ws the effect
of this dose of dipyridamole (12.5 mg/kg), given 10 minutes
before exposure of the suliendothelium, on-the accumulation of
platelets at séecific times follbwing.ﬂnjury: Platelet accu-
-mulation'in the dipyridamole-treated grq@p 10 éinutes follow-~
ing injury was reduced by approximately 70 5;: cent when
compared to the accumulation in placebo—treatgd animals.
Platélet accumulation was similarly reduced +30 minutes and
one hour following }ﬁjury. However, by two?ﬁou:s following
injury, platelet accumulation was increased when compared to
the accumulation during the first hour following injury; 4
hours after injury platelet accumulation was not signifi-
gantly different from the accumulation in the control group
10 minutes after injury. Thus, although a single injectioen
of dipyridamole inhibited platelet accumulation during the
first hour following injury, the extent of inhibition was
decreased'z hours and the inhibitorv effect was lost by 4

3
hours following injury. These results alsc indi-



/

( TABLE XXXIV

(

(: EFFECT OF A E&NGLE INJECTION OF DIPYRIDAMOLE

ON THE ACCUHULATION OF PLATELETS ON SUBENDOTHELIUM IN VIVO

TREATMENT  TIME AFTER PLATELET' ACCUMULATION
OF ANIMALS  INJURY n NO. PER SQ. MM.
PLACEBO 10 MIN 9 52,500 + 8,400 a
DIPYRIDAMOLE 10 MIN 9 16,900 + 1,800 b

30 MIN 5 13,400 + 1,500 ¢

1 ER - 6 17,900 + 2,700 d

2 HR 6 - 32,100 + 5,200 e

4 HR 6 43,900 + 8,100 £

Values are mean + standard error. 'n' equals number of
animals in each group. _Dipyridamocle (12.5 mg/kg) was
injected intravenously 10 min before the removal of the
endothelium. The aocrtae were perfusion-fixed at the given
times following injury. Results of the Studentized range
test-show_that, for the comparison between a vs b, p<0.0l;
b vs 4, not significéat; b vs e,f;<0.025; a vs £, not
significant. An analysis of variance showed that there is
no significant differences among ;hé groups b,c and d, cr
among the groups a, e and f. .' '



317 o~

cate that the surface of an injured vessel remains reactive

to circulating platelets after the plasma concentration of

dipyridamole decreases below inhibitory levels between one
and 2 hoﬁrs follgzang de-endothelialization.

The effect of inhibiting plételet accumulation over .a
lonéer'éeriodéof time was‘tgen examined., Since a single
injecpioh of dipyridamole (12.5 mg/kg) is onlg sufﬁicient‘to
inhibit'platelet-accumulation on the injured vessel for up to
one hour foll;wing injury, a dose of 12.5 mg/kg of dipyrida-
mole was admini%tered before“injury and 5 mg/kg given hourly
for 3 hours to maintain a plasma concentration of thﬁ_drug
Ehat would inhibit platelet accumulation during a 4 hoﬁz\
perioé following injur?. . The  results of these stuéies-are,
shown in Table xxxﬁi Piatelet_accumulat%pn in the
dip§%idamble—treated group 4 hours follewing injury was
significantly reduced compared to accumulation in the
placebo-treated group. However, 8 hours later (12 hours
followiﬁg injury and 9 hours following the last injection o%
drug Sr placebo) plateiet accumulation in the drug-treated
group was significantly greater than accumulation in the
drug-treated group at 4 hours, and not significantly differ-
ent from accumulagion in the p%acebOAtreSted group 4 hours
following injurv. . Thus, although maintaining the plasma

concentration of dipvridamole with repeated administrations

of the drug during a 4 hour period following injury inhibits

e

platelet accumulation on the injured vessel, when the plasma
P -
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TABLE XXXV

~

EFFECT OF DIPYRIDAMOLE ADMINISTERED OVER A 4 HOUR PERIOD

ON THE %géUMULATION OF PLATELETS ON SUBENDOTHELIUM IN VIVO.

. P

, ° PLATELET ACCUMULATION
TREATMENT ?; NO. PER SQ. MM,
. OF ANIMALS TIME AFTER INJURY -
' 4 HR 12 HR -
PLACEBO ¢ 38,100 +.3,200 a 35,100 + 10,100 c
DIPYRIDAMOLE 15,500 + 5,400 b 26,200 # 3,000 &

——

o

Values are mean * standard error foy 6 animals. Dipyridémole
{12.5 mg/kg) was administered_int:az

removal of the endothelium, and 5 mg/kg was administered
hourly 1, 2 and 3 hr following injury. Animals were killed
by perfusion-fixation 4 hr following de-endothqlializatibn of
the aortae with a balloon catheter (1l hr following the last
injection of dipyridamole), or 12 hr following injury.(9 hr
following the last injection of dipyridamole). Results of the
. Studentized range test showed that, for the’ comparison
between a vs b, p<0.025; ¢ vs d, not significant;

a vs ¢, not significant; b vs 4, not significant.

enously 10 min before the

s



S AT
concentration of dipyridamole‘decreasédiésiow inhigitbry

levels platelets accumulated on the sdrface of the inj;red ;
vgssel. These results indicate that: 1) platelets that w re
exposed to inhibitory concentrations of the drug are capable

of accumulating on a reactive surfaée when Ehe'plasma con-_
centration.of the drug falls below inhiﬁitory levels, and 2)
the surfaiF of the injured vessels remainé reactivé to-
pl;telets followiﬂg a 4 hour period during which platelet

interation with the vessel is inhibited.

The effegt of inhibiting platelet accumulation by
Ve - o .

? -

administering dipyridamole over a period of 8 hours is shown
in Table XXXVI. Dipyridamole,'administered‘before injury
(12.5 mg/kg) and hourly {5 mg/kg) £for 7 hours following the
removal of the endothelium, reduced the platelet accumulétion
one_ hour fqllowing the last' injection of drug when compared
to accumulation following placebo-treatment.‘gﬁéght\hours
later (9 hours following;the last 'injection of drug or 16
hours following igjury) platelet accumulation in the drug-
treated group remained significantly less than accumulation
in the placebo—treaced‘%roup._ Although the plasma concen-
_tration of dipyridamole 8 hours following injury (one hour
following the last injection of drug)} was 0.352 pg/mi,

16 hours following injury (9 hours following the last
injection of drug) little dipyridamole remained in the plasma,
(0.002 + 0.001 pg/ml). Dipyridamdle was present at a

detectadle level in only one of the samples examined, and the



T TABLE XXXVI . - "J

EFFECT OF DIPYRIDAMOLE ADMINISTERED OVER AN 8 HOUR PERICD

ON THE ACCUMULATION OF PLATELETS ON SUBENDOTHELIUM IN VIVO

’ ' PLATELET ACCUMULATION

TREATMENT NO. PER SQ. MM.
OF ANIMALS B TIME AFTER INJURY
* "~ 8 HR . 16 HR
PLACEBO 32,700 + 6,600 a 23,800 + 3,400 ¢
DIPYRIDAMOLE 12,700 + 2,500 b 13,400 * 1,500 4

PLASMA DIPYRIDAMOLE
UG. PER ML.

TIME AFTER INJURY
8 HR . 16 HR

DIPYRIDAMOLE @ 0.352 +.0.18 " 0.002 + 0.001
Values are mean + étandard error for 9 animals. Dipyridamole
{12.5 mg/kg) was administered intravenously 10 min before the
removal of the endothelium, and 5 mg/kg was given hourly for
7 hr. Aortae were perfusion-fixed 8 hr following injury -
(one hr following the last injection of dipyridamole), or

16 hr following injury- (9 hr fofplowing the last. injection of
dipyvridamole). Results of the S'_tﬁdegtized range test showed
a vs b, p<0.01l; c vs &, p<0.01l; a v?é, not significant;

b vs 4, not Significant. |
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concentration of dipyridamole in that specimen was
considerably less than that required to affect platelet
function. Thus, it appears that, when platelet accumulation

on an injured vessel is inhibited, much of the reactivity of '

the surface is lost by 8 hours following injury.

ii) PGI,
* AltﬁQEgh dipyridamole inhibits platelet accumulation
on an injured véssel, the extent of accumulation is decreased

by only about 60 per.-cent. In addition, platelet accumula-

tion on injured vessels'can only be examined after the con-

centration of dipyridamole in the plasm; has fallen below
inhibitory leQels; this requires approximately 2 hours after
injection of the drug. The use of PGIz.to inhibit platelet
accumulation has' two advantag%s when compared to thg use of
dinridamole: 1) since PGI, is a more potent inhibitor of ,
platelets the extent of inhibition of accumulation is great-
er, and 2) since the'half-life of the drug ia the circulation
is extremely short (Rosenkranz et al., 1980) its effects are
r;pidly lost and vessel wall reactivity can be studied soon
after the end of the infusion of PGI,.

In these studies, the continuous infusion of PGI, (850
ng/kg/min), reduced platelet accumulation on the subendo-
thelium 10 minutes foliowing injury by approximately 85 per

cent by (Table XXXVII), similar to the extent of reduction

seen in previous experiments (Table-XXV). As demonstrated in

: 4



\ TABLE XXXVII

EFFECT OF INFUSING PGI, FOR 10 MINUTES

ON THE ACCUMULATION OF -PLATELETS ON SUBENDOTHELIUM IN VIVO

-
PLATELET ACCUMULATION
TREATMENT . NO. PER SQ. MM.
. i
OF ANIMALS A TIME AFTER INJURY
10 MIN 20° MIN
e

L

7
CONTROL (NEITHER DRUG)  +55,300 & 5,500

PGI, -(850 ng/kg/min) 7,300 + 1,300 38,400 + 3,200

Values are mean + standard error for 7 animals. The animals
were infused with SlCr-platelgts 18 hr before the removal of
the endothelium. The infusion of PGI, was begun one min
before injury and continued for 10 min following injury. The
animals. were killed by perfusion-fixation at the end of the
PGI, infusion, or 10 min following the end of the infusion of
drug. The result of the Studentized range test for the
comparison between the groups infused with PGI, and
perfusion-fixed at 10 and at 20 min following injury is

p<0.001.
o
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the Materials and Methods, when the amount of radioacéivity
associated with a vessel is very low, it may be due to non-
platelet~bound radiocactivity that remains associated with the
véssel. A layer of plateletsAcovering the surface of a
‘rabbit aorta 10 minutes after the removal of the endothelium
is shown in the scanning electron micrograph figure 31A.

When an infusion of PGI, was begun before the removal of ghe
endothelium and maintained until perfusion-fixation 10
minutes after injury, few platelets are seen on the subendo-
thelium (Figure 31B). ‘However, when the infusion of PGI, was
stopped 10 minutes following injury, and the aortae were
perfusion-fixed 10 m;nutes later (20 minutes following
injuzry), $here was considerable additional platelet accumu-
lation on the injured vessel (Figure 31C). The rapid accum-
ulation on the injured vessels following the end of the PGI,
infusion indicates that the inhibitory effect of the drug is
rapidly lost, and the surface of the vessel remains highly
reactive to circulating platelets. These results also show
that the half-life of PGl, in the circulation of rabbits is
extremely short.

The infusion of PGI, for longer periods of time sub-
stantially reduced the number of platelets that had accumu—r
lated on the subendothelium at the end of the infusion. A
continuous infusion of PGI, (850 ng/kg/min} for B8 hours
decreased platelet accumulation when comparé& to the accumu-

N

lation in the control group!that received no drug, or in the



- FIGURE 31

EFFECT OF INFUSION OF PGI, ON ACCUMULATION OF PLATELETS

10 MINUTES FOLLOWING REMOVAL COF THE ENDOTHELIUM

These micrographs show the gurface of rabbit aortae 10
minutes following the removal of the endothelium. A) A layer
of platelets covers the surface of the-vessei in control -
animals (not treated with PGI,}. B) No adherent platelets
are seen on the subendothelium shown in this micrograph: an
infusion of PGI, (850 ng/kg/min) was bggun before injury and
maintained until the animal was killed by perfusion-fixation
10 minutes following injury. C) A layer of platelets covers
the vessel 10 minutes after the end of a l0-minute infusion

- of PGI,. P- platelets, SE-~ subendothelium. x 2,700.

]






326

placebo-treated éroup, and there was no additional platelet

accumulation during the 30 minutes following the end of the

PGI, infusion (Table XXXVIII). Scanning electron micrographs *

of these vessels are shown in figure 32. A layer of plate-
lets covers the surface of a vessel 8 hours following the
removal of the endothelium'in control animals (figure 324).
However, when an infusion of PGIZ was begun before 1njurv and
malntalned until the animals were perfusion-fixed 8 hours
following injury, few platelets are seen on the vessel
(Figure 32B), and 30 minutes following the end of an 8 hour
infusipn of PGI,, there is no morphological evidence of?
additional accunulation o} plateleﬁs on#the surface {(Figure
32C)._ Thus, when platelet accumulation was inhibited by the
continuous infusion of PGI,, the surface becanme essentially
non-reactive to circulating platelets by 8 hours'following
injury, indicating that an injured vessel can becdme non-
reactive to circulating platelets independently of platelet
accumulation on the surface.

Since the surface exposed by neointimal injurv is
different from the surface exposed by-removal of the endo-
thelium, and much of the platelet accumulation on the injur-

ed neolintima is dependent on the activation of coagulati&%
Q

with the generation of thrombin and the formation of fibrin,

1t was considered possible that the surface of the injured

neointima might retain its ability to activate coagulation,

Activated cogponents of coagulation might continue to promote
I

AN

3



TABLE XXXVIII

EFFECT OF INFUSING PGI, FOR 8 HOURS. ON
THE ACCUMULATION OF PLATELETS ON

SUBENDOTHELIUM OR INJURED NEOINTIMA IN VIVO

o

SURFACE : . PLATELET ACCUMULATION
DRUG NO. PER SQ. MM.
EXPOSED TO '

. TREATMENT TIME AFTER INJURY
PLATELETS 8 HR 8.5 HR
SUBENDOTHELIUM

’ -]
CONTROL 36,600 + 4,100 a
(NO PGI,)
PLACEBO 30,700 + 4,200 b
1€
" PGI, 8,600 + 4,400 c; 5,800 + 1,800 d
INJURED NEQINTIMA p
”
CONTROL 18,800
(NO PGI,)
PGI, 4,000 4,400

Values are mean * standard error for 4 animals with exposed
subendothelium and 2 animals with injured neointima. Animals
were infused with 51Cr-platelets 18 hr before the removal of
the endothelium, or injury to the neointimavthat formed by 7
days following removal of the endothelium. The infusion of
PGI, (850 ng/kg/min) was begun one min before injury ané was
continued for 8 hr following injury.'\Animals were killed by
perfusion-fixation at end of the PGIzlinfusion, or 30 min
following ené of the infusion. Results of the Studentized
range test showgd that, for the comparison between a vs b,

not significant; a vs ¢, p<0.05; ¢ vs d,.not §ignificant.

Py



FIGURE 32

EFFECT. OF INFUSION OF PGI, ON ACCUMULATION OF PLATELETS

8 HOURS FOLLOWING REMOVAL OF THE ENDOIﬁELIUM.
‘ S
These micrographs_ show the surface of rabbit aortae 8
hours following the removal of the endothelium. Aa) a lafer
of platelets covers the surface of the vessel in csntrol
animals (not treated with PGI,). B) Few adherent platelets
are seen on the subendothelium shown in ‘this micrograph: an
infusion of PGI, (850 ng/kg/min) was begun before injﬁry and
maintained until the animal was killed by perfusion-fixation
8 houfs following .injury. C) There are few platelets on the
vessel 30 ﬁinutes after the end _of an 8-hour infusion of

- ~

PGI,. P- platelets, SE- subendothelium. x 2,709.

=)
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platelet accumulation on the surface of the vessel, even when

those components of the injured vessel that, were responsible
for platelet adhesion to the surface were éatéred. In
addition, since a substantial amount.of the platelet accumu-
lation on the injured neointima appearg to be independent of
the activation of coagulation, it is also possible that
components of the injured neointima te which the piatelets
adhere might not lose their reactivi;y as rapidly as the
compeonents of a freshly injﬁred vessel.

The results of studies on the effecf of infusing PGI,
for 8 hours 'on the accumulation of platelets on the injured
neointima at the end of the period of infusion, and during
thé 30 minute period fcllowing the end of the infusion are \
also shown in Table XXXVIII, Platelet accumulation at the,
end of the infusion (8 hours following injuryv} is 45000 per
square millimeter, compared to 18,800 per square millimeter
in the control that received no drug, and there is no
appreciably accumulation of%platelets during the 30 minutes
following the end of the PGI, infusion. Micrographs of these
vgssels‘a:e shown in figure 33. Although there is a laver of
piatelets on the vessel 3 hours following injury of the neo-
intima in control animals (Figure 3334), there are few plate-
lets on the smooth muscle cell-rich surface following a con-
tinucus infusion of PGI, for 8 hours (Figure 33B), and 30

minutes after the end of an infusion of PGI, there arz few

platelets on the surface (Figure 33C). These resulis indi-



FIGURE 33

EFFECT OF INFUSION OF PGI, ON ACCUMULATION OF PLATELETS

8 HOUR FOLLOWING INJURY OF THE NEOINTIMA

<

hours £following injury of the neointima that had formed 7

These micrographs show the surface of rabbit aortae 8

déys following removal of ;he endothelium. A) There are
numerous’ platelets on the surface of the vessel in control
animals {(not treated with PGIz}. B) Few platelets are seen
op the smooth muscle cell-rich surface of the injured
neocintima, when an infusion of PGIZ,(BSO ng/kg/min) was begun
before injury and-maihtained,until the animal was killed by
perfusicn-£fixation 8 hours following &njury té the neointima.
C} Few platelets are seen én the vessel 30 minutes after the
end of an 8-hodr infusion of PGI,. CT- connective tissue,

P- platelets, M- smooth muscle cells. x 2,700.
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cate that the surface.of the injured neointima also loses its
teactivity to circulating platelets by B hours‘following

7 .
injury. Thus, even when platelet interaction with vessel

. .
walls is inhibited, the surfaces exposed by a single injury

or by reinjury of a previously injured‘vessel, lose their

‘reactivity to circuiating platelets by approximately 8 hours

following injury.

iii) PGI, and Heparin

The results of experiments on the effect of adminis-
tering heparin.and a continuous infgsionJOf PGI, for ten
m‘rutes following injury on the accumulatﬂkn of platelets 100
minutes following exposure of the subendothelium or injury to
thes/neointima are shéwn in the right hand codumns of tables
XXXIII and XXXIV. Although platelet accumulaticn is inhibi-
ted immediately.follqying\zhe endlof the PGI, infusion (10
minutes after injury), by 10 minu;es after the end of the
PGI, infusion (20 minutes following injury), platelet accum-
ulation on both the subendothelium and the injured necintima
is similar to the accumulation in the controls. Although
treatment with heparin appears to produce a slight decrease
in platelet accumulation on subendothelium, the extent of
reduction is substantially less Ehan the :edugtion in
accumulation con the injured neointima.

These results indicate that even when rabbits are

treated with hepariny 1) the inhibitory effect of PGI, is

7.
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rapidlyﬁ;ost following the end of the iﬁfusion, and 2) the
o * .

injured surfaces of both the subendothelium and the injured
neointima remain,reaétive during thisperiod. The observa-

tion that platelet accumulation on the injured neointima
5 .

. increased following the end of the infusiocan of PGI, in
. animals treated with heparin, indicated that componehts of

‘the vessel wall, that were responsible for the platelet'

accumulation which was independent of the activation of

coagulation, remained reactive during this period.

Vs

- - £
.. . ) .
2. Effect on Reactivity of Injured Aortae of Incubating

Injured Vessels In Vitro

If the loss of reactivity of an injured vessel is not

- dependent on platelet interaction with the surface, but due

to factors éuch as ;he_adsorption of plasma Rroteins, the
effects of other plasma factors such as enzymes, or the
effects of inhibitory substances generated by the vessel
wall, then injured vessels incubated under suitable condi-

tions in vitro should also lose much of their reactivity.

Therefore, the effect of incubating damaged aortae in vitro

on the reactivity of the vessels was examined.

De-endothelialized rabbit aortae were everted on
probes and rotated in oxygenated media containing penicillin
and streptomycin at 37 °C and pH 7.4 for 8 hours. Following

incubationﬂgghe vessels were rotated in a suspension of 5ler-
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) .7 TABLE XXXIX

EFFECT OF INCUBATING DE-ENDOTHELIALIZED AORTAE IN
EAGLE'S MEDIUM FOR 8 HOURS.

ON THE ADHESION OF PLATELETS TO THE SUBENDOTHELIUM

TREATMENT OF PLATELET ADHERENCE
DE-ENDOTHELIALIZED NO. PER SQ. MM.
AORTAE
FRESH INJURY ‘ 19,300

EAGLE'S MEDIUM
(8 HR INCUBATION) 20,200

Values are the mean for 2 experimenté. De-endothelialized
aortae were everted on.the probe androtated at 140 rpm for

g8 hr in oxygenated Eagle's médium containing 4 per cent
albumih with :50 units of penicillin and streptomycin per
milliliter. Fresﬁ mediuim was introduced into the incubation
tukbes at a rate of 1/20 of total volume §er min. The vessels
were tinsed in 2 changes of Eagle's medium before they were

rotated in a suspension of 51Cr-platelets for measurement of
platelet adherence.

& v

-

o
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labelled platelets suspended in Eagle's medium with_4 per

cent albumin and red blood cells. Table XXXIX shows that
platelet accumulation on the aortae foilowigg 8 hours of
incubation in Eagle's medium was not significantly different
from the accumulation on the freshly injured control ves-
sels. These results of these studies suggest that substances .
generated by éhe vessel wall‘are not responsible for the loss
of reactivity of an injured vessel. T

Since it was possible that factors present in the

plasma might be responsible for the loss of vessel wall

’ reactivity, the effect of incubating collagen-coated glass or

de-endothelialized vessels in citrated prlasma was examined.
Table XXXX shows that platelet adhesion to collagen-coated
glass or to subendothelium was essentially unchanged follow-

ing incubation in citrated plasma, when compafed to adhesion

3?to freshly;coated glass.

Since calcium is required for a number of enzyme
reactions and cellular processes, the citrate in plasma could
make calcium unavailable for cellular processes or surface
changed that might be responsible for thé loss of vessel wall
reactivity. Therefore, the effects of incubating vessels in
serum are also examined. To inactivate any complement that
coulg be activated during coagulatien and might interact with
and efﬁect the properties of the surface of thé vessel, the
serum was heat inactivated at 36 °C for one hour. Table

XXXXI shows that platelet adherence to the vessels is



TABLE XXXX

EFFECT OF INCUBATING DE-ENDOTHELIALIZED AORTAE

OR COLLAdﬁN—COATED GLASS 1IN PLASMA FOR 8 HOURS y

.,

ON THE ADHESION OF PLATELETS TO THE SURFACE.

.

TREATMENT u ' PLATELET ADHERENCE

OF SURFACES J ' NO. PER 6Q. MM.
COLLAGEN-COATED
GLASS:
FRESHLY COATED 47,900
INCUBATION IN PLASMA A 49,800
DE-ENDOTHELIALIZED T £
AORTAE: :
FRESH INJURY 20,800 + 6,800
+ 4,000

INCUBATION IN PLASMA 25,200

Values are mean * standard error (collagen-coated glass n=2;
de-endeothelialized acrtae n=4). De-endothelialized acrtae or
segments of collagen-coated glass were incubated for 8 hr in
citrated plasma containing penicillin and streptomycin

\YSO U/ml} for 8 hr at 37 °C. Fresh plasma was introduced
inte the incubation tubes at a rate of 1/20 of-total volume
per min. At the end of the 8 hr incubation period the
acdhesion ofISlCr—platelets to the vessel was tested. The
result of the Studentized range test showed that the
difference between platelet adherence to freshly injured

aortae and to vessels incubated in plasma is not significant.



( TABLE XXXXI

EFFECT. OF INCUBATING DE~ENDOTHELIALIZED AORTAE
IN SERUM FOR 8 HOURS

ON THE ADHESION OF PLATEEFTS TO THE SUBENDOTHELIUM

i

TREATMENT OF PLATELET ADHERENCE
DE-ENDOTHELIALIZED NO. PER SQ. MM.
AORTAE -
FRESH INJURY 32,100 + 5,500 <i;
SERUM . | :
(8 HR INCUBATION) 33,200 + 2,700

Values are mean + standard error for 4 experiménts.
De-endothelialized aortae were everted on the probe and
rotated at 200 rpm in oxygenated serum containing heparin

(2 U/ml), and penicillin and streptomycin (50 U/ml) for 8 hr
at 37 °C. Fresh serum was introduced into the incubation,
tubes at a rate of 1/20 of total volume per min. The serum
used in these studies was prepared by’allowing the .blood to
clot-in glass tubes for 2.5 hr at 37 °C. The clot was
removed and the serum heat inactivated at 56 °C for one hr.
The adhesion of SlCr—-platelets to the vessel was determined
by the'method described. Results of the Studentized range
test showed that the difference in platelet adherence between
the groups is not significant.
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unchanged following incabation in-serum for 8 hours. Since
incubation in either Eagle's medium, plasma or serum does not
decrease the reaétivity of injured veséels, it would appear
that the abscrption of plasma proteins; or 6the: factors, are
not responsible for the loss of reactivity of an injured

vessel.

The results of these in vitro studies suggest that the
loss 0f reactivity of injured vessels obsefved in vivo is not
due to substances produced by the vessel wall, or the inter-
action of plasma factors with the surface of the vessel.
However, it is possible that the in vitro culture system did
not provide the optimal conditions necessary for the injured
vessel wall to generate substances or undergo changes reg-
nonsible for the loss of reactivity. Therefore, the lack of
decrease in reactivity if incubated vessels does not neces-
sarily indicate that substance generated by the vessel wall
are not responsible for the loss of reactivity of injured
vessel walls in vivo. Thus, it remains possible that the
decrease in the reactivity of an injured vessel might depend

cn substances generated by the ‘vessel.

3. Rotation with Suspension of Red Blood Cells:

Effect on Subsequent Reactivitv of Collagen-Coated Glass

Since it was considered possible that remnants of the

red cell glycocalyx might be deposited on the surface of an

.

injured vessel during contact with circulating red cells, and
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that this material might decrease the availability of reac-
tive sites on the surface of the vessel, the effect of expo—'
sure to flowing red cells on the reactivity of a collagen-
coated surface was examined. Table XXXXII shows that, fol-
lowing the rotation ¢f collagen-coated glass in suspensions
of red blecod cells, platelet adhesion is not significantly
different from adhesion to freshly coated surfaces, indicat-
ing that red blood celllinteraction with the surface of
injured vessels is not responsible for Lhe loss of reactivity

of the injured surface.

"



TABLE XXXXII

EFFECT OF INCUBATING COLLAGENTCOATED GLASS
IN SUSPENSIONS OF RED BLOOD CELLS FOR 2 HOURS

ON THE ADHESION OF PLATELETS TO THE SURFACE

TREATMENT OF ‘ PLATELET ADHERENCE
COLLAGEN-COATED SURFACE NO. PEZR SQ. MM.
FRESHLY COATED 61,900 * 2,800

ROTATED IN SUSPENSION ’ . .
OF RED BLOCD CELLS 71,200 + 3,700

Values are mean + standard erjor for 4 eip?riﬁents.
Collagen-coated glass segments were mounted on probes and
rotated at 200 rpm for 2 hr in suspensions of 40 per cent red
blood cells in Eagle's medium with 4 per cent albumin, .
apyrase, and Hepes buffer at 37 °C. Following the first hr
of rotation the suspension of red cells was replaced with a
fresh suspension. The adhesion of 51Cr—platel€Es was then
determined by the method described. The Studentized range
test showed that the differnce in platelet adherence between
the groups'is not éﬁgnificant.



- "" '
_— \; B 342

e SR,

C. Discussion
The results of previous studies show that, altﬁoggh_
platelets rapidly accumulate on a vessel foilowing removal of
the endothelium, by 30 minutes following inﬁury few addition-
al platelets accumulate on the layer of platelets that cover
the surface of the vessel (Gréves et al.,‘l979). The results
of these experiments show that 1) platelet interaction with
injured vessels can be inhibited by drugs such as dipyrida-
mole or PGIp that are known to inhibit platelet aggregaéioa
and the release of platelet granule contents;'Z) damaged
vessels can lose their reactivity to dirculating platelets
through mechanisms that are independent of the interactions
of platelets with_injured surfaces; 3) the loss of vessel
wall reactivity takes 6 to 8 hours to manifést itself;
4) during this peribd the loss of reactivity does not appear
to be due to substances elaborated by the vessel wall (at

least in the in vitro studies); and 5) plasma proteins or the
- H
Py

interaction of red blood cells with reactive‘sites, for
example collagen, do not appear to be responsible for the
loss of reactivity. Although these studies have lsad us to
conclude which factors do not contribute to the loss of
Teactivity of a damaged vessel wall, unfortunately they do
not allow us to come to any conclusion concerning the factors

that might be responsible for this effect. From .the evidence

it appears that platelets and plasma proteins are not crucial

for the lack of attraction of fresh platelets tc injury sites

BN



343

with the passaée of time. However, it is.possible that
reactive'subsgances are lost from an injﬁred vessel during
this time. Thus, the evidence is inconclusive cheerning
whether or not matefials elaborated by injqred vessels might
contribute to this effect.

With tge experimental approaches usedrin the experi-
ments described in this chapter a number of pathways can be
implicated in interaction of platelets with vessel walls and.
3321 wall.reactévity.

the loss of ve

1. Inhibition of Platelet Accumulation with Drugs h

Platelet accumulation-on surfaces in vitro or in vivo
was inhibited both by dipyridamole or PGI,.. However, the
extent of 1nh1b1tlon of accumulation produced by PGI, was
substantlally greater.than the 1nh1b1t10n produced by

dipyridamaole.

L]

Dipyridamole, in addition to inhibiting platelet
accumulation on surfaces in vitro, an observation th;t con-
firms the findings o§ other investigators (Cazenave et al.,
1978; Mustard and Packham, 1978}, alsc reduced the extent of
release of granule contents from adhereﬁt platelets._
Although dipyridamole (at a dose of 12.5 mg/kg ) inhibited
platelet¢® accumulation on the subendothelium in vivo by only
S0 per cent, manv of the adherent platelets :etéined their
disdpid shape, indicating that treatment with dipyridamole

also inhibits thé\spreading of platelets. &
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SinceoPGIz was first recognized as a potent inhibitor -

of platelet functioﬁ, it has peen extensiyely--investigated

for its potential antithrombotic effects in a number . .of
animal and clinical studies. 'PGI, reduced thrombosis or
platelet conéumption associated with vascular shunts (Woods
et al., 1978), haemodialysis (Zusﬁan et al,, 1981), cardio-
pulmonary bypass (van der bugen et al., 1980' Malpass et al.,
1981"Koshal et al., 1981 Coppe et al.,l1981) and peripheéeral
vascular disease (Szczeklik et al., 1980). In the present -
studies in which a different technique was used to induce
vessel injury, the finding that platelet acéumdlaﬁion'on
injureé.vessels is inhibited Sy a continuous infusion of PGIj
(850 ng/kg/min), confifms the observations of others ?Adelman
et_al., 1981l; Adelman et al., 1983).. The fact that a-con-
tinuous infusion of a very high dose of PGI, was required to
inhibit platelet accumulation on an injufed veséel wall,
provides additional evidence that it is unlikely that.the
generation of PGy by the vessel wall is resgonsihfz for
preventing platelet accunfilation on the normal vascular endo-
thelium or for limiting platelet aécumulation on damaged
vessel walls. It is unlikely that sufficiently high concen-

trations could be achieved in vivo foregeveral reasons.

L)y PGIz\produced by endothelial cells would be rapidly

diLﬁted bv f%od?bg bléod. 2) Several investigators have been

unable to demqnstrate significant amounts of PGI, or

.

-2

6-Keto~PGF alE-Pa_in circulating §lood (Dollery et al., 1983;

L 4 A Y

2y
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Haslam and Mccleﬁaghen, 1981). 3) Endothelial cells require
stimulétian to generate significant amounts of PGiz (Weksler
et al., 1978). However, it is possible that the vessel wall
could generate sufficient PGI, locally to modify platelet
responses associated with thrombus formation, particularly in
regions where thrombin is generated and stimulate§bvesse1
wall production of PGI,, and where stasis of blood flbw
allows for the accumulation of PGIg. . -

Sincé dipyridamole inhibits cAMP phosphodiestctase,
the enzyme that breaks down cAMP, and PGI, stimulates adeny--‘
late cyclése which increases the synthesis ;f EAMP,-ft was
important to determine whether the effect of dipyridamole on

)
,ﬂ\/m\glatelets was dependent on synergism between dipyridamole and

) L““JPGIZ. The resulis of therprésent studies failed to demon-
strate synergism between these drugs even though cAMP phos-
phodiestérase would have been inhibited by the concentrations
of dipyridamole used in these experiments. This lack of

synergism in the in vitro studies could not be attributable

to the degradation of PGI, to its metabolite

E .
6-keto-PGFlalpha since PGI, alone 1nh1b1;s platelet adhg51021
and it would be expected that the metabolic breakdown of EGI,
would not be altered by the presence of dipyridamole.

Although det-endothelialized vessels are still capable of

generating PGl ,, treatment of these vessels™with aspirin did

not decrease. the inhibitory effect of dipyridamole on plate-

let accumulation. These results indicate that the inhibitory
o+

.
'y



346

effect of dipyridamq}e on platelet adhesion is not dependent
on the production of PGI, by vascular cells. Although PGfZ
enhanced the inhibition of platelet aggregation by |
dipyridamole, since there was little evidence of-thrombus
formation on de-éndbthelialized vessels in the present
studies, it is unlikely that the effect of PGI, on the action -
of dipyridamole on thrombosis would-pe demonstrable_under
these conditions. | |

Adel;an and co-workers (1983) reported that the coém-

bination of PGI, and heparin had a greater inhibitory effect

on platelet accumulation on the injured necintima that had

formed 10 days after the removal of the endothelium, than it

did on the subendothelium exposed by & single inJury. These
investigators also observed that, although-the combination of
PGl; and heparin reduced platelét accumulation on neointima
inju;ed 29 days following de-endothelialization, neither drug

-

alone significantly reduced platelet accumulation .on this
surface. Thus, the surface exposed by negiptimal injury
might be more thrombogenic following injury of an older neo-
intima than following injury of a neocintima that formed at
earlier times following iﬁjury.

In the present studies, the response to injury of a
neointim; that formed by 7 days following removal of the
endothelium was examined. When either PGI; or dipyridamole

1.

was used in combina&&on with heparin, the extent of inhibi-
TN,

tion of platélgf accumulation on the injured necintima was



347

greater than when either drug was used alone.. These obser-
vations provide additional evidence that 1) the properties of
the injured neointima are different from the properties of
the subendothelium exposed by a single injury, and 2) some of
the platelet aqcumulation on the injured smooth muscle cell-
rich necintima is dependent on the actiﬁation of coagulation
with the genération of thrombin and the formation of fibrin;
heparin inhibits the effects of thrombin, and PGI, prevents
platelets from cohtributing to the activation of coagulation
by maintaining the platelets in a disc shape -and preventing
the exposure of platelet factér 3 on their surface.

2. Role of Platelets, Plasma Proteins and Red Blood Cells

in the Loss of Vessel Wall Reactivity

) The previous observations that the vascular surface
expoged by the loss of adherent platelets approximately 2
days following the removal of the endothelium, was morpho-
logically similar to the subendothelium, but non-reactive to

%\tirculating platelets, indicated that the properties of the
vascular surface were altered when compared to the properties
of a fréshly injured surface (Groves et al., 1979). This
raised the pos;iblity that platelet “interaction with sub-

-endothelial constituents might be responsible for the loss of
vessel wall reactivity. Hpwever, the results of these

experiments show that when platelet accumulation is inhibited

by either dipyridamole_dr PGiI,, the vessel remains highly

H -
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reactive for a- short time }bllsking injury but loses its
reactivity with time; by 4 Hours following injufy the surface
is less:reactive than at 30 minutes, and by 8,hours following |
injury, the surface becomes virtually non-re ztive to circu-
lating platelets. Although the accumulation\pf platelets on
a reinjured vessel invol;e botﬁ the generation.of thrombin
and the interaction of platelets wfth components of connec-
tive tissue, when the effect of PGI,; on platelet accumulation
cn réinjured vessels was exémined, it was found that the
PGI,-sensitive accumulation of platelets on the injured neo-
intima followed a similar patté%ﬁfto that observed for the
subendothelium; following the the inQ{biti?n of platelet
accumulation on the injured vessel by infusing PGI, for
8 hours following injury the injured neocintima lost its
reactivity to circulating platelets. Thus it appears
reasonabﬁg to conclude that platelet interaction with freshly
injured and reinjured surfaces\is not responsible for the
loss of vessel wall reactivit hat devéiops by 8 hours
following injury. |

It also appears unltkely “that the loss of vessel wall
reactivity is due to plasma proteins orfother plasma factor
masking sites on the injured .vessels with which platelets.
interact, since the deposition of plasma proteins would occur
rapidly following injury. Similarily, since épproximately 8
hours was required for damaged vessels to lose their react-

ivity (even though they were continuously exposed to circu-

-
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lating red blood cells, and since rotation of everted aortae

-in suspensions of red cells failed to decrease the reactiviﬁy
of injuréd vessel walls or collagen-coated glass surfaces), T
it is unlikely that the loss 0f reactivity of injured vessels
can be attributed to the interaction of red blood cells with

the subendothelial surface.

5

s In conclusion, althé?gh the reactivity of injured
vessels did not decrease d@fing incubation in vitro in the
present studies, since neither the interaction of platelets
or red blood cells, nor thé adsorption of plasma pro;eins or
other plasma factors seem to be responsible for the loss of
reactivity of damaged vessels by several hours after injury,
it appears that the loss of reactivity of injured vessels

might be due to changes in the surface properties produced by

the vessel wall itself. Since proteoglycans can inhibit
platelet function (Ts'ao et al., 1977), it is possible that
glycosaminoglycans in the vessel wall or elaborated by
vascular cells stimulated by injury might mask the sites on
the vessel surface with which platelets interact. Since
enzymes with fibrinolytic activity are elabo%ated by the
vessel wall in some species it is possible that these enzymes
could alter reactive sites on the vessel surface (Astrup and
Buluk, 1963). However, since there is little evidence of
fibrinolytic activity in lavers of rabbit aorta (Astrup and
Buluk, 1963) it is unlikely that this accounts for the loss

of reactivity of the damaged vessels in the present studies.

4
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GENERAL COMMENTS AND FUTURE RESEARCH

-~

The purpose of this thesis was to examine how
previously injured vessels respond“to an additional injury.
In these.experiments a normal vessél was de-endothelialized
and then reinjured after 7 days - at a time when there was
substantial smooth muscle cell proliferation in response to
the initial injury. This approach was used because previous
Studies, in which injury to a normal vessel had been used to
determine the nature of the early events in atherosclerosis,
have been criticized on the premise that atherosclerosis
occurs as a conseguence of repeated vessel injury, and the
respénse to injury of a previously undamaged vessel in a
youné experimental animal may not represent the changes in
more advanced atherosclerosis. The major findings of .the

studies that form the basis of this thesis are:

l. When previously damaged vessels are subjected to a
second injury the number Jf piatelets that accumulate at
the injury site is similar to that observed following
de-endothelialization. In contrast, to the fiadings after
2 single injury, there is an extensive coagulation
component léading to thrombin generaticon and fibrin

on a reinjured vessel. o )

¢

2. Despite the extensive coagulation component, reinjured
Y

. vessels rapidly lose their reactivity to circulating plate-
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lets; few additional platelet accumulate after one hour.
p .

-

3. The non-thrombogenicity ¢f normal endothelium, the
control of platelet accumulation on injuréd vessels, and
the loss of reactivity of injured vessels cannot be

attributed to the formation of PGI, by the vessels.

4. The loss of reactivity of injured vessels is not depend-
ent on the interaction of platelets with reactive sites on
the subendothelium or on Epjured neocintimal smooth muscle
cells, since surfaces still lose their reactivity when
platelet adherence is inhibited by treatment with dipyrid-
amole or blocked almost completely by the infusion of

PGI,.

5. Neither red blood cells nor plasma proteins appear to

influence the reactivity of injured vessels.

6. Loss of vessel wall reactivity takes between 6 to 8

hours to develop follewing injury.

Several conclusions about the response of vessels to
injury have been drawn_ £rom the results of these studies.
They have shown that even vessels with complicated forms of
response to injury lose their reactivity, iImplying that
repeated or continuous injury must be required for the dev-
development of severe atherosclerosis and its thromboehbolic

complications. The lack of inhibitory effect of aspirin on
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platelet accumulation on exposed subendothelium ér damaged

necintimal smooth muscle cells accounts for its lack of in-

hibition.of the development of the early lesions of athero- .
sclerosis. Even in the presence of aspirin platelets that
adhere to vessel wall consti;uents release the-contents of//’
their storage granules, including a factor that is mitogenic
for smooth muscle cells. Furthermore, since thrombin gener-
ation piays a major role in the development of thrombi on
previously damaged vessels and aspirin is a very weak inhib-
itor of the effects of thrombin on platelets, it is not sur-
prising that aspirin has not been shown to be a clearcut in-
hibitor of the thrombo-embolic complications of atheroscler-
~osis. In circumstances where éspirin has had a beneficial
effect such as in transient attacks of cerebral ischemia or
unstable aﬁgina, the clinical complications may have been, at
" least in part, sgcondary to the effects of thromboxane A,
formed by platelet aggregates at the site of severs stenosis;
thromboxane A, is a potent vasoconstrictor and inhibition of

>

" its formation by blocking platelet cyclooxygenase could pre-
vent these effects of thromboxane a, at sites downstream from
the stenotic lesions where ﬁlatelet micro-emboli affect the
micro-circulation. Howeverj Chierchia and his colleag&es
{1982) showed that the generation of thromboxane A, is not
responsible for initiating cogronary artery vasospasm in pat-

ients with variant angina.- In addition, Folts and his co-

workers (1982) demonstrated that cyclic changes in blood flow
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through stenosed coronary arteries in dogs are not due to
vasospasm even though the changes in blood floﬁ are inhibited
by aspirin. They concluded that aspirin induced inhibition
of platelet aggregate fogmgtion could be responsible for
these cyclic changes in blood flow.
- In contrast to aspirin, heparin has been shown to de-

“crease the extent of aécumﬁlation’of platelet-fibrin thrombi
on the walls of carotid arteries in cats 4 hours ﬁdllowing

endarterectomy (Piepgras et al., 1976) (an obsexrvation that is

confirmed in the present studiés in rabbits).

’ These findings have implications for our understanding
of the factors that contribute to the development of athero-
sclerosis and possibly have application in clinical settings.
For example, a reduction in Ehe.accumulation of platelets at
sites of vessel injury could theoretically lead to a decrease
in the amount of the platelet-derived smooth muscle cell
mitogen made available following injury and thereby reduce-
the extent of vessel-wall thickening. 1In previous studies, \\
antiplatelet therapy hgs heen found to be ineffective in
preventing smooth muscle cell proliferatﬁpn in reponse to
vascular surgery, possibly because treatment was delayed
until after the surgery (Pantely et al., 1979). However,
when antiplatelet therapy (dipyvridamole) was started before
coronary artery bypass surgery and supplemented by aspirin in

the immediate post-operative period, obstruction of the

vessels was substantially decreased during the first 6 montins
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(Chesebro et al., 1982). At later intefvals after surgery
there was some indication that the vessels had become
‘thickened but the reasons for this have ﬁot been determined
{Chesebro ek al.,‘1982). | ‘

One aspect of the response.of bload énd vessels to
injury zLat was not addressed during the ;ourse of this study
was fhe role playéd by white blcoéd cells, particularly mono-
cyvtes. There is no doubt that while blood cells contributé
to the response to vessel injury in the present studies since
large numbers of white c;lls could be seen scattered on
injured vessels and also localized at the lower margins of
vessel orifices or branches. Monocytes'havé been reported to
play a major role in the development df the early fatéy
lesions in atherosclerosis induced by hypercholestefolemia in
plgs (Gerrity, 198la; Gerrity, 198lb), a finding that has ~
been confirmed by éther investigators in monkeys {(Faggiotto
and Ross, 1984) aAd rats (Joris et al., 1979). 6nder these
experimental conditions monocytes infiltrate vessels, incor-
porate lipid, become foam cells, cause eadothelial cell
‘disruption and subsequently return to the circulation. Since
monocytés also p;gduce a factor(s) that ;re-mitogenic for
smooth muscle cells they too may contribute significéﬁtly te
the vessel wall thickening that occurs in response to injury.
However, it has not been determined whether or not monocytes
play a key role in atherogenesis in the absence of hyperchol-

esterolemia.



356
©

Another aspect of this work that requires further
definition is related to whether or not vessels that have
been inhjured and from which platélet adhesion has been pre-
vented for up to 8 hours {(the time at which they appear to
have lost their reactivity) subsegquently become thickened.
This is ihportant to determine, particularly if some of these
forms of treat?ent are to be used as adjuncts to surgical
treatment of chronic vascular disease. Although inhibition
of platelet adherence might reduge the extent of smooth
muscle cell proliferation that occurs in response td vessel
injury, other factors may contribute to vessel thickening
that are unrelated to the elaboration of growth factors from
pletelets or monocytes and macrophages. For example, i£ is
possible that mechanical stimulation of medial smooth muscle
cells by the balloon catheters used to injure the blood
vessels.(and also in transluminal angioplastf} might changé
the synthetic capacity of the smooth muscle cells, causing
them to undergb migratéon and proiiferation indepﬁndently of
chemical growth factors. | |

Some ¢f these possibilities are éresently undér
investigation by myself and by some of my colleagues in our

laboratory.
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